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Abstract
In the last decade, the solid-state rare-earth-ion system has demonstrated increasing
appeal for quantum computation. Despite this progress , two hardware limitations prevent
a scalable implementation.

These current lin1itations are the inability to miniaturise

and the inability to p erform single-ion qubit readout . This thesis addresses both these
limitations and demonstrates that neither poses a fundamental restriction on increasing
the scale of rare-earth-ion quantum computers .
The challenge in miniaturising rare-earth-ion quantum hardware anses from the increases in homogeneous and inhomogeneous broadening that accompany micron-scale
architectures.
The success of miniaturised architectures, such as waveguides, depends on the properties of bulk ions being preserved within microns of the crystal surface. In addition ,
bulk ion properties must also be preserved in regions of high residual stress resultant from
waveguide fabrication. The inhomogeneous and homogeneous· prop erties of near-surface
ions and ions in highly stressed environments in Pr 3 + :Y 2 Si O 5 were studied via white light
interferometry combined with micron resolution fluores cence microscopy.
It ·was found that the bulk ion properties could b e preserved both near the surface
and in .highly stressed regions close to micron-scale surface damage.

The observation

of excess inhomogeneous and homogeneous broadening was found to be consistent with
the damage present at the crystal surface . The main outcome of the study was a set of
waveguide fabrication guidelines to ensure that the appealing properties of bulk crystals
can be maintained in a miniaturised architecture.
The current inability to perform single-ion qubit readout is a consequence of the
difficulty in isolating a single ion and lack of cyclicity in rare-earth-ion materials. Two
techniques are proposed to form a solution: Stark activation and Zeeman enhanced cyclicity. When combined, these techniques offer direct readout for single-ion frequency-based
quantum computing.
Stark activation is designed to isolate a single rare-earth ion in a rnacroscopic crystal.
The proposal is based on defining the condition for resonant excitation through a spatially
varying electric field. A proof-of-principle experiment successfully created a 10 µm absorption region within a millimetre thick crystal. In addition, the signal-to-noise ratio of the
technique was characterised In experiments probing Pr 3 + :Y 2 Si0

.

IX

5

at the single-ion level.

X

Future improven1ents to the apparatus should allow the nanon1etre spatial resolution and
the noise level to be reduced to allow single-ion optical detection.
High cyclicity is essential for high-fidelity optical readout of a single-ion qubit. Zeeman
enhanced cyclicity achieves this by manipulating the hyperfine structure of the resonant
crystal field levels to induce strong hyperfine selection rules.

The techniq:ue is shown

to be · applicable to even the lowest symmetry sites. The simulated level of cyclicity in
Pr 3 + :Y2Si0 5 was greater than 99.99 % by applying a 10 T field.
The investigation of scalability in the rare-earth-ion system n1arks a movement
away from the traditional ensemble-based methods in macroscopic crystals . This study
required an understanding of these materials at a single-ion level and the development
of high spatial resolution spectroscopic techniques. These advances extend the ability to
engineer rare-earth-ion systerns for applications including, but not limited to, quantum
· cornputing.
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Principles of quantun1 m echanics
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1.2.2

The allure of t he qubit .. . .. .
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It is a conunon 1nisconception that b ecause even the greatest physicists have b een

b affled by quantun1 1nechanics, merely grasping the subject 1nust b e restricted to a select
few . This preface is included to dispel such a notion . It also highlights that the greatest
barrier to overcome is si1nply an intuition formed by a life lived surrounded by classical,
detenninistic physics. The following sections provide a brief descriptive overview of quantu1n m·echanics and a general context for t his thesis. In doing so, the ai1n is to allo,v a
wider audience to gain an appreciation of the narrative surrounding this work. Having
surveyed the essential concepts of quantum technology, Chapter 2 t hen sp ecifically describ es the n1otivating factors for this research and details the re1naining structure of t he
docu1nent.

1.1

Spectroscopy and quantum mechanics:
a historical note

The revelatory concept at the very foundation of quantum 1nechanics is that one cannot
n1erely extrapolate the ph} sics that governs the n1acroscopic world to the microscopic
scale. E ven t hough t he ph sical laws that govern the interactions we exp erience hold
true for t he giant stellar bodies that illumine our sky, t hey are fundamentally different to
those dictating existence on _the atomic scale. By t he beginning of the twentieth century,
this divide was increasingly apparent as nlnnerous ph} sical pheno1nena were irreconcilable
with t he predictions of classical physic .
1

2

Preface

The gradual exposition of quantum mechanics was spurred on by the mysterious interaction of light and matter. Thus , the narratives of spectroscopy and quantum theory
beca1ne inextricably linked. Early spectroscopic observations contributed to the 1nounting
evidence of deeper structure beyond classical theory. In turn , quantum mechanics provided a complete understanding of the light absorbed and emitted by aton1ic systems . This
knowledge allowed spectroscopic systems to provide the initial research tools to prob e so1n
of the fundamental principles of the quantum mechanical description of the world.

1.1.1

Interaction of light and matter

Spectroscopy dates back to the significant work of Sir Isaac Newton [l J in the mid seventeenth century.

In addition to his definitive work on the visible spectrum of light ,

Newton also considered, amongst a plethora of other concepts, the e1nission from heated
objects and proposed a corpuscular theory of light. These three concepts were to have a
tremendous impact on the physics that followed .1
Ahnost two hundred years later, through careful refinement of experimental process,
Gustav Kirchoff and Robert Bunsen [4], were able to unite many previous observations
regarding atomic and thermal spectra into one body of work. Such observations included
the material dependant emission spectra fro1n flame and spark experiments [5, 6, 7, 8, 9] in
addition to absorption lines in atomic gases [10, 11 J and solar spectra [12, 13]. Extending
previous atte1npts to reconcile all experimental results [14, 15], Kirchoff and Bunsen were
able to demonstrate that the dark absorption lines and the bright emission lines were due
to the characteristic properties of different elements . This highlighted that spectroscopy
was an extremely powerful tool for material identification and discovery. Kirchoff also
investigated the distinctly different continuous spectrum due to hot solids compared to
the discrete absorption or emission lines of gases.
After this point, improvements in technology allowed increasingly thorough measur ments of spectra both atomic and thermal.

Accordingly, much attention was devoted

to discovering the structure that gave rise to these observations . The theory of thermal
1nission, also known as blackbody radiation , was studied extensively 2 but classical
1nechanics could only account for the extremes of the observed spectru1n in s parate
descriptions: Wien·s law for short wavelengths and Rayleigh 's law for long wav lengths .
Si1nilarly, the study of the empirical relationships between atomic sp ectral pattern

3

d finitively indicated a hidden architecture, yet an explanation r mained elusive. 4
1

T his is not to say that there w re not other major contributors in these areas prior to ewton. Taking
the visible light spectrum as a n example, Roger Bacon [2] noted th dispersion of light through a glass of
,vate r four centuries arl ier than Newton's work. Indeed , countless other minds undoubtedly pond red the
mechanics of the rainbow even before Ari totle postulated his explanation in the fourth century BC [3] !
2
For example, Jozef Stefan [16], Ludwig Boltzmann [17], Wilhelm Wien [l J and Lord Rayleigh [19].
3
For examp le. Joh ann Balmer [20], Joh a nnes Rydberg [21], Friedrich Pasch n [22] and Walther Ritz [23].
-l Oliver Lodge reco unts the predicament of the time: "as someone has quite r cently said: to try to
make a model of an atom by studying its spectrum is like trying to make a model of a grand piano by
li tening to the noise it mak s wh n thrown downstair _.. [24].
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Thermal light source

Gas cell

Continuous blackbody spectrum

Continuous spectrum with
discrete absorption lines
Discrete emission lines

Figure 1.1: Quantun1 n1echanics was able to explain the differen types of spectra that had been
obseP, ed for hundreds of years . A heated object, or hern1al light source such as the sun or a
hot piece of 1ne al, produces a continuous spectrun1 known as a blackbody spectrum. In contrast ,
the e1nission fron1 an exci ed aton1ic gas was a discrete set of lines. Discrete structure was also
obser ·ed when viewing the spectru1n of the sun from ear h. All three spectra are explained by
the quantun1 beha, iour of electron . Spectroscop) is the study of these spectra, from_ which the
quantun1 1nechanical properties of the source can be identified.

vVhilst any nun1ber of hese scientists vvere on the verge of introducing a quantised
theory; it v\ as not until 11Ia_,-x Planck in 1900 [25L followed b} Albert Einstein in 1905 [26L
that the restrictive thinking of classical ph} sics v\ as overcome. Planck;s work focussed
on the ernission spectra fro1n heated objects .

Although he did not fully grasp the

consequences of what he proposed /) he was the first to suggest that energy exchange
betv\ een electron1agnetic radiation and matter was not continuous but discrete. Einstein ;
on the other hand : was extending the significant body of work on photocheniical and
photoelectric phenomena6 and he 1nore full} grasped he impact of what such a quantisation n1ight n1ean. He quickl} applied the idea of light quanta to blackbody theory; which
augn1ented Planck:s earlier work.
The empirical conjectures concerning atoniic spectra were also solidified into quantun1
theory ,ia Niels Bohr' 1nodel of 1913. Although Bohr [31] o,ercame critical faults in
pre ·ious n1odels [32] b} quantising the angular momentum of electrons orbiting the atomic
nucleus ; n1an · of his concepts were still classical in essence . Ultin1ately Louis de Broglie
con1pleted the qualitativel · quantised aton1ic picture in 1924 [33].
5

Some hi torians uch as Thomas Kuhn ha-:e made the argument that quantised energv ::played no
role in his [Plancks] t houghf . Planck himself stated that the introduction of finite energy elements in his
work on black bod · radiation was an ::act of desperation:: [27).
6
For example, Heinrich Hertz (2 L Joseph Thompson (29] and Philipp Lenard (30].
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1.1.2

Light: particle or wave?

Imp ortantly, parallel to the research into light-matter interactions during the 19th
century, an equally vigorous effort was being made to answer the debate about the nature
of light itself. Advocates of Newtonian light particles [l] and those who subscrib ed to the
competing wave theory proposed by Christiaan Huygens [34] in 1678 , devised nurnerous
experiments to conclude the debate. Thomas Young 's double slit experiment of 1803 [35]
(see Figure 1.3) , Augustin-Jean Fresnel's trernendous contribution in 1819 [3 6] and Leon
Foucault's measurement of the relative speed of light in air and water in 1851 [37] seerned
to have demonstrated that a particle theory of light could not possibly hold.

James

Ni axwell 's unification of electricity and magnetis1n in 1865 [38] only seemed to strengthen
this position.
Amidst such strong evidence for the wave-like nature of light the initial rej ection
of Einstein 's proposal of light quanta was almost unanimous. 7 The pervading classical
attitude gradually evolved following further evidence for the quantum description of
light , such as Arthur Compton 's demonstration in 1923 that photons have particle-like
properties [40], gradually evolved the p ervading classical attitude . However , even after
the success of the field of quantum electrodyn amics in explaining the fine electronic
structure of hydrogen [41, 42] , an uncertainty about the description of light remained.
This was due to the success of semi-classical theory in explaining exp erimental results
including atomic spectra and the photoelectric effect .

In this formalism classical, or

wave-like, light interacted with quantum matter.
It was not until 1956 that a method eventuated that could experimentally determine whether light was quantised. Rob ert Hanbury Brown and Rich ard Twiss devised a
new interferometric technique that investigated correlations between the intensity of light
incident on two spatially separate detectors . The motivation was not to gain insights into
quantum 1nech anics but to provide increased resolution in the apparent angular size of
stars [43].
The exten ion of a common radio frequency technique into the optical domain produced
an unexpected result . The light fro1n distant stars h ad previou ly b een considered to b
uncorrelated because it was produced by a thern1al source . However, the data demonstrat d a strong correlation . In a quantised description of light , the effect they witnessed
was the tendency of individual quanta (photons) to arrive in p airs (see Figure 1.2).
This bunching proved to b

a significantly controversial result but some, including

Roy Glauber [44] and D avid Stoler [45L recognised a deeper 1neaning in the new
correlation technique. They postulated that the observed photon statistics of a chaotic
7

The pervading attitude is brilliant ly summarised by Robert M illikan [39]. Even tho ugh his paper
experimentally verifies Planck )s quantisation constant using Einstein 's 1905 theoretical description of the
photo lectric effect. he describes quantum theory as the 'bold , not to say the reckless hypothesis" .
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(a)

D etector start

O t st a rt - t sto p

(b)

O t start - t st op
D etector stop

O t st art - tstop

F igure 1.2 : A sche1natic of a Hanbury Brown and T wiss apparatus for measuring photon statistics .
On t he left , t hree light sources are shown: (a) a t hermal source, (b) a laser , and (c) emission
fron1 a single aton1. T he measurement apparatus takes t he incident light frorn one of these sources
and splits it into two paths: 50% reflected and 50% t ransmitted . The light will be detected by
Detector s tart in one path and by Detector stop in t he other .
Constructing a histogram of t he difference in t ime between t he detectors registering a photon
arrival distinguishes between t he t hree sources . A t hermal source exhibits bunching, where photons
are 111ore -likely to arrive closely spaced in t in1e. This is t he effect Hanbury Brown and Twiss
observed in t heir original experin1ent . For a laser , t he histogram is constant, which is also the
signature of a classical wave. The t hird source, t he single atorn , displays an anti-bunched correlation
due to t he fact t hat only one photon can be e1nitted at a t ime. This phenon1ena cannot be explained
classically and hence , the observation of ant i-bunching confinned the quant um nature of light .

or t hern1al light source are describable by classical mechanics but t h at t he correlation
technique could also reveal a sign ature of quant ised light . The prop osed ant i-bunching
correlation , equivalent to photons never arriving in p airs , was imp ossible to describ e
wit h a classical t heory. Several sche1nes were suggested to demonstrate t his effect but it
was t he emission fro n1 a single ato1n t h at first demonstrated t he ant i-bunching phenomena .
Thus, t he first direct m anifestat ion of t he quant um n ature of light heralded another confluence between sp ectroscopy and quant um 1nech anics .

The essence of the

exp eriment was b eaut ifully sim ple. In an atomic system , when t he atom relaxes fr om
a high energy state to a low_ energy state, a photon is emitted .

Hence, an isolated

single at o1n could only emit a single photon at a time, which would pro d uce t he sought
aft er ant i-bunching correlation. In doing so, t he ult in1ate sp ectr oscopic limit would be
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approached: the interaction of a single atorn and a single photon. In addition, optical
detection of a single atom would be realised for the first time. This stimulated an entirely
new regime of physics, ·w hich is described in more detail in Chapter 7.
Anti-bunching was first observed by John Clauser, who in 1973 conducted experiments
with a source of heated calcium atoms. He was also able to controllably . demonstrate
the difference between the earlier observed bunching and the new phenomenon of
anti-bunching [27 4].

This was followed with the definitive experiment of Philippe

Grangier et al. in 1986, which demonstrated that light can have wave-like and particle-like
properties [4 7] , known as wave-particle duality.
The interplay between the theory of quantum mechanics and spectro copy has continued to provide the impetus for research into light-matter interactions.

Just as the

differences in the spectra of thermal sources from atomic systems provided so111e of
the early insights into the new theory of quantum mechanics, unresolved spectroscopic
observations spur new insights in theory. Commonly, these puzzling experimental results
stem from nevv regimes of measurement, analogous to the wealth of experimentation
opened up by the work of Kirchoff, or Hanbury Brown and Twiss. Similarly, new ideas in
quantum theory can often be tested via spectroscopic manipulation of a known system.
However , such verification is often only possible via significant conceptual or technical
improvements in existing experimental n1ethods.
This thesis exa111ines a previously characterised quantum system in a new regime of
measurement (see Chapter 2 for further details). In doing so, opportunities for technological advances and investigation into interesting physics have been created .

§1.2

1.2

From understanding to implementation

7

From understanding to implementation

As scientists have gained a greater footing in the exploration of quantum phenomena, impetus has grown to harness quantum mechanics to improve on classical technology. There
are countless examples of technological advances enabled by an understanding of quantum
mechanics. However, the most influential and historically significant quantum devices,
such as the transistor and the laser, can be understood and described by semi-classical
theories. In contrast, it is the counter intuitive and confronting, purely quantum mechanical phenomena such as superposition and entanglement that science now seeks to employ.
This has given rise to the pursuit of quantum computation, quantum communication, and
quantum metrology.

1.2.1

Principles of quantum mechanics

Human experience and hence, our intuition, is constructed in a world insulated from
quantum effects. Macroscopic objects do not exhibit wave-like behaviour nor are their
energy or momentum defined in discrete increments. Although difficult to fathom, these
phenomena form the basis of the most accurate and exhaustively verified physical model
of our world.

Superposition

Superposition is a general principle of linear systems and is best visualised with reference to
waves. Waves 1 and 2 as shown in Figure 1.3, could represent sound waves at two different
pitches separated by an octave. When played simultaneously, or allowed to interfere , a
third waveform, or superposition, is created. Both the original notes are still present but
the sound is quite different to the notes being played individually.
A quantum superposition follows analogously. Given two definite states of a quantum
system, say IO) and 11), the system can actually exist in both states simultaneously. These
states could be two energy levels of an atom , different polarisations of a photon, or even
two different positions of an electron. This is explored further in Section 1.2.2 in relation
to quantum information.
Young 's iconic double slit experiment , which highlights the wave-like nature of light ,
also serves as a useful distinction between classical and quantum mechanics. If a sound
wave was sent through the apparatus shown in Figure 1.3, the resultant sound intensity
in the detection plane would be an interference pattern due to the sup erposition of waves
forming at each individual slit~ However , an equivalent apparatus for an object such as a
hockey ball would yield two distinct impact peaks. The distinction is between wave-like
and particle-like behaviour.
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Figure 1.3: (left) The superposition of waves 1 and 2 produces a third waveform, where each wave
is offset for clarity. This is the equivalent to the resultant wave produced when two notes, an
octave apart, are played together.
(right ) Younts renowned double slit experiment that distinguishes between waves and particles. In (a), a wave, such as a sound wave or water wave, passes through two spatially separated
slits. The resultant cylindrical wave fronts undergo superposition. They add constructively or
destructively at different spatial locations to produce an interference pattern at the detector. If
the experin1ent is repeated with particles (for example hockey balls), as in (b), the interference
pattern is absent. There are two peaks corresponding to the particles passing through one slit or
the other. However , repeat the experin1ent with a very s111all particle , such as an electron, and
the result is an int erference pattern. This phen0111ena, illustrated in (c), de111onstrates one of the
strange properties of quantum n1echanics, whereby the behaviour of particles must be described
b)· a \\·m·e-like theory.
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Now consider if the same apparatus was designed for another particle: an electron.

If electrons are repeatedly sent through the experiment the detected impact peaks form
a wave-like interference pattern [48].

This is because the position of an electron is a

superposition of passing through the left and right slits rather than being described as
one or the other. When the final position of the electron is calculated an interference
term arises, which produces the resultant pattern shown in Figure 1.3. These effects are
observed for the electron and not the hockey ball predominantly because the electron's
mass is approximately 10 29 times less.
A final point to consider about Young's double slit experiment is the impact an observer
can have. If, in the case of the electron, a measurement is made to determine with certainty
which slit the electron passed through, the interference pattern is lost and the two distinct
particle peaks are recovered. This highlights the fact that although objects obeying the
laws of quantum mechanics can encode more information than their classical counterparts,
measurement can only return classical information.

Entanglement

Fundamentally, entanglement is where a set of quantum objects demonstrate correlations
beyond what is possible classically. There is no classical equivalent. Quantum mechanically, the objects can no longer be represented as individual objects but are inextricably
linked. The consequence is that a measurement on one object of an entangled pair creates
an instantaneous and predictable change in its partner irrespective of the distance between
them. Recent experiments have shown that the velocity of the entanglement effect must
be at least 10 4 times the speed of light [49]. A more thorough analysis of the peculiarities
of entanglement is given in two pioneering papers on the subject in References [50] and [51].
As detailed in Section 1.2.2 entanglement 1s now a highly sought-after resource for
many applications including computation, communication and measurement.

How-

ever, both the generation and preservation of entangled particles involve significant
experimental challenges in1posed by fundamental quantum mechanical effects.

Decoherence

To observe the consequences of quantum phenomena, physical systems need to be carefully
controlled, which requires isolation from their environment.

Without this, the fragile

quantum superposition or entanglement interacts with its surrounds in an irreversible way
and trends towards classical dynamics. These interactions, where quantum information is
lost from the system, are said to cause the decoherence of the quantum state.

Preface
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In this wayi decoherence insulates our reality from quantum mechanical effects .
}Jost objects that we interact with on an every day basis are con1posed of countl s
atorns at room ternperature and atmospheric pressure. Quantum phenomena for n1att r
such as atoms or molecules is best observed for very small objects near absolute zero
te111peratures and in high vacuum. However , the mechanism of decoherence and its links
to the boundary between quantum and classical mechanics are active areas of research.
Two recent exa111ples include a demonstration of Young 's double slit interference with
n1olecules co111prised of almost 500 atoms [52] and the achievement of quantum control
of a visible (~ 100 µ111) mechanical oscillator into a superposition of vibrating and not
vibrating [53] .
Decoherence presents an inherent difficulty in utilising superposition and entanglement as tools for communication or computation. To preserve quantum information, the
interactions between the quantum system and the environment must be weak . However i
to control and 111anipulate the quantum state for processing , strong interactions are
required . Herein lies the significant experimental challenge in the realisation of quantum
con1putation and communication.
In contrast , the sensitivity of quantum systems to environmental fluctuations presents
an opportunity for extremely preci e sensing and metrology. By comparing the rate of
decoherence of an i olated quantum system relative to that of the system in the presence
of another effect a mea urement of the effect strength is possible. In this way, the sensing
of magnetic. electric, concentration and length interactions are possible at levels invisible
to cla sical measurements .

1 .2.2

T h e allure of the qubit

The field of quantun1 information is one of the mo t revolutionary ideas in the hi tory
of con1puter c1ence.
digit. or bit . is

Information enter the quantum regime when the classical binary

uperseded by a two state quantu111 system: a qubit.

Iuch like the

photon [55]. the term qubit is ignificantly younger than the physics it de cribe . Although
only nan1ed by Benja111in chumacher in 1995 [56] the qubit concept had been growing in
intere t in con1putation and information theory re arch ince the late 1960 . The 1 t
t,Yo decade ha..-e een a trem ndou acceleration in the cope and re ource of hi field
a , re , archer try to reali e t,..-o re111arkable technologie born from the qubit: quantum
con1putation and quantun1 communication.
R ather than being confined to the cl

ical bit value . repr ented b

the point

0

and 1. the qubit can exi t in an infinite number of uperpo ition . The e are repre ented
'A - 199, :\"obel Laureate \\-illiam Phillip de cribe ··Quantum information i a radical departure in
informational technology. more fundamentally different from current technology than the digital computer
i- from the abacu ·· fo-!].
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F igure 1.4: The difference between classical and quant um information. A classical bit can be
represented by two points 1 and 0. In cont rast, a quant urn bit (qubit) can be represented by t he
surface of a sphere wit h 1 at t he nort h pole and O at t he sout h pole. The value of t he qubit can
t hen be an infinite numb er of different sup erposit ions of 1 and O represented by 1¢) for angles
0 < () < 1t and O < ¢ < 21t.

by t he surface of a sphere, commonly known in at omic physics as the Bloch sphere
(see Figure 1.4). E ven though infinite amounts of information can b e encoded onto a
single qubit st at e, up on measurem ent only a single classical bit of information can b e
retrieved. Just like in t he example of Young's double slit , where measurement destroys
the information cont ained in the interference pattern , measurement of a qubit cannot
preserve all the information it contains. Quantum encryption harnesses this effect whereas
quant um computing circumvents the measurement dilemma . In b oth cases a significant
advantage can b e gained over t he classical equivalents .

Quantum communication

By t he early 1970s pioneers in t he quant um information field h ad b egun discussing t he
possibility of ut ilising quantum 1nech anics , p articularly its non-determinism , to prevent
for gery of currency [57]. Alt hough init ially shunned in t he computer science research community, slowly but surely the concept gained recognit ion. Alt hough Charles Bennett et al.
originally considered that the quant um information guaranteeing security would b e fixed
in one place, it was soon realised t hat t he quant um propert ies of easily t ransp orted qubits ,
also known as flying qubits such as photons, m ade quant um encrypt ion p ossible [58] . This
was the b eginning of Quantum K ey Distribution ( QKD ) .

12

Preface

QKD provides a method of transmitting a decryption key that can be used by the
recipient to decipher encoded information generated with the matching encryption lock.
Once established, the key / lock pairing allows information to be shar d between the two
trusted parties, even over insecure communication channels. Without the privat

key,

a third party cannot crack the lock to decrypt the inforn1ation even if they are able to
intercept the data transmission. QKD is a provably secure protocol to share the encryption
key guaranteed by the laws of quantun1 mechanics. 9
If the key was transmitted as a series of classical bits, an eavesdropper could intercept ,
reproduce and resend the data stream with near perfect accuracy. The encryption lock is
now compromised but the trusted parties are unaware of their vulnerability. However , if
the key is transmitted as a sequence of quantum superpositions, an eavesdropper cannot
perfectly measure the quantum state. Hence , the data resent by the eavesdropper cannot
exactly reproduce the initial sequence intended for the receiver. By performing a series of
verification checks on the sent and received data, the two trusted parties can determine
whether any interception occurred. If the communication channel is determined to b e
secure, a key / lock pairing is established. If determined insecure, the two trusted parties
can choose a randomly generated subset of key data to generate a th oretically secure
key / lock pairing. This quantum security is not merely theoretical but is commercially
available today.

Quantum computation

The same year that QKD was proposed , an equally insightful principle was consider d
by David Albert [60]. Albert presented work on a theoretical quantum mechanical auton1aton , which by measuring its state internally would produce a description completely
different in natur to a description achieved by outside measurement. That is, if the system could measure itself and that information could be accessed, the loss of information
due to external measurement might be avoided. Prior to this R. P . Poplavskii [61] and
Paul Benioff [62] had investigated the physical limitations of cornputation. R esearch into
quantun1 computation was further stimulated by the consideration of a simulator for quantun1 n1echanics by Yuri Ianin [63] and Richard Feynmann [64]. David Deutsch fonnali ed
the quantum co111puting concept with his Quantum Turing Machine in 19 5 [65] .
The elegance of Deutsch 's formulation is that by deterministically creating sp cific
superpositions and entanglement b tween qubits the ov rall quantum state of the d vice
could evolve without 111easuren1ent. The undisturbed quantu111 interf rence effect can
then perfonn many parallel calculations at once. Th eventual measurement yields only
cla sical infonnation but the quantu111 calculation has already been encoded in the answer .
However, this quantum parallelism cannot be applied generally to arbitrary algorithms.
Almost another decade passed before Peter Shor succ eded in d monstrating that with
9

For a good r vi w of the area see R eference [59].
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quantum resources an efficient (polynomial scaling) algorithm for prime factorisation
of integers was possible [66]. This was the first algorithm that demonstrated quantum
resources could be used to efficiently solve problems intractable for classical resources.
At Shor 's algorithm there is an intersection between the encryption and computation possible with quantum mechanics. Today, many encryption protocols , including the
commonly used protocol accredited to Ron Rivest, Adi Shamir and Leonard Adleman
(RSA encryption), are secured by the intractability of factorising large semi-primes [67] .10
The robustness of the encryption is demonstrated by the sheer resources necessary to
achieve decryption. For example, in 2009 it took the equivalent of 2000 2.2 GHz-Opteron
CPU years, or slightly less than 3 years in actual time , to factor a single RSA- 768 number
( a semi-prirne described by 768 bits) [68] .11 However, Shor's algorith1n has theoretically
demonstrated the security of such classical encryption 1nethods does not hold against
quantum resources.
To realise quantum hardware for computation is indeed a formidable challenge. The
largest number factorised using Shor 's algorithm to date is 21 (a 5 bit semi-prime) [70, 71 ,

72 , 73] with a system optimised for the known input. 12 This indicates that the security
of RSA encryption will not be threatened by classical or quantum attack for some time.

***

Quantum computing, communication, and metrology provide physical and engineering
benchmarks that add impetus to the fundamental research of physical systems . To create
such dev·ices , the interactions, measurements , and control of the quantum state must b e
fully characterised and understood. Such developments lead not only to new technologies
but to a more complete understanding of quantum mechanics itself. At the present time,
several quantum syste1ns are sufficiently well characterised to allow research to turn to
the problem of scaling the hardware from a handful of qubits towards a processor that
will outperform classical technology.
This thesis establishes the foundations of a new regime of optical measurement for
a physical system proposed as a candidate to realise quantu1n hardware.

Solid-state

rare-earth-ion materials possess many favourable properties for quantum information
applications (see Section 2.2.1). Typically, rare-earth ions (see Section 3.1) are introduced
as impurities in transparent crystals. These impurities can then interact with laser light
as shown in Figure 1.5. Despite their appeal, the current architecture of the experiments
10

A prime number has only the trivial factors of 1 and itself. A semi-prime is the product of two prime
numbers.
_
11
It is now recommended that to preserve data security for 20 years a minimum of a 2048 bit semi-prime
should be used [69].
12
It sho uld also be noted that an adiabat ic quantum computer has succeeded in the factorisation of 143
using an algorithm that scales polynomially [74] .
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does not allow the large systems needed for a practical device. With a basic unit the ize
of a s1nall USB drive , the resources required to construct a practical quantum computer
would be extremely prohibitive.
Progress towards enabling a scalable architecture is then the motivation for this thesis.
The miniaturisation of rare-earth-ion hardware is one avenue examined. Miniaturisation
can allow the advance1nent of quantum technology just as the continued development of
transistor technology has fuelled the rapid growth of classical electronic devices (see Figure
1.5). By examining these 1naterials on the micron-scale and investigating opportunities
for single-ion devices , this thesis presents foundational research for on-chip, integrated,
and powerful rare-earth-ion quantum hardware.

Fro1n understanding to implementation
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Figure 1.5: The scale of the basic components for classical cornputers has changed t remendously
over the past century. Co1npared to the earliest con1ponents , valves constructed up until the
Second 'vVorld "\i'\Tar were only a factor of two sn1aller. However, the develop1nent of se1niconductor
transistor devices in the late 1940s and early 1950s allowed the size of circuits to be significantly
reduced. Following develop1nents in the 1960s, the reali ation of printable integrated circuitry
revolutionised electronics and 111ade classical technology practically scalable. The exponential
increase in transistor density has now reached a point where over one-billion elements can be
1nanufactured onto a chip with an area less than 2 cm 2 . (All the triode valves and sen1iconductor
devices are drawn to the sa1ne scale. The integrated circuits share a different scale.)
In con1parison, solid-state rare-earth-ion quantum technology is still in its infancy. Typical
experi1nents and proof-of-principle demonstrations use crystals that have millimetre dimensions.
The picture shows a Pr 3 + :Y 2 Si0 5 crystal under ilhnnination fron1 a laser bean1 at 580 11111, incident
fron1 the top. At ro01n te1nperature multiple reflections within the crystal and the red fluorescence
from the praseodymilm1 ions are visible. The crystal din1en ions are 5 1n1n x 5 1n1n x 20 1nm.
(Picture 111odified fron1 a photograph by TVIatthew Sellars.)
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For over three decades physicists have been attempting to capture the computational
power of quantum mechanics.

A fully operational quantum computer would have the

ability to perform tasks intractable to classical computers. These include factorising very
large numbers [l J and simulating quantum systems [2] . Despite numerous advances in
many areas of physics and engineering, even the most sophisticated quantum computer
realised to date can be likened to a "baby with an abacus" [3]. Although these devices
hint at the amazing future potential on offer, they provide little if any advantage over
their classical counterpart. For example, to implement Shor 's quantum factorisation algorithm [l J for the number 15 requires a minimum total of 21 qubits [4] . In contrast, the
state-of-the-art ion trap quantum computer is comprised of 14 [5].
Current implementations of quantum computers are limited by the immense challenge
of scalability: the ability to enlarge the number of qubits without an exponential demand
for resources [6, 7]. Typically, the failure to achieve scalability manifests as a degradation
in critical aspects of the device. These other aspects include system initialisation, long
storage of quantum states (long coherence times), qubit operations (gates), and quantum
state readout, which together with scalability constitute DiVincenzo 's criteria for a
23
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calable quantu1n computer [6] . Thus, any syste1n that demonstrated the potential to
satisfy all DiVincenzo 's requirements simultaneously would mark an exciting advance in
this field of research.
In this thesis, the question of whether the solid-state rare:-earth-ion· system can
provide a platform for a scalable quantum computer is considered.

The focus is to

determine if the current limitations of the system hardware, rare-earth-ions in a crystal
lattice, fundamentally prevent a scalable device. Although overcoming hardware barriers
is necessary to achieve scalability, such an achievement is not sufficient to realise a
scalable quantum computer. Beyond the critical analysis of the hardware presented in
this thesis further examinations of scalability will be required.

These include future

hardware li1nitations , designing and engineering specific computing architectures, and
tailoring quantum algorithms for error correction [8, 9] and fault tolerance [10]. Thorough
exploration of future hardware limitations are largely dependent on overcoming current
impediments. Similarly, investigations into the architectural and programming elements
of a quantum computer benefit from a detailed characterisation of the properties of
the hardware. Therefore, this thesis is a timely contribution to the larger endeavour of
realising a scalable rare-earth-ion quantum computer.
The scope of the current work is to address the two main hardware limitations that currently prevent scalability: the increased dephasing observed in miniaturised rare-earth-ion
crystal structures, such as waveguides, and the inability to perform quantum state readout
of a single ion. To achieve this aim, foundational work in high spatial resolution characterisation, small ensemble spectroscopy, and cyclic transitions has b

n performed.

To date, the hardware limitations restricting scalability have not been thoroughly
explored . This is due to the same factors that limit scalability hindering the necessary
characterisation of miniaturised structures and single ions. Therefore, this thesis represent
a significant movement avvay from the traditional , rar -earth ensemble-b ased experim nt ,
which may prob 10 10 ions.
The achievements enabled by large ensembles of rare-earth ions, and the pro pect of
further enhance1nents, provide the 1notivation for this work. Over the past decade, rearchers have produced a growing resume of critical and high performance rare-earth-ion
components for quantum technology. The rare-earth-ion system offers unique quantum
torage properties that allow 6 hour coherence ti1ne [11], and protocols such as R epha ed
A n1plified Spontaneous Emission (RASE) [12, 13] that achieve quantum state production
with an inbuilt quantum memory.

Progress has al o been made towards multi-qubit

ysten1s in both dop ed [14 , 15 , 16] and stoichio1n tric [17] cry tals.

Rare-earth-ion

research is on th verge of realising technologies that will transform the current land cap
of quantum d vie s.

Therefore, there is an

xtremely strong imp tus to detennine

whether the opportunities for a calable quantu1n computer are nabled or negated by
the system 's physical prop erties .

A scalable quantum computer
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Throughout this thesis, investigations are discussed 1n the context of two proposals
for quantum computation in rare-earth-ion systems.

The first is to utilise rare-earth-

ensemble quantum components, such as sources and memories, to produce, store and
manipulate photonic qubits in a linear optics scheme [18, 19 , 20 , 21]. The second is a
frequency-based scheme founded on the controllable manipulation of strongly interacting
ion qubits [14 , 22 , 23]. The benefits offered by the principles of miniaturisation, and the
movement towards the single-ion regime apply to both these proposals, as well as the
individual components .
The advantages of overcoming limitations prohibiting scalable quantum computing
extend to other applications such as quantum repeater networks for long distance
Quantum Key Distribution ( QKD) [24, 25]. Therefore, the work contained in this thesis
creates opportunities for both quantum computing and communication technology.
The current chapter first outlines the concept of scalability and why all potential
schemes for quantum computing currently fail to achieve it. The generic design process
for scalable computing systems is then discussed, which has strong links to the two
hardware limitations addressed throughout the thesis. This is followed by an overview of
achievements in the solid-state rare-earth-ion field that motivate the investigation into
scalability. A brief description of the current hardware limitations to scalability, possible
solutions, and the resultant opportunities are presented. This provides the foundation for
the work completed in this thesis.
The chapter concludes with an outline of the overall structure of the thesis. This
describes the contribution of each chapter in establishing the characterisation techniques
and manipulation protocols essential for investigating the limitations to scalability imposed
by the syste1n hard ware.

2.1

A scalable quantum computer

The potential power of an N-qubit quantum processor is held in the resources of its 2N dimensional Hilbert space. For growth of the system to be possible, the realisation of this
exponentially increasing capacity must be achieved with at most a polynomial demand
for physical resources. Not only does this include typical macroscopic resources such as
overall system size, materials , and power requirements but also the system's quantum
properties , and the time resources of initialisation and gate operation success . If arbitrary
and efficient addition of qubits to a quantum computer can be achieved without the
exponential consumption of resources, which includes the prohibitive degradation of its
-

existing properties, it can be considered scalable. Therefore, scalability is one of the most
important criteria for the realisation of a general purpose quantum computer capable of
solving problems beyond the feasible processing power of classical computers.
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2.1.1

The scalability dilemma

The difficulty in achieving scalability is partly due to the contradiction that seems to arise
when considering all the criteria for quantum computing . It is challenging enough to realise
a single qubit that possesses interactions that are both sufficiently weak to achieve long
coherence times, and sufficiently strong to achieve initialisation , logic , and readout operations . As qubits are added to the computer, the requirement to sirnultaneously achieve the
necessary criteria for each qubit and the system as a whole becomes increasingly onerous.
To date, the penalty for meeting DiVincenzo's criteria increases exponentially.
The demand for resources with each additional qubit has limited current i1nplementations to approximately 10 qubits. These include a seven-qubit liquid-state nuclear magnetic resonance computer [26], an eight-qubit photonic computer [27], and the aforementioned 14-qubit computer utilising trapped

40

ca+ ions. Given the scale of current devic s,

the question that is often posed is how many qubits are required for a scalable quantum
computer .1
DiVincenzo proposed that 100 physical qubits may be enough to be of use to provide
error correction at each node for long distance QKD [31]. In contrast, the work of Lloyd
and Abrams [2, 32] establishes that classically intractable quantum simulations of atomic
systems are only feasible with approximately 100 logical qubits. The number of logical
qubits would have to be increased by a further order of magnitude to perform Shor 's
algorithm for large numbers (those represented by over 200 bits) [4] . Preskill estimates
that quantum factorisation of a 430-bit number with realistic error correction, would
require greater than 10 6 physical qubits. All these estimates are significantly removed
from currently achievable devices.
The tenn scalable is a well defined and integral concept for quantum computing.
However , scalabl is often used to describe a device with a sufficiently interesting numb r
of qubits rather than the efficient addition of qubits. Thus , the term scalable is used to
describe a broad spectrum of syst ms: from schem s demonstrating successful two-qubit
gat

operations to the notion that a scalable system is a consequ nee of an order of

magnitude increase in the number of physical qubits. Beyond this exists proposals for
10 6 -physical-qubit devices in well characterised systems, which rely on ignificant future
advances [33 , 34].

1

In estimations of the total numb er of req uired qubits. it i necessary to di tinguish between logical
qubits and anc illa ry qubit . or ancilla. Operations are performed on logical qubits , which are encoded
onto at least five [2 J physical qubit such that the necessary reso urces are provided for error correction. If
concatenated error correction schemes are used (recursive error correction) the number of physical qubits
required grows exp on ntially with the number of co ncatenations [29]. Ancilla are used for operations other
than direct logi c. such a measurement in error co rrection schemes. Many schem s require two ancilla for
each logical qubit [30].

§2.1
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It is beyond the scope of. this thesis to analyse all the aspects required to achieve a
scalable quantum computer utilising the rare-earth-ion system. Rather, the two hardware
limitations that currently disallow a scalable device are analysed. Although solving these
hardware issues is unlikely to be sufficient to achieve scalability, it should facilitate large
increases in the number of qubits permitted in rare-earth-ion quantum computers. Not
only would this place the rare-earth-ion system amongst the leading physical systems to
realise a scalable device , but would allow an unexplored regime of physics , and information
science, to be probed.

2.1.2

General design considerations for scalable architectures

Out of the myriad of proposed and demonstrated systems for quantum computing, efforts
towards scalability share common themes. For example, system architecture can be divided
into two facets: vertical and horizontal. The vertical aspect focuses on increasing the
system capacity via enhancement of a single system unit. Increasing the number of qubits
in a quantum computer, or improving the bandwidth of a quantum memory are both
examples of vertical scaling. In contrast, horizontal considerations relate to increasing
the system capacity by establishing connections between additional units. In quantum
systems, proposals for horizontal scaling typically involve photon mediated state transfer
b etween a network of stationary quantum devices [6, 24]. Both vertical and horizontal
enhancement will be important to achieve a scalable quantum computer.

Vertical scaling

To achieve vertical scaling it is highly desirable to n1inimise the size of individual components, ideally to the atomic scale. There is no better example of the power of miniaturisation than the transition from tubes to transistors in the hardware for classical computation
(see Figure 1.5). It is simply not feasible to have the powerful and portable computation
and communication technology that exists today if one of the basic components, for example the memory, is itself too massive to move. Figure 2.1 highlights the stark comparison
between a drum line memory from the early 1950s with a storage capacity of approximately 50 kB and a finger-tip sized, solid-state drive designed in 2013 with a storage
capacity 10 5 times larger. One option for achieving analogous increases in density in the
quantum regime is to take advantage of the significant miniaturisation and fabrication
expertise offered by the classical semiconductor industry. The design and architecture of
classical microchip integrated circuits are utilised in many schemes to create and interface
with qubits [7]. On-chip semiconductor devices offer microscopic circuitry and precision
control of electric and magnetic fields , which are crucial features for the vast majority of
quantum computer initiatives.
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Figure 2.1 : (left) En1ployees from the Engineering Research Associates inspecting some n1agnetic
drum line n1emory units , a technology that preceded hard disk drives (circa 1955) . Even t he
largest units had a data storage capacity less than 100 kB. (In1age courtesy of Cmnputer Hi tory
Niuseum [35]) . (right ) A recent advance in data storage is the latest multi-level cell N egated AND
( AND ) Flash 111emory from Micron Technology, Inc : a 16 GB die with a surface area of less than
200 111111 2 . The individual components on the device are 16 nm in size, which allow the highest
density memory storage achieved to date. (Image courtesy of Niicron Technology, Inc [36]).

Because solid-state physics has underpinned the amazing evolution of scale in classical
computing , it is reasonable to as ert its suitability as a platform for allowing a similarly
dramatic scaling for quantum computers [37].2 This is the basis of several proposals for
quantu1n computing that have achieved notable success . These include the silicon-based
nuclear spin proposal [38], ·w hich has achieved a quantum memory [39], hour long coherence times [40, 41 J, and high fidelity readout and control of a single-spin qubit [42].
Sin1ilarly, there is the proposal found ed on superconducting qubits , which boasts microsecond coherence tin1es in a widely tunable nanofabricated system [43].
The recent progress in ion trap systems has de1nonstrated that so1ne of the benefits
offered by solid-state can also be extended to quantum architectures beyond condensed
n1atter [34 . .J4]. Ion trap schen1e have utilised 1nicrofabricated on-chip traps to allow
the developn1ent of linear arrays of up to 10 ions [45 , 46]. In addition , high fid lity
preparation. detection, and single qubit op erations h ave also b een demonstrated in the
n1iniaturised platfonns [4 7. 48] . However, linear array architectures, whether i1nplement d
in t\Yo-din1en ional. surface-electrode traps or their larger, higher performance, thre din1ensional count rparts . are li1nit d in cale [34. 49] . This is due to the rapidly incr asing
technical difficulti

and coherenc degradation associated with adding further ions to a

ingle trap.
De pite the ize of a ingle array being limited to 10 - 100 qubits [34]. microfabrication
again offer a po sible olution . Q uantum C harge C oupled D evice (QCCD ) based on
111icrochip multi-zone ion trap architecture allow a larger structure of interconnect d
traps cont aining linear array [.J9].
2

This doe not imply that a sol id-state system is the on ly suitable platform. Rather than a prerequi ite
for eatable quantum computing. solid- tate sy terns present an opportunit .
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It is interesting to note that in achieving large quantum systems ion trapping schemes
have effectively created a synthetic crystalline matrix.

Although solid-state quantum

processing schemes such as phosphor doped silicon, superconducting implementations,
Nitrogen-Vacancy (NV) centres in dia1nond [50, 51], semiconductor quantum dots [52],
and rare-earth-ion materials [14, 22] have yet to match these achievements they present
important opportunities.

Because the crystal matrix effectively eliminates 1notion,

especially at cryogenic temperatures, it is possible to conceive large two-dimensional or
even three-dimensional arrays of interacting qubits.

Horizontal scaling
The requirements for the horizontal scaling of quantum computers are well summarised
by DiVincenzo's two desiderata for quantum communication [6]. These are the ability
to interconvert stationary and flying qubits, and the ability to faithfully transport the
flying qubits between specified locations .3 These two factors also form the basis of secure
communication protocols based on QKD [24, 25, 53].
The two criteria put forward in Reference [6] that allow horizontal scaling have been
demonstrated in several candidate systems for quantum computing . For example, successful entanglement between spatially separated qubits has been achieved for trapped
single ions [54], trapped ion ensembles [55, 56], single NV centres in diamond [57, 58], and
rare-earth-ion ensembles [59] . To date, photon mediated entanglement between remote
qubits has only been achieved in probabilistic schemes, where entanglement is generated
via projecting measurements. Although finite errors within a probabilistic scheme can
negate any advantage in large systems, the use of heralding and quantum memories can
allow efficient scaling to be achieved in some cases [25, 60].
An alternate proposal is to achieve deterministic state transfer and entanglement distribution in single instance schemes [61]. This involves the strong coupling of a qubit, usually
an atom or ion, to a well defined mode of an optical cavity. Although this deterministic entanglement between quantum processor nodes is an extremely powerful strategy for
large scale devices, realising an implementation of such a scheme is technically demanding.
Currently, no equivalent deterministic scheme exists for ensemble-based qubits.
***

The two subjects of investigation in this thesis closely align with vertical and horizontal scaling considerations for the rare-earth-ion system. The successful miniaturisation
of macroscopic crystals to microscopic waveguides offers significant vertical scaling to be
achieved in components such as quantum memories and non-classical sources, as well as
integrated quantum computers based on linear optics (see Sections 2.3.3 , 2.3.4, and 2.3.5).
3

Stationary qubits are typically thought of as being comprised of atomic matter.
ubiquitous flying qubit, although there may be other alternatives [6].

Photons are the
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\i\Tith enhancement in these hardware elem ents, horizontal scaling also becomes feasible
for quantum communication and computing [62]. Similarly, the ability to p erform state
readout of a single rare-earth-ion qubit ·would facilitat e significant increases in vertical
scaling for frequency-based quantum computing (see Section 2.3.1). In addition, optical
detection of a single ion represents t he first step in the process to achieve deterministic state transfer between remote qubits [61 ]. The opportunities for both linear optics
and frequency-based quantum computing proposals upon removing the current hardware
limitations are di cussed in greater detail in Section 2.3.

2.2

Current re gime of solid-state rare-earth-ion devices

Rare-earth-ion crystalline materials have a rich history in the field of spectroscopy dating back to the mid-1 9th century [63]. As purification techniques, laser technology and
material science improved there has been a natural progression from studying the fascinating mechanics of these sy terns (see Chapter 3) to developing applications in a myriad
of fields . The spectroscopic techniques and knowledge gained in the pursuit of classical information technologies established a solid foundation for progress in the quantum regime.
Although many of the achievements mentioned in this section place the rare-earth-ion
ystem amongst the best systems for quantum information applications these succe e
are still limited by hardware factors . Therefore ; the removal of these restricting factors is
truly an exciting prospect .

2 .2.1

A growing resume

s early a

190

optical resonance

it wa noted that rare-earth-ion crystals po essed extremely narrow
[64]. The de, elopment of quantum theory was to reveal that this

"\Yas due to their insen itivity to the crystal field produced by the surrounding lattice.
Fron1 the 1960s on"-ard there ha

been a tremendous growth in applications utili ing

rare-earth-ion materials . These include phosphor ; laser ; optical amplifier , upconversion,
and cla ical infonnation proce ing technologie

[65]. The knowledge and experience

accumulated in these re earch effort underpins further research in the quantum domain.
The thorough characteri ation of a broad range of

olid- tate rar -earth-ion materi-

al pro,-ided an exten ive collec i -e knowledge of rare-earth transition propertie .

ot

onh- did thi include the ob erva ion of rnilli econd- cale op ical lifetime but al o the
detail of phy ical perturbation that could affect the tran ition rate. From the late 19 0
on"-ard. the intere t in u ing rare-earth-ion doped crv tal for time or frequenc
optical data torage b egan to focu

domain

on the coherence time of the optical tran ition .

\Yith many cry tal demon trating extremel
laid for quantum men1or " applica ion .

long coherence time , the corner tone was
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During this p eriod the longest optical coherence times for any solid-state 1naterial were
discovered. This included 2.6 ms in Eu 3 + :Y 2Si0 5 at 580 nm [66] and 6.4 ms in Er 3 + :Y2Si05
at 1536 nm [67]. The nuclear spin transitions in these materials also demonstrated extremely long characteristic decay with lifetimes as long as weeks [68]. However, it was not
until the work of Fraval et al. that the potential of these long lifetimes could be capitalised
upon to provide long coherence times [69]. Due to magnetic fluctuations produced by host
ions in the crystal lattice, the nuclear spin coherence times in these materials had been
limited to approximately 1 ms. However , by utilising the Zeeman properties of the ions
this was able to be extended to approximately 1 second in Pr 3+ :Y 2Si05 [69]. The application of D ynamic D ecoherence C ontrol (DDC) was able to extend phase sensitive storage
up to the order of minutes [70, 71] . Recent experiments by Zhong et al. have applied the
same technique to Eu 3 + :Y2Si0 5 achieving a storage time in excess of 6 hours [11]. 4
Although long optical and spin transition coherence times bode well for quantum
applications , the compelling property of rare-earth-ion crystals is that the two can be
linked. As mention in Section 2.1.1 , a significant dilemma that complicates the realisation
of a scalable quantum computer is the simultaneous need for a qubit to be both weakly
and strongly interacting. By using the long lived nuclear spin states as a qubit , both these
requirements can be satisfied simultaneously [14, 22, 23]. Initialisation, gate, and readout
operations can be performed by manipulating the nuclear spin via the more strongly
coupled optical transitions. In contrast the weakly interacting nuclear states allow the
long term preservation of quantum information.

The quantum computing demonstrations in rare-earth-ion crystals thus far have utilised
frequency-based ensemble qubits. 5 Each qubit is comprised of the hyperfine states of
a unique , narrow frequency sub-ensemble (;:::::: 10 kHz) of the total inhomogeneous line
(;:::::: 1 GHz) [14, 73]. Two qubit operations are then realised via optical excitation-induced

frequency shifts mediated by electric dipole-dipole interactions. This is possible due to the
change in the electric dipole moment from the optical ground to the optical excited state.
Thus , driving one qubit to the excited state will produce a frequency shift on another.
Using this scheme _a condition phase shift between two qubits was achieved in Eu 3 + :Y2Si0 5
in 2004 [15 , 16]. However , to ensure a homogeneous interaction an ensemble must undergo
stringent instance identification , which selects only a small fraction of the ions to comprise
the qubit. As a result , the number of ions in each qubit decreases exponentially with each
additional qubit. This determines that frequency-based quantum computing using rareearth ensembles is not scalable.

4

Although the experiments by Heinze et al. [71] have demonstrated that the likely maximum storage
times have been achieved in Pr 3 + :Y2Si0 5 , Zhong et al. [11] propose that the storage times in Eu 3 + :Y2Si0 5
could b e extended by at least another order of magnitude.
5
The work in mapping single rare-earth-ion states onto photon polarisation by Kolesov et al. [72] is a
very recent and promising exception.
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However, if the interaction b etween qubits can b e engineered such that it is hon1ogeneous, the prosp cts of increasing the number of qubits would be greatly enhanced. A
method to achieve a more deterministic correlation was proposed by Sellars in 1997 [22].
Rather than introducing the active ion as a dopant , crystals stoichiometric in the desired
rare-earth are utilised. By introducing another rare-earth ion as a low concentration impurity, a "solid-state molecule" results: equivalent ensembles of the active rare-earth ion
form according to their proximity to the impurity. By selecting the dopant to maximise
the interaction with neighbouring active ions , tens of frequency resolved ensembles can b e
created [l 7]. In the limit of narrow inhomogeneous broadening, a significant fraction of
these ensembles can b e utilised as qubits in a small quantum co1nputer.
R ecent work by Ahlefeldt has demonstrated the feasibility of such a proposal via a
thorough characterisation of EuCh · 6H20 [17]. An investigation of the inhomogeneous
broadening in the material established that the 100 MHz of broadening was dominated by
the re1naining natural abundance of the two chlorine isotopes. By growing a crystal i otopically pure in

35 Cl,

the broadening is expected to decrease below 30 MHz. Combining

this with the extremely large interaction shifts (2 - 46 MHz) 6 relative to the homogeneous
linewidth (151 Hz) , a 10 qubit system is within the realm of possibility [17 , 74]. Despite
the promise of this system, if any inhomogeneity remains in the ensemble qubits ,
large vertical scaling is not possible.

However , a single ion implementation in such a

stoichiometric material may overcome this (see Section 2.3.1).
Although these recent developments determine that the properties of rare-earth-ion
crystals are becoming increasingly suited to quantum computation, the sy tern is
currently more widely recognised for its application as a quantum memory for light.
In 2010 , H dges et al. successfully demonstrated the first quantum memory for light
that was both efficient (69 %) and low noise [75]. Based on the G radient E cho M emory
( GEM) protocol [76], the rare-earth implementation offers close to unity efficiency in the
limit of higher ab orption, 7 and long storage times via the tran fer of the optical state to
the nuclear spin transition. Furth r quantum memory implementations in rare- arth-ion
m aterials follovved based on the A tomic F requency C omb (AFC ) sch me [77, 78] including
t he work of Clau en et al. [79] and Saglamyurek et al. [80]. Furthermor , it has b

n

demonstrated that the AFC can achiev a large bandwidth [8 1], and long storage with
on-dem and recall [82].

However, ther

are currently no proposals to allow for the e

achievement to be realised si1nultaneously.
Significantly, one of the two original AFC quantum 1nemory demonstrations was
performed utilising waveguid technology [80]. To date, this is a rare proof-of-principle

6

It should be noted that the d ominant mechanism in this case is not electric dipole-dipole interaction .
R at her it has been determined that it is likely to be a sup er-excha nge interaction . For further details on
this system th reader is direct d to R ef rence [74] .
7
An improvement to greater than 8 % effi ci ncy can be gained by increasing the length of the crystal
from 14 mm to 40 mm [75].
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demonstration of a quantum device not performed in a macroscopic crystal architecture. 8
Although this gives an insight into the devices that are possible, it also highlights one of the
factors negating scalability of solid-state rare-earth-ion systems. The Ti:Tm 3+:LiNb03
waveguide, created via the diffusion mediated modification of the refractive index,
possessed an optical coherence time that is two orders of magnitude shorter than in other
rare-earth-ion materials [84]. In general, the construction of micron or sub-micron scale
rare-earth-ion material structures has been accompanied by a significant decrease in the
coherence properties of the ions, which is discussed in more detail in Section 2.2.2 and
Chapter 6.
One of the primary motivations for realising a practical quantum memory is to
generate entanglement between spatially separated qubits. This is a critical component
of the proposed quantum repeaters to allow long . distance QKD [25 , 85] . Entangling
remote qubits, albeit on a smaller length-scale, also forms the basis for linear optics
quantum computing using rare-earth-ion components [60]. The heralded entanglement
of two spatially separated rare-earth-ion crystals was first realised in 2012 utilising the
AFC memory protocol [59].

Although a tremendous achievement, the demonstration

highlighted the need for a single photon source specifically designed for compatibility
with the memory system. 9
A solution to this problem using rare-earth-ion systen1s was first proposed in
2008 [86] .10 The concept is founded on RASE: after an initial spontaneous emission event ,

an ensemble of ions can be rephased to emit another photon entangled with the first.
However_, it was not until 2012 that Ledingham et al. demonstrated the non-classicality
of the RASE source in Tm 3+:YAG [13]. An exciting opportunity presented by RASE
is the incorporation of the transfer of quantum coherence to the long-lived nuclear
spin transitions [12]. Thus , it represents an on demand single photon source with an
inbuilt quantum memory. More complete descriptions of the proposal can be found in
References [89] and [90].
The achievements summarised above present a physical scheme that possesses many
appealing properties.

However , all of these results are lab-based , proof-of-principle

demonstrations or yet to be realised proposals.

A necessary component to allow the

progression to practical quantum technologies is to address several issues preventing
vertical and horizontal scaling.

8

0thers include the waveguide work in Reference [83] and the recent nanocrystal work in Reference [72].
Single photons within the AFG bandwidth were realised via heavy spectral filt ering such that the
probability of successful entanglement was 10- 4 .
10
It is noted here that recent examples of cavity-based downconversion schemes provide an alternate
solution. Heralded single photons within a bandwidth of 3 MHz can be produced at a rate of 10 kHz [87].
Such a photon source would be compatible with the proposed quantum memories in either the GEM or
AFC configuration. This was recently demonstrated by Rielander et al. [88].
9
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2.2.2

Factors currently pre v e nting scalability

Despite the potential of rare-earth-ion crystals for realising quantum hardware , there are
several limiting factors that have prevented large scale systems . In this ~ection, three
factors that currently limit the scale of rare-earth-ion quantum computers are reviewed.
Although feasible solutions to the issue of inhomogeneous broadening have been proposed ,11 which determines that it is not a primary focus of this thesis , it is included
here for completeness . In addit ion, the remaining inhomogeneity related limitations are
equivalently expressed in terms of requiring single-ion state readout. Therefore, single-ion,
state-selective optical readout and coherence times in miniaturised systems remain as the
two major hardware limitations preventing the scaling of rare-earth quantum devices. As
such, they are the subject of extensive examination throughout this work.

Inhomogeneity

Although held rigidly 1n a solid-state matrix, the immediate nanoscop1c surrounds of
individual rare-earth ions can be significantly different due to variations in the crystal
structure (see Section 3.2.5 for specific examples).

Therefore , the resulting spread of

resonant frequencies across an ensemble exhibits a width many orders of magnitude
greater than the true single-ion linewidth . In general, the performance of protocols and
devices are dictated by this inhomogeneous broadening, unless there is a method to
overcome the inhomogeneity. Here the impact of inhomogeneity on quantum m e1nories
and frequency-based qubits are presented .
The requirements for a rare-earth-ion ensemble-based quantum me1nory to simultaneously achieve high efficiency, long-term storage (>1 s) and a large bandwidth

(>0(10 NIHz)) are discus ed in detail in R eference [93).
th

Light is initially stored on

optical tran ition and then transferred to the hyp erfine transitions, which possess

long coherence times.

Efficiency is dictated by the optical depth , storage times by

hyperfine coherence times , and bandwidth by the width over which optical absorption
extends .
In general, the inhomog neous broadening of th ensemble's r sonant frequency limits
p erformance by establi hing a fundamental restriction on bandwidth. Because the hyperfin structure is obscur d by the inhomogeneous broadening, specific preparation of
tailored absorption profiles are required to allow high fidelity transfer to the long-lived
hyperfine states [75 , 79). The spectral extent of the desired absorption profiles is bound d
above by the frequency separation of the hyperfine ground states: 0 ( 10 MHz).

This

ha limited proof-of-principle demonstrations of long-term quantum storag protocol to
bandwidths of 2 1iIHz [ 2). To xtend the bandwidth of long-term quantum memories beyond this li1nit , the extent of inhomogeneous broad ning on th optical transition must be
11

For examp le. see References [74], [9 1], and [92].

§2.2

Current regime of solid-state rare-earth-ion devices

35

significantly reduced. Specifically, the optical transition inhomogeneous broadening must
be less than the hyperfine ground state splittings.
Although this is a stringent criteria, there are currently two classes of rare-earth-ion
crystals that are likely to satisfy the requirements on inhomogeneous broadening. The first
is stoichiometric crystals, such as EuCb · 6H20 (introduced in Section 2.2.1). When grown
isotopically pure in

35 Cl,

this material is predicted to have inhomogeneous linewidths

less than the hyperfine state separations of

~

70 MHz. The second class is the opposite

extreme: isotopically pure crystals doped with rare-earth-ions at parts per million (ppm)
concentrations.

Although the materials studied in this second classification, Y 7 LiF 4

doped with neodymiurn and erbium, have demonstrated inhomogeneous linewidths as
narrow as 10 MHz [91, 92], whether they are suitable for quantum memory protocols is yet
to be determined. However, the same technique applied to europium dopants in Y 2Si0 5
should yeild similarly narrow inhomogeneous linewidths compared to hyperfine splittings
on the order of 40 MHz. The potential of enhancing quantum memory bandwidths beyond the limit imposed by inhomogeneous broadening is discussed further in Section 2.3.3.
Inhomogeneity is also the most significant obstacle in the realisation of a quantum
computer based on frequency qubits comprised of ion ensembles [94]. As described in
Section 2.2.1, two-qubit gate operations are mediated via excitation induced frequency
shifts. However, in stochastically doped samples, there exists a significant inhomogeneity
in the interaction strength experienced by ions comprising the ensemble qubit. Although
hole-burning techniques allow qubit distillation to achieve_sufficiently homogeneous qubit
interactions [14, 23], such a proces~ results in an exponential loss of ions in each ensemble
as additional qubits are introduced.

Therefore, because ensemble-based qubits are

currently required for high fidelity state measurement, this protocol is not scalable.
Reducing the interaction inhomogeneity by moving to stoichiometric systems containing ensembles of solid-state molecules (see Section 2.2.1) reduces the losses in the ensemble
size caused by qubit distillation. Thus , the number of qubits can be increased compared to
the doped samples but the exponential loss, and hence limitation on scalability, remains.
Only removing the inhomogeneity entirely eliminates this limit on vertical scaling. This
requires operating the frequency-based scheme at the single ion level. However, a preliminary requirement to realise a qubit is the ability to detect its state [6]. As the following
section details, this is yet to be achieved for single rare-earth ions.

Inability to perform single-ion state readout

There are strong links between the restrictions to scalability imposed by the inability to
optically detect the hyperfine state of a single ion and those due to inhomogeneity. As the
previous section discussed, without single-ion state detection opportunities for the vertical scaling of frequency-based quantum computers are limited. The inability to perform
state-selective optical readout also diminishes opportunities for horizontal scaling. This is
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because such readout is an important advance towards the strongly coupled ion-cavity
schemes that can facilitate deterministic state transfer between remote qubits [61].
The difficulty in transitioning to single ion implementations is the p enalty p aid for
possessing long optical coherence times . Optical transitions in solid-state rare-earth-ion
systems are only very weakly allowed and isolated from phonon interactions, which gives
rise to long optical lifetimes . However , it also determines that the emission rate is accordingly slow: 10 3

-

10 4 photons p er second in the materials of interest. Chapter 9 details

the challenges associated with optically detecting single rare-earth ions with long lifetimes .
Manipulating the ion to increase the emission rate can assist the readout process but will
do so at the expense of the qubit coherence properties and their frequency addressability. The limit in this respect is where the homogeneous broadening becomes significant
cornpared to the hyp erfine frequency splittings. At this point , the hyperfine states can
no longer be selectively addressed with high fidelity. This is discussed in more detail in
Section 7. 3.
It is noted here that several recent exp eriments have n1ade significant progress towards
rectifying this deficiency. The optical detection of single praseodymium ions in nanocrystals at room t emperature [95] and at 4.3 K [96] demonstrate different m ethods to overcome
the low emission rates of the rare-earth ions (see Chapters 7 and 9). Although neither
scheme is directly applicable to state-selective readout , a feasible solution to this final
hurdle is provided in Chapter 10 of this work.

Decreases in coherence accompanying miniaturisation

With the possibility of high p erformance rare-earth implementations of quantum memories
and compatible non-classical sources , the prospect of creating a large platform for linear
optic quantum computing is highly motivating [97]. Howev r , such a scheme can only
be scalable if t he millimetre-scale components can b e miniaturised and integr ated with
waveguides and high efficiency detectors in on-chip architectures .
Niicron-scale rare-earth-ion amplifiers and lasers in waveguides are an essential component of modern classical communication infrastructure [98]. In contrast, the mov 1nent
to similar architect ure for quantum hardware is complicated by the observed degradation in coher nee times co1npared to bulk crystals. Optical-fibre-based schemes [99 , 100],
thin films [101], waveguiding stru ctures [84] and nanocrystals [102] have all exp erienced
similar reductions in coherence times to 0 (1 µs) . The factors t h at contribute to this dramatic decrea

include phonon coupling and interactions with two level ystems, which

are discussed in more detail in Section 3.2.3.
The upp er bound on the homogeneous broadening t hat could b

tolerated in lin-

ear optics quantum computing is similar but more stringent to that for state readout in
fr qu ncy-ba d qubits. If the homogeneous linewidth increases to the ext ent where optically addressing the various hyperfine tates b comes probabilistic, the p erformance of
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Single nanocrystal

Waveguide

f10 - 100 nm

Optical coherence time

~

1 µs

Optical coherence time

~

5 µs

Figure 2.2: Two options for miniaturised architectures in rare-earth-ion quantw11 hardware are
waveguides and nanocrystals . To date, the coherence t in1es in such structures are well below what
is achieved in bulk samples . In addit ion , the difficulty (in some cases inability) to detect optical
signals from both these structures determines that performing the necessary characterisation can
be technically challenging.

the men1ones and sources would decline rapidly. Further discussion on this bound for
ho1nogeneous broadening is discussed in Chapter 6.
There are several concerns relating to whether physical pro cesses may prohibit micronscale waveguides for quantum hardware . Firstly, any 1nethod of constructing such structures in rare-earth-ion crystals unavoidably introduces stress . Critically, the presence of
excess stress in the crystal lattice has been linked to decreased coherence times in these
n1aterials [103]. Therefore, the very process of fabricating structures such as waveguides
ma render the ions ineffective for quantum computing. Secondly, in most current proofof-principle demonstrations , the ions of interest are well within the bulk of the cr) stal.
In miniatarised architectures, the ions within microns of the crystal surface are t he ions
crucial to the performance of the device. It is feasible that the dominant broadening processe at the surface are significantly different to those deep within he material , leading to
excess dephasing. Thus , there may be an even more fundamental limit on miniaturisation
irnpo ed b - the proximity to the crystal surface.
Ho e er, there have been n1an experimental indications that coherence degradation
1 no inextricabl

tied o the miniaturisa ion of rare-earth-ion hardware to the micron-

scale [104, 105 106]. The details of such ob er -ations are presented in Chapter 6, which
also presents additional new e jdence to support this hypothesis.
To progress be -ond the current limitations imposed b - increased broadening, techrnque are required to investigate these materials at a microscopic le -el. High spatial
resolu ion techniques will also be required to perform future work such as determining
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the most suitable waveguide architectures, and fabrication methods that opti1nis
properties of 1niniaturised devices.

the

To date, there has been little work devot d to

pectroscopically investigating such structures, particularly if they must be resolved from
the surrounding volume. This is due to the fact that such spectroscopic analysis must
probe small volumes and hence small ensembles . Therefore, the same factor that prevent
optical readout of a single ion hinder this process .
Thus , there exists a close relationship between the two factors that inhibit greater
scaling of rare-earth-ion quantum technology.

Concentrating on a method to allow

spectroscopic investigations of small ensembles should allow insights into the impacts of
stress in microscopic structures and the feasibility of single ion readout . This information
will determine whether hardware factors limiting scalability can be overcome or whether
they impose fundamental restrictions.

2.3

Enhancing quantum technology

By overcoming the limitations associated with single-ion qubit detection and miniaturiation, an entirely new realm of more effective individual components and quantum computers will be opened to the solid-state rare-earth-ion system. The possible enhancement
of quantum memories and quantum computers has already been introduced in th discussion of the current limiting factors . In this section, these consequences are further
discussed , along ,vith the opportunities offered by single-ion devices, and the benefits of
miniaturisation for non-classical state generation.

2 .3 .1

Freque n cy-addressed s ingle ion quantum computing

Frequency-addressed ensemble quantum computing is currently restricted in scale by the
effects of inhomogeneity. Conceptually, the simplest method for overco1ning inhomog n ity
is to work at a singl ion level. If such a regime is realised the possibilities for rare-earth
quantum comput rs are enhanc d dramatically.
This would require a technique that achieves optical r adout of a

ingle-ion qubit

conditional on its hyperfine state. A solid-state molecule could then b formed as a cluster
of ingle ions in a crystal stoichiometric in, or doped with, rare-earth ions. However, it is
lik ly that the fonner would allow a greater numb r of frequency addressabl sites. Multiqubit processing nodes can then be achieved irrespective of the degree of natural variation
in transition frequencies or interaction strengths and hence, vertical scaling would l e
significantly enhanced. This greatly expand the range of rare-earth-ion materials suitable
for quantum information processing. Greater freedom in the choice of crystal has the add d
benefit that 111aterials can be elected to optimi e oth r ·parameters such a coherence times
(for long-term storage) or oscillator strengths (for fast r gate operations) .
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Enhancing quantum technology

Bulk crystal
• Nuclear spin states ---t long coherence
• Optical states ---t qubit manipulation
Two qubit quantum system
Controllable ion-ion
interactions

• High fidelity gates
• Not scalable

Single ion
optical readout?

Extended quantum system
of integrated nodes
• Doped or stoichiometric
materials
• Tens of qubits in each node
• Optical links between nodes

Figure 2.3: The significant extensions to rare-earth-ion quantum computing technology that are
possible if single-ion , s ate-selech\ e readout is realised .

Achieving single-ion qubits would also be an important progression towards determini tic state transfer between processor nodes. Familiarity with the rare-earth system at a
single ion le el would be invaluable for creating the strongly coupled ion- cavi y systems
required for this process . Although the detailed analysis _of systems that are capable of
horizontal scaling are be} ond the scope of the curren work , initial considerations towards
ion-ca ity coupling are discussed in Appendix C .

2.3.2

Single ion technology

In achie -ing single ion , state-selecti e optical readout and miniaturisation, a wealth of
other de -ices are made possible. The exponential growth of applications and research
direc ion propo ed for the -

cen re in diamond over recent -ears [50 : 107] heralds what

echnologies ma - tern from the single rare-earth-ion regin1e. Single instance schemes for
quan un1 memories and single photon ources may be possible, particularly in schemes
u ili ing cavi , coupling to enhance ion-photon in eractions. High sensitivity quantum
ensing and metrolo 6

applica ions ma

also be possible: particularly at liquid helium

e1npera ure , where coherence times are maximised.
In addi ion , high frequenc

re olu ion spectroscopic techniques combined wi h single

ion optical readout would provide invaluable tools for further material anal -sis. Although
here exi
1on

r

a \\real h of kno ledge on inhomogeneous broadening in cr} s alline rare-ea.rth-

ems , here remains in ere ting ph ics to be in e tiga. ed at he nanoscopic ca.le .

For example: op ica.l detec ion echnique for growth defect
defec

uch a disloca. ions: point

and o her ca.use of nano copic tre s aria. ions -ould allow more ela.bora. e studie
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of growth procedures and techniques. Indeed, spectroscopic analysis of these defects would
provide far greater insight into other contributing factors of inho1nogeneous broadening
and their spatial extent. This could ultimately produce higher quality crystals that provide
greater homogeneity for rare-earth environments.
Analysis of growth defects in bulk crystals would also require optical resolution below
the diffraction limit. Several proposals for achieving such super-resolution in rare-earth-ion
material_s are presented in Chapter 8.

2 .3.3

Quantum m e mories

In discussing the limitations inhomogeneity imposes on rare-earth-ion quantu1n me1nories (Section 2.2.2), the opportunities presented by two classifications of materials were
highlighted: stoichiometric crystals [17] and ppm doped samples [91, 92]. Although these
materials are on opposite extremes of rare-earth-ion density, both are likely to satisfy a
critical criterion for achieving high bandwidth quantum memories with long-term storage: the ability to optically resolve the ground state hyperfine structure. In the regime
where limits due to inhomogeneity have been overcome, the implementation of a memory
in a waveguide will allow further improvements to device bandwidth and greater flexibility.
The incredibly high spectral density possessed by stoichiometric materials such as
EuCl3 · 6H 2 0 [17] should allow highly efficient , large bandwidth quantum memories capable of long-term storage in macroscopic crystals [75]. In contrast, achieving high efficiencies in macroscopic architectures for ppm doped samples is currently infeasible. The
extremely low optical densities determine that the interaction lengths would have to be
approximately 0.1 - 1 m. This would b near impossibl to achieve outsid a waveguide
structure . Therefore, device 1niniaturisation offers a pathway for materials that already
meet the homogeneity criteria to be investigated for quantum memory applications. Device
miniaturisation also provides opportunities for impurity concentration rare-earth materials
not yet investigated to be considered for quantum memories.
If the inhomogeneous broadening · criterion is fulfilled, the bandwidth limit will be
determin d by the achievabl

frequency shift of the ensemble. For the AFC protocol

discrete. tatic shifts need to be considered, whereas for the GENI sch n1e the shift must be
continuous , dynamic , and rev rsible. In the rare-earth implementations of GEM, fr quency
shifts are achiev d via an electric field, which produces a Stark hift that varies linearly
along the propagation direction. In macroscopic crystals, achieving and rapidly reversing
Stark shifts of 1nagnitudes greater than 10 NIHz is challenging due to the millim tre
s paration of the electrodes and the circuit capacitance. Although a static Stark shift
larger than 10 NIHz is c rtainly possible, achieving the comb tructure for the AFC sche1ne
would be technically challenging.
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Figure 2.4: The significant extensions to the quantum GENI that are possible if a suitable m iniaturised architecture, such as a waveguide, is realised.

In both cases, a waveguide architecture would allow a significant improvement. vVith a
reduction in scale of 10 3 ( millimetres down to microns) t he electric field magnitude should
increase by a similar magnitude giving bandwidths on t he order of 10 GHz. In addition ,
the configurational freedom provided by miniaturised electrodes should allow exceptional
electric freld control, irrespective of ut ilised memory protocol.

2.3.4

Non-classical photon source

Although in the initial stages of development , the RASE protocol is an exciting prosp ect as
a source of non-classical optical states. The benefits of realising this source in a waveguide
architecture further add to its appeal.
A foundational study measured that the efficiency of rephasing an initial A mplified
Spontaneous E mission (ASE) event was 16% in a Pr 3 + :Y 2 Si0 5 crystal [108]. The probability of obtaining the initial ASE photon in the experimental regime

v\

as 50% . Sin1ply

increasing the optical depth will result in arbitrarily high rephasing efficiency, but decrease the likelihood of obtaining a single ASE photon in the mode of interest [89]. This
increases the efficiency at the expense of single photon fidelity. Further theoretical study
of the R ASE protocol has proposed a regime for high single photon fidelity and high
rephasing efficienc - via specifically tailoring the absorption profile [109] .12
12

Achieving this regime is also assisted by the work on achieving cyclic rare-earth-ion transitions in
Chap er 10.
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Alt hough absorpt ion can b e m anipulat ed corresponding to p osit ion in bulk samples ,
t he implementation of the non-t rivial absorption profile described in R eference [109] would
b e simplified greatly in a waveguide architecture. In this case, the desired absorpt ion could
b e achieved with Stark shifting via precision control of electric fields. Alternatively, t he
ensemble t ailoring could b e creat ed by manipulating the waveguide structure t o alter t h
opt ical coupling to the ions.
Ideally, the RASE protocol would b e spatially multiplexed to achieve a higher p ossible
rat e of single photons [108]. A waveguide architecture would also significantly simplify
such a t ask by creating multiple guiding structures for collection and excitation in a single
cryst al. This would allow many more sp atial modes to b e captured compared to free spac
implementations.

2.3 .5

Quant um optics on an int e grate d chip

The growth of linear optics quantum computing since the turn of the decade h as m ade
a subst antial contribution to the overall field of quantum infonnation (see R eference [60]
for an ext ensive and det ailed review). However , this scheme is limited in scale by the
physical size and instability of optical circuits construct ed on optical t ables , and by probabilistic op erations [110 , 111]. Integrat ed linear optics circuits in waveguide architectures
provide an avenue towards 1nore powerful quantum computers by overcoming t hese limitations [21].
Sections 2.3.3 and 2.3. 4 demonstrat e that high p erformance quantum 1nemories and
quant um source are feasible in the regime of waveguide-based rare-earth-ion crystal technology. P recisely controlled electric and m agnetic fields in t his regime can also enable t he
m iniat urisation of other devices such as modulators [112], b eam splitters, and filters [113].

It is feasible to consider combining a high density of t hese elements wit h high efficiency,
low dark count detectors [114], on the rare-earth analogy of an integrated circuit chip (se
Figure 2.5) .
Therefore, on-chip , waveguide-based rare-earth-ion h ardware offers significant opportunities for

caling linear opt ics quant u1n comput ing [97]. The waveguide architect ure

provides st ability and is a platform in which large scale sp atial multiplexing is feas ible
to i1nplem ent. Addit ionally, quant um memories in t hems lves reduc t he d m and for r sources by synchronising probabilistic and independent events [60]. When cornbined wit h
quantum sources this allows single photons to be produced deterministically [115], which
reduces the resources r quired for large scale quant um comput ing. Lon g-term storag is
also inherently useful for feed forward error correction schemes [60]. F inally, t he prospect
of real ti1ne reconfigurabilit y provide a degree of flexibility not p os ible in current linear
optics quantum co1nputing implementations . For xample, a memory component can b e
conv rted to a source or a modulator and back again sim ply via modification of t he opt ical
initialisation process. The attractiveness of uch a platform provides motivation in itself t o
furth r investigate waveguide archit ctures in t he solid-state rare-earth-ion system.
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Figure 2.5 : A conceptual drawing of what the future of rare-earth-ion quantrnn c01nputing hardware
could look like if m iniaturisation and single ion optical readout are achieved. The solid-st ate
n1aterial allows the possibility of combining a high density of active rare-earth quantu1n devices
(highlighted in red) onto a single chip with other c01nponents such as high efficiency detectors and
couplers (highlighted in green). The central region defined by the red square represents the central
quantum processing unit.
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2. 4

Thesis outline

This thesis presents an analysis of the hardware limitations that currently prevent
scalable rare-earth-ion quantum technology. In doing so, important insights are gained
into the impact of stress in microscopic volumes, and methods to isolate and detect single
rare-earth ions. The result is a suite of techniques combining high frequency resolution
and micron-scale spatial resolution.

These allow contributions to be made that will

benefit progress towards waveguide-based solid-state rare-earth-ion devices and singl
ion , state-selective readout for future quantum computing hardware.
The previous and current chapters provide the historical context and motivation
for the work contained in the remainder of the document . Chapter 1 is designed for an
audience with a more general interest. It provides a high-level introduction to quantum
mechanics and quantum information technology.

In contrast, the current chapter

introduced the concept of scalable quantum computing and the hardware limitations
preventing the achievement of scalability in the rare-earth-ion system. The opportunities
that arise if dephasing in miniaturised devices and the inability to perfonn single-ion
state readout are overcome provide great impetus to examine these limiting factors.
Chapter 3 provides an introduction to the solid-state rare-earth-ion system and details
their optical and hyperfine energy structure. Pr 3 + :Y 2 Si0 5 , the material studied in the
majority of this thesis, is provided as a specific example. The high resolution techniques,
which serve as a basis for methods developed in the remainder of the work, are also
introduced.
This introductory material 1s followed by a set of three chapters, which address
the ability to achieve high performance quantun1 devices in micron-scale

tructures.

By investigating the impact of stress on rare-earth-ion materials , the nature of th
link between 1niniaturised architectures and coherence degradation can be examined.
Chapter 4 presents the preli1ninary task of characterising the piezospectroscopic tensor
for Pr 3 + :Y 2 Si0 5 . This provides the foundations for the analysis in the subsequent two
chapters and establishes stress as a powerful interaction for achieving large frequency
shifts in this 1naterial.
Chapters 5 and 6 continue the investigation of stress via a high spatial resolution spectroscopic study in Pr 3+ :Y 2 Si0 5 . The combined results from th . e two chapters demonstrate th b enefits and limitations of the developed confocal microscopy technique for this
type of analysis. In Chapter 5, the en rgy shift and inhomogeneous broadening produced
in the optical transition due to surface damage is studied. The results mpha ise that introducing stress at the crystal surface produces extreme modifications to the bulk absorption
line. The spatial profiles of these perturbations are mea ured , which allows conclusions
to b drawn regarding fabricating waveguide architectures. In addition, the utilisation of
th stress interaction for the creation of micron-scale structures i discussed.
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Chapter 6 then presents an investigation of the coherence properties of ions at the
surface of the crystal, and in regions subject to large residual stress. The relationship
between stress induced disorder and the homogeneous linewidth is examined via spectral
hole-burning. Additional guidelines for micron-scale device fabrication result from this
analysis, as well as key issues for further study.
The next four chapters then focus on the goal of achieving optical detection of a
single rare-earth ion that is conditional on the ion 's hyperfine state.

This addresses

the current inability to perform state readout of single-ion qubits. Chapter 7 presents
an introduction to the field of single emitter optical detection , concentrating on the
requirements for the detection of single rare-earth ions. This includes an examination of
the upconversion method used by Kolesov et al. [95], which achieved optical detection of a
single rare-earth ion , in relation to the aim of state readout. The main apparatus in single
emitter optical detection experiments, the confocal microscope , is then characterised
in detail.

Importantly, the analysis within Chapter 7 establishes the regime pursued

for single-ion qubit readout: single ions within bulk crystals at 4 K. The best strategy
to achieve optical detection of a weak emitter such as a single rare-earth ion is also
discussed.
Chapter 8 examines extensions to the resolution offered by the confocal microscope via
super-resolution microscopy. This pertains to the issue of isolating a single ion from the
other 10 17 ions in a bulk crystal. After reviewing super-resolution methods in general, two
protocols are proposed to achieve sub-diffraction limited spatial resolution in rare-earthion n1aterials. The m ethod of Ground State Depletion ( GSD) is presented to highlight the
significantly different regime of solid-state rare-earth-ion crystals compared to the organic
molecules to which such techniques are most commonly applied. The second method ,
which is investigated in theory and experiment, is based on Stark activated localisation of
a single ion. A proof-of-concept demonstration of the Stark activation technique enabled
a 10 µm thick region to be isolated within a 1 mm thick crystal. The Stark activation
technique is a suitable candidate for achieving single ion optical detection, which is a
preliminary step to state-selective readout. Furthermore, the ability to isolate a single ion
in a bulk crystal is preserved if cyclic transitions can be achieved. Therefore, this method
is pursued for further investigation as a technique to realise single ion optical detection
and high fidelity single-ion qubit readout.
Chapter 9 details the ch aracterisation of Stark activation as a technique to allow optical
detection of a single praseo dymium ion. The stability and signal-to-noise ratio of the
Stark activation apparatus were measured and compared against the requirements for
single ion optical detection. By monitoring fluorescence of the Stark activated volume ,
initial results highlight the strueture due to low ion number. However, stability and noise
limitations determined that single ion resolution was not achieved. The data gained from
this experiment and the previous chapters allow a method to be detailed that should allow
single ion detection and spectroscopy in this regime.
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Chapter 10 presents a method to achieve cyclicity or equivalently spin state preservation upon optical excitation.

The basis of the proposal is the manipulation of the

hyperfine states via the application of a large , specifically oriented , magnetic field.
The theoretical analysis discusses the requirements for the technique , and derives th
required field directions for a generic rare-earth-ion site. Simulations are then p erfonned
for Pr 3 + :Y 2Si0 5, illustrating that high cyclicity can be achieved. The limitations and
applications of Zeeman enhanced cyclicity are also discussed in detail.

In particular ,

a consequence of this proposal is that a single ion can be optically cycled rep etitively
and maintain its spin state. Thus, long integration times can be used for high fidelity,
state-selective readout of single rare-earth ions .
The concluding chapter, Chapter 11, summarises the significant results from the
investigations of stress and optical detection of single ions obtained in this work. The
implications of these results in relation to increasing the capacity of rare-earth-ion
quantum devices are discussed and future research directions are presented.
Three appendices are also provided.

Appendix A provides a brief introduction to

stress and strain, and the application of symmetry requirements relevant to the study of
Pr 3 + :Y 2Si05.
Appendix B investigates the relative performance of incoherent and coherent detection
for state readout of ion-based frequency qubits. The signal-to-noise ratios and error rates
of both methods are calculated for a general case, which allows conclusions to b e drawn
regarding the feasible readout fidelity.
Finally, Appendix C foreshadows methods to achieve state transfer b etween singl
rare-earth-ion qubits via strongly coupled ion-cavity systems. Considering the proposal to
realise such a device via Whisp ering G allery Mode R esonators (WGMRs), an interesting
material candidate is proposed and ch aracterised: the G 1 centre in Eu 3+ :CaF 2.

Th

benefits of using CaF 2 as a host crystal are outlined and the oscillator strength and
coherence prop erties are 1neasured. A case is then present d for pursuing this mat rial for
single ion exp eriments , and recommendations are made for enhancing the optical coherenc
times.
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This thesis is concerned with the thorough examination of the two current hardware
limitations preventing scalable rare-earth-ion quantum technology. To perform the required analysis an understanding of the energy structure of the system and methods to
probe it are essential. The purpose of this chapter is to provide the basis for such an
understanding. The following chapters then seek to extend the characterisation of the
solid-state rare-earth-ion system to include microscopic structures such as waveguides and
the single-ion regime.
The development of rare-earth-ion quantum devices builds on the rich history of
spectroscopy and the associated rigorous analysis of their interactions in solid-state
hosts. The suitability of these systems for quantum information applications also follows
from the significant research into classical information and signal processing undertaken
in previous decades.

The lure of these materials for both fundamental and applied

physics research stems from the unusual, if not unique, properties of the optical and spin
transitions of the rare-earth ion in a crystalline environment .
49
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One aim of this chapter is to provide an overview of the energy structure and
the dominant interactions of the solid-state rare-earth-ion system.

In Section 3.3 ,

Pr 3 + :Y 2Si05 will b e used as a specific example of the typical energy structure of a
rare-earth-ion dopant.

This section also serves to introduce the material of primary

consideration in this thesis. The final component of the chapter (Section 3.4) provides
a brief introduction to the relevant spectroscopic techniques required to probe such an
energy structure. It also serves as a basis for the methods developed in later chapters .

3.1

Introducing the rare-earth ions

The rare-earth elements form a chemically distinct group of metals that includes scandiuin (21Sc), yttrium (39 Y) , lanthanum (57La), and the Lanthanide series : cerium (5sCe)
t hrough to lutetium (71 Lu). However , their label, rare- earths, is an artefact of 19th century
chemistry rather than an accurate description.
With the exception of the radioactive promethium , this group of elements is relatively abundant in the earth 's crust. The more common elements (scandium , yttrium,
lanth anuin , cerium , and neodymium) are similar in abundance to many industrial metals
such as copper, nickel , and lead . Even the rarest of this group (lutetium) is still two
orders of magnitude more abundant than gold or platinum. On average, the abundance
of the rare-earths is approximately 0.1 - 10 ppm relative to atoms of silicon [116]. The
term rare h as come to b e synonymous with the fact that these elements (or more precisely
their oxides) are unlikely to form coinmercially exploitable deposits. Contributing to this
is the acute chemical similarity b etween rare-earths , which det ermines that isolation and
purification pro cedures are very arduous.
To the ancient Greeks, a material that was not transformed into fire, wind or water
when added to fire was classified as the fourth fundamental subst ance: an earth. Even
up unt il t h

late 1800s many inetal oxides were known as earths and consider d to be

elemental. The tenninology has reinained despite all the individual elements within rarearth or s becoining distinguishable soon after the b eginning of the 20th century [117].

3.1.1

Discovery and isolat ion

The difficulty in cheinically isolating a p articular rare-earth from its elemental neighbours
dictated that the history of their di covery and ch aracterisation was extremely convoluted.
The first composite rare-earth mineral were di covered near the town of Ytterby on one of
the small islands of the Stockholm archipelago around the turn of the 19th century. Two
san1ples were discovered 15 years apart and were identified to contain the new earths that
became known as yttria (discovered by Gadolin in 1794) and ceria (discov red by Klaproth
in 1 03). It was not until t he work of Mo ander 40 years later that an understanding of
the con1plexity of th two inaterial b gan to volve [117].
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In 1839 , Mosander discovered that ceria contained lanthana, fron1 which didymia was
isolated two years later. Mosander also turned his attention to yttria, which was found to
contain the three previously discovered earths and three new materials: erbia, terbia, and
yttria, which retained the name of the original composite [117]. The remaining refinement
of the rare-earth minerals was greatly assisted by the invention of the spectroscope by
Bunsen in 1859 (see Section 1.1) . Although chemical separation is nearly intractable,
the rare-earths have distinctive spectroscopic properties that allowed the discrimination
between pure and composite oxides .

This was particularly relevant to Demarc;ay's

separation of europium from samarium in 1901 [119]. The last of the non-radioactive
rare-earths separated from the mixed oxides was lutecia, which was isolated from ytterbia
by Urbain in 1907 [117]. 1
The difficulty in refining the rare-earth mixtures into pure material is again highlighted by the fact that prior to the Second World War, 8 of the 17 rare-earth elements
had not been isolated.

However , the application of the ion-exchange separation tech-

nology, developed in the Manhattan Project , allowed high purity rare-earth compounds
to become available [123].

This , in turn , had a dramatic impact on the utilisation

of these materials for image displays , laser technology, magnets , and communication
technology.

3 .1. 2

Ele ctronic structure

Across the Lanthanide period , the 4f electron shell is filled frorn cerium with a single
electron, to lut tium with 14 electrons in a full 4f shell. The p eriod is often divided
into the light group and heavy group rare-earths depending on whether the element has
unpaired electrons ( cerium ---+ gadoliniun1) or paired electrons (terbium ---+ lutetium).
However. the more comrnon spectroscopic grouping i

determined by whether the

trivalent ion has an even (11011-Kramers) or uneven (Kramers) number of electrons .
Thi

ignificantly influences the energy structure, the details of which are given in

Section 3. 2. Those element not contained in the Lanthanide series that are generally
included in the rare-earth cla sification also play an important role. Crystals based on
candium. yttrium . or lanthanun1 ( comn1only oxides. fluoride

and chlorides) typically

provide the host into which member of the Lanthanide eries are introduced as impuritie
The chemi try of the rare-earth ions is dominated by the trivalent (Ln 3 +) oxidation tate . This led Bohr to propose tha the el ctronic structure of the Lanthanides w
[Xe] --lf .Y 5d 1 6s 2 where

increased from 1 to 14 aero s the period [124]. The trivalent stat

\\·ould then arise via the ionisation of he 5d and 6s electron . Although thi
1

tructure

~Io eley · inYe tigation of the periodic table in 1912 confirmed Brauner·s earlier predic ion that the
element between neodymium and amarium " ·as yet to be di covered [120. 121]. This would have to
\\·ait until 19-17 when the radioacti\·e promethium \Yas di covered after the nuclear testing in the earl
19-10 [122].
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Figure 3.2: Radial probability distribution for the 4f, 5s and 5p electron orbitals of Pr 3 + (plotted
from data in Reference [125]). The inset shows an expanded view of the distribut ions close to the
nucleus.

holds for 1anthanum, cerium, gadolinium, and lutetium it is untrue for the remainder of
the rare-earths , which possess the energy structure [Xe]4J N+l6s 2 . The resulting trivalent
structure for all the Lanthanides is [Xe]4J N where N varies from 1 to 14 across the p eriod.
The fascinating chemical, magnetic and optical properties of the rare-earths an se
due to this electronic structure.

Figure 3.2 shows the approximate radial probability

distributions of the electron orbitals for a rare-earth ion.

It is evident t hat t he 4f

electrons are predominantly within the filled 5s and 5p orbitals , effectively beco1ning part
of the core electrons. However, oxidisation to the trivalent state is achieved by losing both
the electrons from the 6s shell and one from the 4f shell. 2 The ionisation energy for a 4f
electron is significantly lower than for a 5s or 5p electron because these orbitals have a
higher probability of p enetrating close to the nucleus (see the inset in Figure 3.2). Further
ionisation b eyond the Ln 4 + oxidation state is prevented in nature due to the fact that the
4f orbital is drawn within the other n

=

4 configurations. However, notable except ions

to the preferential trivalent state arise across the p eriod.

These include t he divalent

oxidisation state of europium, due to the stability of the half-filled 4f configuration , and
Ce 4 +, which attains the st ability of the closed xenon electronic structure.
2

In the case of cerium , gadolinium, and lutetium , the third electron is lost from the 5d orbital.
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The penetration of the 5s and 5p configurations close to the nucleus contributes to
the observed Lanthanide contraction.

For the trivalent ion there is a steady decrease

in ionic radius across the period with an approximate 20% reduction from cerium to
lutetium [118). This is because the outer electrons also have a significant probability of
being in close proximity to the nucleus and are less effectively screened from the nuclear
attraction by the inner configurations . Hence; as the nuclear charge increases across the
period ; the radius decreases.
Because the electronic structure provides a partial Faraday cage for the

4f

elec-

trons, their energy configurations are largely unaffected by external electric fields. This is
particularly notable in the spectroscopy of the rare-earth ions in crystals where the effect
of the ionic charges in the solid-state lattice cause only relatively small deviations from
the free ion case. The following section outlines the quantum mechanical consequences of
this effect .

3.2

Trivalent rare-earth-ion energy levels in solids

It is evident from the evolution of rare-earth-ion chemistry that spectroscopy of these
compounds was critical in their understanding and eparation. It was also spectroscopy
that highlighted the unique optical properties of rare-earths in the solid-state. In 1907
B ecquerel was able to observe the incredibly narrow

p ectral featur es of rare-earth

minerals including xenotine; parisite; and bastnaesite at cryogenic temperatures [64) .3
These narrow transitions provoked seriou

theoretical consideration to explain the

underlying physical mechanism (see R eference [127) and references therein).
The observed energy levels of a
.......

olid-state rare-earth-ion material can be describ ed
.......

by the total H amiltonian H. Here H is divided into three components

(3.1)

HI repres nt the dominant terms that are intrinsic to the rare-earth centre. H A repreent p erturbation to the intrinsic structure due to externally applied magnetic (Zeeman
tenn) and electric ( tark tern1) fields ; or applied tress . The final term repre ents the
frequency hift due to dynamic interactions and are treated as homogeneou broadening.
An illustration of the effect and magnitude of the various Hamiltonian terms are hown
in Figure 3.9 . where Pr 3 ' :Y 2 Si0 5 i u ed as an example.

3

It i noted here that rare-earth materials were one of the fir~ t to be examined under near ab olute zero
temperature condition offered b · liquid h drogen. Thi was po sible as Bequerel was working in the lab
of Kamerlingh Onnes. in Leiden. "'·here the proces to liquefy helium was achieved later that year (126].
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Intrinsic structure of the centre

The intrinsic part of the Hamiltonian
...-.....

H1

H1

...-.....

=

can be written
...-.....

Hj.i

...-.....

...-.....

+ H e.f + Hm.h + Hq

(3.2)

,

where the terms represent energy contributions from the free ion, crystal field , magnetic
hyperfine interaction, and quadrupole interaction, respectively. The following provides a
brief introduction to each of these terms, whereas a more detailed analysis can be found
in References [63] and [127].

Free ion term - H f.i

The electronic structure of the rare-earth ions determines that all the configurations apart
from the 4f are closed shells and hence, possess spherical symmetry. Therefore, the only
interactions that can lead to the removal of degeneracies for the free ion are those between
,,...__

electrons within the 4f configuration. The free ion Hamiltonian

Hf.i

,...__

+

,...__

+

He
N

can be written

Hs .o
N

e2

+ L. . lr·-r·I
+ L ~(ri) ~. s i
'/,
J
i<J
i=l

(3.3)

,...__

The first term Ho represents the kinetic and potential energy of an N-electron system
considering only the field of the nucleus. Here m, e, -and r are the mass , charge, and
position of each electron, whilst Z is the atomic number. The other two terms represent
the repulsive Coulomb interactions between electrons, and the spin-orbit interaction respectively. This final term contains the parameter ~(r), which is the spin-orbit coupling
constant as a function of the electron position, and the angular momentum operators for
the electron orbit

(l)

and electron spin (s) .4

Because Ho is spherically symmetric, the degeneracy of the 4f energy levels can only be
,...__

lifted by

He

,...__

and

H s.o ·

The Schrodinger equation for such an N-electron system is usually

approached via the central field approximation with the Hartree-Fock method [127]. This
allows the Coulomb and the spin-orbit terms to be treated as perturbations.
4

IVIore details on the parameters used in the first two terms can be found in any text on the electronic structure of atomic systems. Also , to assist clarity some explicit operator relations for the total
wavefunction lvi) are given by

-- L iNf.
s = L r Si
~

Zz(i)lvi)

_ nl (i)

lvi)

~ci)lvi)

=

lvi)

ns (i)

L

~

J

i

~

(3.4)

~

= L+ S

~

where L , S , and J are the total angular momentum operators for the electron orbit , the electron spin ,
and the combination of the two, respectively.
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The inter-electron Coulomb interaction breaks the degeneracy with the resulting states
labelled
2s+1 L

(3.5 )

'
where S

=

Lf Si is the total spin angular momentum and L = Lf li is the total orbital

angular momentum (where the usual labelling [S , P , D , F , ...] for [L

= 0, 1, 2, 3, ... ] 1s

used) . For Pr 3 + (4f 2 ) there are seven LS states and for Eu 3 + (4J 6 ) there are 119.
The spin-orbit t erm further splits the LS states into (2S
combined total angular momentum J

+

1) manifolds.

The

= L + S is conserved by the spin-orbit interaction,

allowing J to b e a suitable quantum number and label for the manifolds. Each manifold
h as a (2J + 1) degeneracy and is labelled

(3.6)
As noted in R eference [127], although providing energy splittings that are the right order of
m agnitude, the Hamiltonian

H j. i

fails to precisely reproduce the exp erimentally observed

structure. For corrections that allow a closer alignment b etween the theoretical predictions and the exp erimentally observed p aramet ers the reader is referr ed to R eference [127,
pp. 15- 17] and the references therein.

Crystal fi e ld t e rm - H c.f
When the ion is incorporated into a crystal lattice, the symmetry is lowered to that
determined by the site symmetry. This lifts the degeneracy of the LS J manifolds. The
resultant energy shifts are significantly maller than that of the spin-orbit term allowing
the crystal field to be treated as a perturbation to the free ion Hamiltonian.
The crystal field is usually expanded in terms of the R acah spherical tensor operator c (k)

iic. f

=

LL B;c~k) (i)
i

where the allowed value

(3.7)

k.q

of q and k are dictated by angular momentum and parity

con iderations [127]. The B ~ can be considered as describing the strength of the field
acting on the rare-earth ion. As uch : the relative value of the B ~ provid a valuable
insight into the nature of di tortions that reduce the site ymmetry. Becau e the effect of
the cry tal field i
induced i

mall. J remain a good quantum number to fir t order (the J mixing

mall) and the

repre entation

r . The

tate

are labelled according to their re pective irreducible

e tate are often referred to as Stark levels becau e their energie

are determined by the elec ric field produced b the lattice ion .
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Figure 3.3: . Relative contributions of the components of iif .i for Pr 3 +. The ordering and separations
between the LSJ states are taken from Reference [128). The total separation of the 3 H4 and 3 P2
states is approximately 750 THz (400 nm), which is approximately equal to the energy splitting
between the 3 P 2 and 1 S0 states.

The effect of the crystal field is heavily dependent on whether the ion has an odd
(Kramers) or even (non-Kramers) number of electrons.
manifold is split into ( J

+ 1/ 2)

For Kramers ions , each LSJ

levels if the site symmetry point group is lower than

cubic, with each level possessing two-fold degeneracy (a Kramers doublet). The theorem
proposed by Kramers states that the energy levels of a system with an odd number
of fermions (in this case electrons) remain at least doubly degenerate in the presence
of purely electric fields [129].

Thus , for Kramers ions with even-proton-even-neutron

isotopes (systems with zero nuclear spin) the degeneracy of the trivalent ion energy
levels can only be lifted via the -application of an external magnetic field. However , as is
discussed in the following section, for even-proton-odd-neutron Kramers ions (for example
167

Er) the magnetic hyperfine interaction is able to lift the remaining degeneracy in the

absence of an applied magnetic field.
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In t he case of non-Kramers ions in a non-axially symmetric site, 5 the degeneracy

+ 1)

1s completely lifted resulting in (2J

Stark levels.

In such systems, the angular

momentun1 J is quenched 6 and the resulting singlet ground states have no electronic
magnetic moment to first order. For axial or higher sym1netries, the co1nponent of J
along the symmetry axis need not be quenched and the degeneracy is not completely
lifted by the crystal field. The resulting doublets are known as non-Kra1ners doublets.
The ele·ctronic energy levels are thus completely determined by the free ion and
crystal field contributions. The remaining terms in H , Hm.h and Hq, begin to define the
hyperfine structure for each electronic level. The crystal field symmetry also contributes
heavily to the form of this hyp erfine structure.
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Figure 3.4: The effect of

5

.......
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· At most (2J + 1) levels
· Singlet states are allowed

''
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Kramers ion
· At n1ost ( J +
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· At least 2-fold degeneracy

!)

/
/

'

Crystal field

Jfc .J on the electronic structure of trivalent rare-earth ions.

The eight non-axial point groups. those with lower than tetragonal symmetry, are
(3.8)

6

T his is one exam ple of a more general result attributed to Van Vleck [130]. For non-Kramers ions in low
symmet ry s ites. a ll time-odd operators (operators that b eco me negative upon time reversal) are quenched.
These include the a ngul a r momentum operator and the dipole moment operator, which determines that
this res ult i a lso important for transition rate co nsid ration (Section 3.2.4).
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Magnetic hyperfine term - Hm.h

..---..

..---..

..---..

Because Hm.h, H q, and the Zeeman tenns of H A produce shifts of the same magnitude,
they can no longer b e treat ed independently. R ather, their combination is examined via
the application of second order perturbation theory [131]. This accounts for all the second
order hyperfine contribut ions in t he sections t h at follow.
Specifically, the hyperfine term defines the interaction b etween the nuclear magnetic
moment and the electronic m agnetic moment. The interaction is described by

Hm.h
vvhere AJ

=

= AJI · J ,

(3.9)

2µB "(N n (r- 3) (J I INI IJ) is the magnetic hyperfine constant, and I is the

nuclear spin angular mo1nentum operator.

2µB (r- 3 )N represents the field at the nucleus due to the
µB ~ 9.27

4f

electrons, vvhere

x 10- 24 J-T- 1 is the Bohr magneton , (r- 3 ) is the expectation value of the

----- is the op erator defined in R eference [132].
inverse cube electron-nuclear distance, and N
The values of (J I INI IJ) for various J are tabulated in R eference [133] or can b e calculated via the expressions in R eference [134]. The other co1nponent of AJ is the nuclear
gyron1agnetic ratio "IN

=

g rµ N( nJ) -

1

,

where gN is t he g-factor for the nuclear spin

of the ion , µ N ~ 5.05 x 10- 27 J-T- 1 is the nuclear Bohr 1nagneton , and J is the nuclear spin.
For non-Kra1ners ions with non-axial site symmetries, this tenn vanishes because

J is quenched. The study in this thesis fo cuses on praseody1nium in a C1 symmetric site,
which has a vanishing first order hyp erfine contribution. However , in systems where the
angular mon1entun1 is not quenched , the splittings due to the hyp erfine term can be as
large as gigahertz .7
For systems ·with Kr an1ers and non-Kra1ners doublets, Equation 3.9 can be rewritten
as [63]
..---..

..---..

..---..

H m. h= l·A · S

(3.10 )

,

..---..

,;vhere A is the magnetic hyperfine tensor and Sis an effective angular 1nomentum operator
for a spin-! system. For non-Kramers doublets , only t he term along the sy1nmetry axis

(IzSz) is non-zero wherea there are no restrictions on the tern1s for K rarners doublets in
gener al.

7

The C4v symmetry site in Pr 3 + :CaF2 [135] and the C 1 symmetry site in
excellent examples.

167

Er 3 + :Y2Si0 5 [136] are
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+
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---Figure 3.5: The effect of Hm.h

+ H---- q on

t he energy structure of t rivalent rare-eart h ions.

---Quadrupole t e rm - Hq

The quadrup ole term can b e decomposed into two cont ributions. The first is the electric
qu adrup ole coupling b etween the nuclear quadrup ole moment and the electric field gradient at t he nucleus. This is known as t he true quadrupole interaction. Th

lectric field

gradient at t he nucleus is determin d by t he ch arges in t he lattic , t he antishielding effect
of t he core electrons (Sternheimer antishielding) [137] and the effect of t he 4f lectrons.
T her is also a cont ribut ion to t he electric field gradient due to the fact that the cryst al
fie ld can introduce fi nite n1ixing b etween states of differing J. This results in a econd
order 4f electron term .
T he other cont ribution to t he overall quadrup ole t erm is a second order hyp erfine
interaction t hat couples nearby states within t he LS J 1nanifold. This latter contribution
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can be written in the same form as that of the true quadrupole interaction and is known
as the pseudo-quadrupole interaction.
Both these terms can be combined into a single effective quadrupole Hamiltonian
summarised by Q
(3.11)

I ·Q ·I
where T Q is the true quadrupole term and the tensor A is given by

(3.12)

25 1

+ L 1 (r 1 ) is the crystal field level of interest and the sum is over all the remaining
states of the LS J manifold . .6.n 1 represents the difference between the unperturbed
energy eigenstates for the states 2 s+i L1(r n) and 2 s+i L1(r 1 ), and a and /3 represent the
principle axes ( x, y and z) .

where

,,....._

If Hq is written in a coordinate frame (x 1 , y 1 , z 1 ) that allows the diagonalisation
of Q , the Hamiltonian can be simply written as 8

.

(3.14)
which gives the tensor Q as
E-lD
3

0

0

0

-E- lD
3

0

0

0

'JD

Q =

(3.15)

3

For I= 5/2, as is the case for praseodymium, the quadrupole term splits the electronic
singlet into three levels which are doubly degenerate. The degeneracy is a consequence of
Kramers theorem applied to the combined system of electrons, neutrons and protons. For
low symmetry sites E is non-zero and results in significant mixing between the members
of the hyperfine manifold. However , these states are conventionally labelled ±(5/2, 3/2,
1/ 2) despite the fact that I is no longer an accurate quantum number.
8

A true quadrupole interaction Hamiltonian can be written in its diagonal basis ( x , y , z ) as

~
Ht.q

[~2

(~2 ly~2)]

1
= p Iz - 31(1
+ 1) + 3rJ Ix -

'

(3. 13)

where P and rJ describe the electric field gradient tensor at the nucleus. For an axial centre rJ = 0, otherwise
it describes the electric field gradient asymmetry and hence , deviation from the axial environment. Once
the pseudo-quadrupole term is included , Hq can b e rewritten in the form of Equation 3.13 replacing P
and rJ with Peff. and rJeff. . 1\/Iany authors move between Peff., rJeff., D and E without specifying notational
changes. Here , D

=

Peff. and E

=

Peff.T]eff.

3
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3.2.2

Structure due to applied fields

The remaining two-fold degeneracy for non-Kramers ions in low sy1nmetry sites can be
lifted via the application of a magnetic field. Specifically, it is the first .order nucl ar
Zeeman interaction that achieves this. The other two Zeeman interactions act on the
electronic state and thus, produce an equal shift in all the hyperfine (nuclear pin) levels.
Similarly, the application of an electric field only interacts with the crystal field levels,
which produces a Stark shift on the optical transition . The crystal field levels can also b e
manipulated via stress, which creates a Stark shift due to the deformation of the lattice
ch arges.

Zeeman interaction term

The Zeeman interaction affects any levels with a magnetic moment whether nuclear or
electronic and can be written in the form [131]
,,..._

,,..._

H z= B · µ Bg · S

B · µBg · S

2

2

+ [B · (g 1 µBA)

+

·

BJE,,..._

[B. z. B ] E

,,..._

+

B · (,N E + 2A1g1µ BA ) · I

+

B·M·I

(3 .16)

where g is the electronic g-factor tensor , E is the identity operator , and E is the identity
matrix.
The first t erm represents the linear electronic Zeeman interaction , which vanishes for
non-Kramers ions in low symmetry sites . For ions with a Kramers or non-Kramers crystal
field doublet, this term is treated similarly to the magnetic hyp erfine interaction term
,,..._

through th u e of the effective op erator S.
The next term is the second order electronic Zeeman (or quadratic Zeem an ) interaction, which produces an energy shift irresp ective of whether the first order term is
non-zero.
The final contribution is the linear nuclear Zee1nan interaction , which has two components. The fir t (B · (r NE ) · I ) repr sents the splitting due to the b are nuclear magn tic
mo1nent. The other is a second order cross term produced by the interaction of t he magnetic hyperfine and linear electronic Zeeman contributions. This second ord r effect has
th opposite sign to the nuclear Zeeman interaction and thus M can be written

M = _gNµN( E - a )
ril

where a is the quenching of the nucl ar magnetic moment.
counteracting field produced by the

(3. 17)

'

This occurs due to the

4f electrons in response to t he appli

d m agnetic field.

Typically, the total field experienced by th nucleus is r duced comp ared to the applied
field (quenching) . However , in some cases a is observed to have components greater than
unity. indicating an enhancement of the applied field magnitud [13 ].
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are usually represented 1n their diagonalised coordinate

frames: (x 2, Y2 , z2 ) and (x3 , y3 , z3 ), respectively

gx 2

0

0

0

gy2

0

0

0

gz2

g=

Zxs

0

0

0

Zys

0

0

0

Zzs

Z=

M=

/ X3

0

0

0

/ y3

0

0

0

{ Z3

(3.18)

In general, the coordinate frames in which Q , A , g , Z , and M are diagonalised do not
coincide. Hence i any theoretical considerations need to be made in a common coordinate
frame. This requires different rotations for the respective tensors. However , in some cases
the rotations are about a common z-axis.
then z

= z1 =

z2

=

For example, if the site has C2 symmetry,

Z3 , parallel to the axis of rotation.

For further reading on the

relative orient ations of all t he magnetic hyperfine tensors in this formalism , the reader is
directed to the spin Hamiltonian characterisation work of R eferences [136], [139], [140],
and [141].
In an applied fi eld , the complet e hyperfine Hamiltonian can be written

[B . z. B ] E + B.

µBg.

S-

B. M.

f + f.

A.

s + f. Q . f

(3.19)

B ecause the second order quadratic Zeeman term affects all the m emb ers of the hyp erfine
m anifold equally it is often absent from discussions regarding the hyp erfine states.

Stark interaction term
The Stark interaction term produces a shift on the crystal field levels in t h e presence
of an applied electric field E . The magnitude of t he shift is related to t he ch ange in
dipole n1oment <5 µ between the ground and excited states and t he polarisability <5a . The
observed ch ange in energ can be vvritten as [142]

oE =

1

-

-

-

--E · L · <5a · L · E-<5µ · L · E
2

(3.20)

-here L represents t he local field correction tensor. The two terms represent the quadratic
and linear Stark shifts resp ectively.
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j · Linear nuclear Zeeman lifts degeneracy

· Quadratic electronic Zeeman produces
a common shift
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I. Common shift
Magnetic hyperfine

· Degeneracy remains

+
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Figure 3.6: The relative effects of m agnetic, electric, and stress fields on t he energy structure of
P r 3 + in a low symmetry site.

The linear Stark shift don1inates in non-centrosymmetric sites , which is the case for the
work presented in this thesis .9 Further d tails on more general considerations can be found
in R eference [142]. It is also common that the occupied site possesses lower symmetry than
the crystal itself, which can produce a pseudo-Stark splitting. The splitting arises from
breaking the orientational degeneracy of different sites, most nota bly those related by the
inversion syn11netry of the crystal.

9

The 18 non-centro ymmetric site point-group symmetries for rare-earth-ion materials are
(3.21)

Note that the cub ic point groups with no c ntr of inversion (Td, 0 and T) are not fo und for Lanthanid e
sy terns [143].
For comp leten ss the r main in g 11 centrosymmet ri c point gro ups are listed below:
(3. 22 )
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Stress interaction term

Application of stress to the crystal can also produce a Stark shift of the crystal field levels.
This applied stress creates strain in the crystal lattice, which is equivalent to altering the
positions of the charges in the host material. The resultant shift of the Stark levels can
be measured by monitoring an optical transition. The energy shift in an optical transition
due to linear stress can be written [144]
3

oE = h

L

Aij O'i j

(3 .23)

,

i,j=l

where

A ij

is the piezospectroscopic tensor and

O-ij

is the stress tensor.

Equation 3.23 can be equivalently expressed via t he strain tensor

Eij

3

oE = h

L

(3.24)

JIBijEij

i ,j=l

The piezospectroscopic stress and strain tensors are related by the elastic tensor
relates

O-i j

and

Cijkl

that

Ei j

3

]IBij

=

L

CijklAi j

(3.25)

i ,j=l

Because the elastic tensor

Ci jkl

is a property of the crystal, it must obey the symmetry

require1nents of the crystal space group. However, the piezospectroscopic tensors
JIBi j

Aij

and

are properties of the rare-earth ion , and thus obey the equal or weaker symmetry

requirements of the site. This also determines that each orientation of the site in the
crystal will have a specific

A ij ,

which will be related to one another via the symmetry

properties of the crystal.
In contrast to the application of electric fields , applied stress cannot completely
break the orientational degeneracy.

This is because both stress and strain must ob ey

inversion symmetry and hence , sites related by inversion cannot be resolved .

3.2.3

Homogeneous broadening via dynamic interactions
-

The previous sections have outlined the mechanisms that determine the energy level separations in solid-state rare-earth-ion systems. The observed broadening of the transition
depends on the resolution of the measurement technique , and ultimately on the homogeneous broadening common to each ion.
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Lifetime broad enin g
In the absence of any perturbing interactions (HD

= 0) , the homogeneous linewidth rh is

limited by instantaneous lifetime broadening
(3.26)
where Ti is the excited state lifetime. The radiative damping of the optical dipole due to
the spontaneous decay rate T 1 - l produces a Lorentzian lineshape with a finite F ull-W idth
at H alf-Maximum (FvVHJ\II) given by Equation 3.26 [145]. This broadening can also be
considered as a consequence of the Heisenberg tin1e-energy uncertainty principle for a
state with lifeti1ne T 1 .
The optical transitions of interest in rare-earth-ion systems are typically those between the lowest lying crystal field levels of differing LS J configurations. Because the
Coulomb interaction can create splittings far in excess of shifts due to the spin-orbit and
crystal field , the excited state can be well separated fro1n lower levels. This determines
that the desirable

4f N

+--+

4f N

transitions are typically limited by radiative decay rather

than by non-radiative phonon transitions.

In contrast , the energy separations of the

1najority of other levels are accessible to phonon energies and hence the lifetimes of these
states are limited by rapid non-radiative decay. In typical rare-earth-ion sy terns , optical
lifetimes range from 100 µs to 10 ms because the transitions are only very weakly allowed.
A more detailed discussion of the optical transition rates follows in Section 3.2.4.
The inaccessibility of the optical excited state to phonon transitions determines
that the lifeti1ne ren1ains largely unchanged for t emperatures less than 300 K. In contrast ,
t he lifeti1nes of the m agnetic hyp erfine states ob ey an inverse power law scaling with
ten1p erature T and m agnetic field strength B. The phonon decay is mediated by direct
(one phonon ) or indirect (two phonon) transitions.
lifetimes ob ey a

IBl- 2 r - 1

For non-Kramers ions , the state

scaling for the direct transition and a y - 7 scaling for the

indirect transition [146].10 Therefore, the lifetime li1nit for hyp erfine transition broadening
rapidly b eco1nes t he dominant mechanism in the homogeneous broadening of the optical
t ransit ion ab ove

~

4 I{ . Thus . t o n1inimise homogeneous broadening for non-Kram ers

ion in low syn1metry sites . phonon contribution must b e negat ed by working at or b elow
liquid helium temp eratures .
Cro -rel&-xation b etwe n rare-eart h ions can also cause a ignificant reduction in the
lifet in1e of hyp erfine level . This resonant pin state exchange i strongly dep endent on
t he separation between ions. Hence . it can b e minimised in crystal with low doping
10

The combined effect of the e phonon decay proce ses a re known as spin-lattice relaxation . The power
4
la,Y behaviour is eYen more extreme for Kramer ions where the tate lifetime scales as IB 1- y - i for the
direct tran ition and as y - 9 for the indirect transition . For both Kramer a nd non-Kra m ers ions the
indirec t mechanism is the stronger of the two interactions.
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When both the phonon and ion-ion interactions

are minimised, the coupling between the optical ground state hyperfine levels and the
environment can be exceedingly weak. In particular cases, spin state lifetimes have been
measured to approach one month [68]. Because quantum information can be mapped from
the optical transition onto the hyperfine spin states, the possibility of approaching the
lifetime broadening limit in these systems is part of the unique appeal of rare-earth-ion
crystals for quantum memory applications.
Because HD 1s always non-zero in reality, the lifetime limit in Equation 3.26 represents a lower bound on the homogeneous broadening of the transition. Equivalently, the
coherence time T 2 = (1rrh) - 1 is bounded above by 2T1.
Below 4 K, homogeneous broadening in rare-earth-ion crystalline materials is generally
dominated by two sources : magnetic fluctuations due to host-ion spin flips and further
phonon coupling to the host lattice. Several optical transitions have coherence times that
approach the lifetime limit due to the fact that the additional mechanisms are negligible compared to the lifetimes (0(1 ms)). However, when the hyperfine state lifetimes
are measured in hours and days, the same mechanisms dwarf the magnitude of lifetime
broadening.

Magnetic broadening

One of the most common broadening mechanisms is the interaction with magnetic fluctuations arising from host ion spin flips. For many common host crystals this fluctuating field
represents the current limit to both optical and hyperfine transition coherence times.
However , it has been shown that the dephasing effect of this stochastic host nuclei spin
flipping can be minimised on both optical and spin transitions. The application of an arbitrary large external magnetic field can considerably slow the flipping rate as the host nuclei
preferentially align with the field. In addition, there are specific techniques to desensitise
the rare-earth to field fluctuations. Macfarlane et al. showed that praseodymium ions in
Pr 3+ :LaF3 could be decoupled from the fluorine spin flips via driving the dopant with a
specific radio-frequency field [14 7]. This magic angle decoupling technique succeeded in
reducing the magnetic broadening by an order of magnitude. However , this technique is
not feasible for systems where there are a multitude of contributing spin sp ecies . A technique that is material independent is the proposed optical equivalent of the ZEro First
Order Zeeman (ZEFOZ) technique utilised for spin transitions [148].11
Due to the competing quadrupole and linear Zeeman interactions , a spin transition
can be Zeeman shifted to a t_hree-dimensional magnetic field critical point.

At this

critical point , the transition is insensitive to magnetic fluctuations to first order and the
11

The technique for optical transitions bala nces the quadratic electronic Zeeman , in addition to the
linear Zeeman and quadrupole terms to achieve a critical point where t he ion is insensitive to magnetic
fluctuations.
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second order contribution can be extremely small. The ZEFOZ technique ha succe ded
in extending the coherence tirne of spin transitions by three orders of magnitud

111

Pr 3 + :Y2Si05 (0.5 ms-+ 1.4 s) [69, 140], and Eu 3 +:Y2Si0 5 (15 ms-+ 47 s) [11 , 149]. With
the addition of the frozen core effect, 12 europium spins could feasibly allow coherenc
times of over an hour [11, 153] .
Further reductions to 1nagnetically induced broadening can be achieved via Dynamic Decoherence Control (DD C) techniques [154, 155]. Such techniques rephase th
state of the ion on a time-scale faster than the dominant magnetic fluctuation , allowing
longer state preservation. For example, storage times of over 30 s have been achieved
in Pr 3 + :Y 2Si0 5 [70, 71], and recently storage times of over 6 hours were demonstrated
in Eu 3 + :Y2Si0 5 [11] . For the praseodymium system pulses were applied up to 7.5 ms
apart, whereas for the europium system the pulse separation could be 100 n1s. Th
nu1nber of rephasing pulses is an important consideration as non-zero errors 111 the
application of DD C sequences determine that such techniques eventually perturb the
initial state [156, 157] . Thus, DD C is not a generic solution for long term quantum
storage in the presence of fast dyna1nic processes . Despite this, if the number of DDC
pulse required to preserve coherence for a desired period of time is small compared to
the introduced error per pulse , then DD C become a feasibility for quantum information
processing [158].

Phonon broadening

As previously discu sed, the dominant broadening 1nechanis1n for the optical transitions in
bulk cry tals above 4 K is spin-lattice relaxation. However , the 7th order power dependence
on ten1perature (9th order power dependence for Kramers ions) determin s that once below
liquid helium te1nperatures, magnetic interactions generally dominate. However, tudy of
electron-phonon interactions in nanocrystals by l\!Ieltzer and Hong [102] determin d that
this behaviour does not hold if the size of the crystal i significantly reduced.
In a bulk crystal the phonon 1node d nsity i a continuum above a particular threshold
energy. whereas in nanocrystal the low energy modes are discrete. In addition , the maller
the crystal ize. the higher the threshold energy for phonon 1nodes to exist. However the
potential reduction in broadening with decreasing cry tal size is dramatically negated by
the size-dep ndent a1nplitude of the ion·s motion. This produce a significantly enhanced
interaction between electronic
decrea ed.
12

A

tate

and vibronic 1nod

as the ize of th

crystal i

a r ult. the power law dependence of the broadening on temperature

The frozen core effect occurs \Yhere the field from the rare-earth-ion dopant causes a Zeeman shift
of the transition frequency of the host nuclei in its immediate environment. The e ho t ion are thu
detuned from re onance ,\·ith urrounding bulk ion cau ing their cross-relaxation induced pin flip rate
to reduce dramatically. Thi creates a co re of frozen spins surrounding the dopant and significantly
r duce the magnitude of the fluctuating field. Thi effect has been ex ensi, el tudied (for example see
R eference [66]. [92]. [150]. [151 J. and [152]) and is a key feature of the recent work b Zhong et al. on
nuclear pin tran ition [11].
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for nanocrystals is T 3 , which was observed to hold for temperatures greater than 4 K.
At lower temperatures the dependence is observed to be linear with temperature, which
was attributed to two level system effects (see following section).

Therefore, in these

nanoscale architectures, the system cannot reach the lifetime broadening limit even at
micro-Kelvin temperatures.
There is another phonon effect that can dominate homogeneous broadening even in
bulk crystals.

Phonon transitions can induce mixing between the lowest lying Stark

level of the LS J multiplet and other energetically close crystal field levels. Similar to
the phonon interactions that affect the excited state lifetime, this mechanism is heavily
dependent on temperature [63]. For the majority of materials, the contribution of this
interaction below 4 K is negligible compared to other dephasing mechanisms. A counter
example is Pr 3+:YAG where the energy separation between the lowest 3H4 state and the
next crystal field level is less than 20 cm- 1 (~ 300 GHz) [159, 160].

Other broadening contributions

The two dominant dynamic interactions that broaden the homogeneous line in crystalline
materials are spin interactions between the rare-earth spin and other lattice spins, and
phonon mediated effects.

However, as indicated, in most cases these contributions to

.,,,..._

Hn can be reduced via the application of specific static magnetic fields and minimising

the crystal temperature. For particular samples or architectures there are several other
contributions, which will be briefly highlighted here.
The first of these effects is the coupling between the energy levels of the rare-earth
ion and Tvvo Level Systems (TLS). TLS can be understood as a ion or group of ions that
can tunnel between two close energy minima in configuration space. These hybridised
doublet states are particularly important in rare-earth-ion glasses, anomalous crystals
and nanocrystals [161].

The contribution to the homogeneous linewidth is dependent

upon many factors but follows a low power law dependence on temperature (for example ,
close to linear in T for Eu 3+:Y203 grown by fibre growth methods [101]).
The presence of TLS and their link to highly distorted environments could place a
fundamental limit on the aim to achieve the miniaturisation of rare-earth-ion quantum
technology. This is a consideration that is investigated within this thesis (see Chapter 6).
The remaining broadening mechanisms considered here are interactions between
rare-earth ions. Such interactions include electronic interactions such as cross relaxation
and exchange splitting of spectral lines, and the interactions grouped as Instantaneous
Spectral Diffusion (ISD) .13 ISD occurs when an ion experiences a fluctuating magnetic
or electric field due to the optical excitation of another ion. In Kramers and non-Kramers
13

Also known as Excitation Induced Frequency Shifts (EFS).
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doublet states , this m ech anism occurs via the difference in the magnetic dipole moment
between the ground and excited optical states. For non-Kramers ions in low symmetry
sites t he effect is generally due to electric dipole-dipole inter actions. For non-Kra1ners
ions with s1nall crystal field energy splittings ISD can also arise through phonon mediated
interactions. Spontaneous phonon emission following radiative decay, can excite ions in
the ground state to low lying crystal field levels . This effect is usually only observed
for praseo dy1niu1n systems, which have significantly smaller crystal field separations
compared to the other rare-earth ions.
To a large ext ent all ion-ion interactions can be eliminated by sufficiently decreasing
the dop ant concentration.

This is the case for the Pr 3 + :Y 2Si0 5 samples used in this

·work.

3.2. 4

Rare-earth-ion transition dipole moment

The app ealing coheren ce prop erties of the rare-earth ions result fro1n the fact that the
optical transitions in these systems are effectively shielded from external p erturbations
and are only very weakly allowed . The electric dipole moment operator i odd under time
reversal , which determines that pure intra-configurational transitions are quenched [130].
Thus , for the free ion Hamiltonian iif.i ,

4f N

H

4f N

transitions are electric dipole for-

bidden. Although some rare-earth-ion optical transitions are allowed via m agnetic dipole
coupling, because 2S

+L

has even p arity [127], this is not the case for the transitions

studied in this thesis.
Judd [162] and Ofelt [163] introduced the concept of induced electric dipole transitions
to explain ho-,;v the

4f N

H

4f N

transit ions occur.

Electric dipole transitions become

,,...._

weakly allowed via the crystal field Hamiltonian H c.f . This term admixes odd parity
wavefunctions from higher configurations, for example the
at least one of the pure

4f

4f - 1 5d 1

configuration into

wavefunctions . Thus , the crystal field i extremely important

for the dynamics of rare-earth-ion optical transit ions.
If the rare-earth-ion site is non-centrosymm tric, the odd part of the crystal field term
1

non-zero and hence. can achieve inter-configurational mixing. The transition dipole

1non1ent of the induced electric dipole transitions are typically three order of magnitude
less than what is ob erved in ato1nic y terns . Although centro ymmetric point groups
do not allow induced electric dipole moment via cry tal field admixing. electric dipole
tran ition can still be mediated via phonon coupling [164].
Therefore. the optical lifetime of rare-earth-ion excited tate can be extremely long.
In particular. 01ne tate in axial ites po se

lifetime greater than 20 ms [165]. Thi

allo"- the pro pect to achieve imilar ly long coherence time , or equivalentl ver narrow
tran ition . However. thi determine that the pho on ield from the optical tran ition i
extremely lo"- and imilar to dark count rate in photon counting detectors . Herein lie
the n1ajor difficulty in detecting mall en e1nble of rare-earth ion .

§3.2

Trivalent rare-earth-ion energy levels in solids

71

The excited state lifetime expected for a transition with a dipole moment µ can
be written
(3.27)
where XL is the local field correction factor, n is the refractive index, Eo is the permittivity
of free space and A is the transition wavelength [166].
The lifetimes observed for rare-earth-ion excited states are typically between 5 and
50 times shorter than expected from the resonant transition dipole 1noment.

This is

due to the fact that the excited state is coupled radiatively and non-radiatively to lower
crystal field levels, which enhances the emission rate.

The branching ratios Y to the

different crystal field levels can then be defined as the ratio between the observed lifetime
T1

of the excited state and the expected

Tspon

given the dipole 1noment of a specific

T1
l=--

(3.28)

transition
Tspon

The branching ratios for a particular transition become increasingly important for
processes involving single photons, such as Rephased Amplified Spontaneous Emission
(RASE) [89], or single ions. This is discussed in detail in Chapter 10, which focusses on
achieving highly cyclic transitions in rare-earth materials.

3.2.5

Inhomogeneous broadening

In discussing the energy structure of the rare-earth ions, the previous section highlights
why it is possible to achieve extremely narrow linewidths: sub-kHz for optical transitions
and sub-E[z for hyperfine transitions . However , in analogy to Doppler broadening in atomic
vapour systems, inhomogeneous effects in rare-earth-ion systems can broaden an ensemble
by many orders of magnitude (see Figure 3.7).
In atomic vapour systems, the Boltzmann-distributed velocities of the individual
atoms result in a Gaussian inhomogeneous lineshape. In a solid-state system, where the
ions are held rigidly in place by the crystal lattice, inhomogeneous broadening arises
from statistical variations in the environment surrounding each individual ion.

These

variations are essentially static determining that they can be treated as fixed energy shifts
rather than homogeneous broadening. The resulting lineshapes typically possess Voigt
profiles with several effects contributing to the observed broadening. For further analysis
of these profiles the reader is referred to References [167] and [168].
Both optical and hyperfine transitions are affected by variations 1n their electric
and n1agnetic environment. The inhomogeneous broadening on hyperfine transitions is
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Figure 3.7: Inhomogeneous broadening rih is the spread of resonant frequencies due to variations
in each ion's immediate environment. For example, the crystal lattice on the left contains imperfections (highlighted in orange), which could represent impurity ions , vacancies, or other defects.
This causes shifts in the resonant frequencies of surrounding ions as illustrated by t he purple,
green , and red ions. For rare-earth-ion materials rih can be on the order of 10 7 times larger than
the homogeneous linewidth rh.

typically on the order of 10 - 100 kHz , whereas for optical transitions the broadening can
b e as large as 0.1 - 100 GHz. The sources of inhomogeneity include any effect that causes
a deviation fro1n the p erfect crystal lattice. These imp erfections range from point defects
to higher dimensional structures such as crystal growth defect s and post growth damage
to the crystal lattice .
One of t he mo t common point defects is an impurity, and thus simply introducing
the rar -earths as dop ants in a host crystal produces inhomogeneous broadening. Th
higher the concentration of the dopant ion , the larger the broadening will become until
the concentration of the rar -earth exceeds that of the sp ecies it substitutes for. In this
regirne, further increases in the rare-earth concentration decreases inhomog n ity as the
crystal approaches stoichiometry in the rare-earth.
Th refore, in high quality crystals with well developed growth proce ses, the broadening
due to impuritie can b

minimised. This can be achieved by working with extremely

low dopant concentrations or in crystals stoichiometric in the rare-earth ion of int r st .
Inho1nogeneous linewidths approaching 10 iv'IHz have been achieved in ppm doped crystals

[91] and in stoichiometric 1naterials the linewidths can be less than 100 IvIHz [169].
In these cases . other effects begin to do1ninate t he observed broadening.

For ex-

an1ple. in both ppm dop ed YLiF 4 and stoichiom tric EuCb · 6H20 the major source
of inhomogeneous broadening is due to the pres nee of different isotop es in the lattice
structure. It ha been proposed that by growing is~topically pure 153 E u 35 Cl3 · 6D216 0 ,
an inhon1ogeneo us linewidth approaching 1 MHz could b achieved [74].
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It is worth relating the presence of imperfections to the Hamiltonian contributions
discussed in Section 3.2. Any lattice imperfection will lead to an alteration of the local
crystal field of an ion, which will shift all the elements of a LS J configuration equally.
This direct perturbation will be observed in the optical inhomogeneity but not on the
hyperfine transitions. The same imperfection will also contribute a change in the electric
field gradient at the ion nucleus, which then creates inhomogeneity in the quadrupole
interaction. This effect contributes to both optical and hyperfine inhomogeneity and can
by observed directly via double resonance methods [170].
An understanding of inhomogeneous broadening is a critical element in the work
performed on stress perturbations to the crystal lattice in Chapters 5 and 6.

As will

be discussed, applying stress to a crystal can create energy shifts that exceed the
intrinsic inhomogeneous broadening. In this way applied stress can be compared with the
imperfection induced stress in the crystal lattice.

The material studied in this thesis is Pr 3 +: Y 2Si O 5, which has been previously well
characterised in terms of its spectroscopy [171, 172, 173].

This determines that this

material is an excellent choice for investigating new techn~ques for relatively unexplored
regimes of measurement. In this section, the spectroscopic properties of Pr 3 + :Y 2Si05 are
detailed with reference to the Hamiltonian developed throughout this chapter .14
Y 2Si0 5 was first spectroscopically investigated in the context of laser material science in the late 1980s. Of particular interest at that stage was the favourable transition
frequencies of Nd 3 +:Y2Si05 for frequency doubled lasers [174, 175]. A significant interest
also developed from the perspective of classical optical data storage both in the frequency
and time domains [176]. The large inhomogeneous to homogeneous broadening ratio of
rare-earth ions was appealing as it offered the prospect of extremely high data storage
densities.
With the homogeneous linewidths largely determined by the stochastic magnetic field
fluctuations produced by host ion spin flips , research gravitated towards crystals with small
host magnetic moments. Promising results achieved in Y20 3 [177] led to an examination
of europium doped Y 2Si05 [66, 178], which yielded extremely long optical coherence times
for a solid-state system (2.6 ms). Although research has largely moved away from classical
data storage applications, the desire to understand the broadening mechanisms and minimise the homogeneous linewidth has been the subject of significant further investigation
14

The other material examined in this thesis is the Cl centre in Eu 3 + :CaF 2 (see Appendix C). Because
this material has not been as extensively studied as Pr 3 + :Y2Si0 5 , rather than including the details of
previous spectroscopic characterisation in this section, they are provided in Section C.3.2.
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a

J:=CLc

Figure 3.8: The unit cell of Y 2 Si0 5 ( C2/ c space group) [179). The yttrium , silicon , and oxygen
are represented by the orange , green, and blue atom respect ively. The b axis is the C2 symmetry
axis of the crystal.

up until the present day. Pr 3 + :Y 2Si0

5

was first studied by Holliday et al. in 1993 [171] and

Equall et al. in 1995 [172) fo llowing the results achieved in Eu 3 + :Y 2Si0

5

[66). Since that

time it has become a con1mon material fort e ting variou techniques and proof-of-principle
demonstrations.

3.3.1

Crystal structure and energy levels

The yttriun1 ortho ilicat e crystal Y2Si0 5 i a monoclinic crystal b elonging to the C2/c
pace group (No . 15 in the International Tables of Crystallography) [179). The unit cell
ha di1nen ions a = l-J.411 _ . b = 6.726

A.

c = 10 .419

A and /3

=

122.22° and contain

fon11ula units [l 79). The cry tal structure of the material i characterised by rigid Si04
tetrahedron "'·eakly linked by YO n polyhedra. The y 3 + has two di torted octahedral
it e that are kno"'·n a ·Site 1 · and ·Site 2·. in which the yttrium bonds to seven and six
oxygen ions . re p ecti,·ely [179. 1 OJ. E ach ite con ists of four orientation that are related
,·ia the C2 and in,· r ion -.-mn1etrie of the cry tal.
\r hen introduc d a a dopant. the tri-.-alent pra eo dymium ion ub titute at the y 3 + site .
The t"'·o er\ tallographically inequiYalent ite can b ee

ily di tingui hed pectro copically

due to their different cry tal field and hence. different tran ition frequencie . However, the
corre pondence between the labelling of the cry tallographic and the pectro copic ite i
uncertain. For all of the "'·ork compl t ed in thi the i . the i e labelled by pectro copi t
a ~ ite 1 i the cent re of int ere t .
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Relative abundance

Nuclear spin

Magnetic moment

(%)

(I)

(µN)

89y

100

1/2

-0.1 4

29Si

4.7

1/2

-0. 56

170

0.04

5/2

-1.89

19F

100

1/2

2.63

Nuclear isotope

Table 3.1: l\!Iolar isotopic abundances and magnetic properties of all the non-zero spins in Y 2Si0 5 .
The properties of 19 F are included to highlight the relative magnetic quietness of the Y 2Si0 5
compared to Lanthanide fluoride crystals.

For ions occupying Site 1 in Pr 3+:Y2Si0 5, the maximum absorption occurs when the
polarisation is aligned with the D2 axis, which lies in the a- c plane [181 J. The orientation
of the D2 axis relative to the crystallographic axes is specified in Reference [182] . It is
noted here that the definitions of both Dl and D2 in Reference [182] use the alternate
unit cell setting I2 /a (see Reference [179]) .
Figure 3.9 details the energy structure of Site 1 Pr 3+ dopant ions in Y2Si05 incorporating the relative contributions of the free ion , cryst_a l field and quadrupole
Hamiltonian terms.

As shown , the crystal field has lifted the degeneracy of the LS J

states reflecting the fact that the site has only C1 symmetry.

3.3.2

Dynamics of the 3 H 4 (1) t-t 1 D 2 (1) transition

The transition of interest is the very narrow optical transition between the lowest Stark
component of the 3H 4 and 1D 2 spin orbit manifolds occurring at 605. 977 nm (494. 726
THz). The excited state lifetime T1 is 164 µs and the dipole moment for the transition is
1.59 x 10- 32 C·m [172]. The branching ratio for this transition Y ;::::: 0.03 , which is reflected
in the intensities shown in Figure 3.9. At liquid helium temperatures the coherence time
has been measured at 190 µs [173] with the remaining broadening attributed to host Y-Y
spin flips. Notably, Site 1 and Site 2 coherence t imes in Y 2Si0 5 are significantly longer
than in any other host material m easured to date [183]. This is an indication of the quiet
magnetic environment offered by the host lattice nuclear spins, the magnetic properties of
which are detailed in Table 3.1.
However , these narrow homogeneous linewidths lie within a broader inhomogeneous line that varies with concentration.

The inhomogeneous linewidth is approxi-

mately proportional to the concentration with a proportionality constant on the order
of 200 GHz / Pr concentration (mole%) [93].
Significant investigations on t he hyperfine transitions have also been performed. The zero
field hyperfine splittings are on the order of 10 MHz and the lifetimes have been measured
to be ;::::: 200 s at 1.4 K [171]. Although this sets a lower bound on the homogeneous
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Figure 3.9: The energy structure of Pr 3 +: Y 2 Si0 5 con tructed from the characterisations in Reference [171 ] and [172]. A indicated by the hading, the 3 H 4 (1) H 1 D 2 (1) is only very weakly
allm-:ed . Approximately 90% of the ob erved pontaneou en1i ion from t he excited state decay
to the 3 H--1 (3) level. Because there is a lack of data concerning the 1 G 4 and 3 F manifolds , Reference [l --!] has been u ed to indicate t he likely po itions of the e multiplets. The optical absorption
fron1 the ground tate i tronge t to the 1 D2 (1) and 1 D 2(57 states and weake t to the 1 D2 (3) state.
The label on the hyperfine tates are those given by the exp erimental work in Reference [l 5] but
do not reflect the significant admixing induced by the quadrupole term.
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broadening at the millihertz level, decoherence due to magnetic fluctuations dominates.
However, as mentioned in Section 3.2.3, there are methods t hat desensitise the ion to these
magnetic perturbations. A complete ch aracterisation of the magnetic hyperfine Hamiltonian by Longdell et al. [139]15 allowed t he zero field coherence time of 500 µs to be extended
to 1.4 s via the ZEFOZ technique [69, 140]. Application of DDC pulse sequences in addition to t he static critical field allowed the storage times to be extended even further to
28 s [70]. Storage of optical pulses h as also been achieved via electromagnetically induced
transparency [187], which has recently been extended to the storage of optical images with
a T2 ~ 40 s [71] . 16

3.4

High frequency resolution spectroscopic techniques

For Pr 3+ :Y 2 Si O 5 the homogeneous broadening of a single ion transition is approximately
seven orders of magnitude narrower than the inhomogeneous broadening observed over an
ensemble. Thus, to investigate the coherence properties of ions, non-linear spectroscopic
methods are required to probe within the inhomogeneous line. The two methods most
relevant to t his work are hole-burning spectroscopy and the photon echo technique .

3.4.1

Hole-burning spectroscopy

Hole-burning spectroscopy refers to the method of optically manipulating the local
spectral density on the scale of the hyperfine level splittings (~10 MHz). The method
of hole-burning is allowed by three factors.

The first is that the hyperfine energy

structure of the ions is enveloped by the inhomogeneous broadening. This dictates that
for Pr 3 + :Y 2 Si0

5

in zero magnetic field there will be nine transitions, or subgroups,

resonant at any frequency within the inhomogeneous line. 17 The second factor is that
each of these transitions have appreciable transition probability. This determines, that
from a particular excited state hyperfine level, the ion can decay to any one of the three
ground state hyperfine levels. The final factor is that the hyperfine ground state lifetimes
are typically minutes. This determines that on the time-scale of most experiments the
population remains constant in the absence of exciting fields. The combination of these
three factors produce a non-linear effect that can be used for measurement (for example
of the quadrupole parameters) or to create narrow artificial transmission or absorption
features known as holes and anti-holes, respectively.
15

A recent refinement has also been completed in Reference [186).
This was achieved via the application of approximately 8 x 10 5 DDC pulses. With such a large number
of pulses there is a strong likelihood that the initial quantum superposition state will be significantly
altered due to finite pulse errors [156 , 158). As shown in Reference [158) the Carr-Purcell-Nieiboom-Gill
sequence used by Heinze et al. [71] is sensitive to both frequency and pulse area errors.
17
At appreciable magnetic field strength the doubly degenerate hyperfine states split resulting in 36
subgroups.
16
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Figure 3.10: (aboYe) The nine different transition subgroup that occur at any frequency within
the inhon1ogeneou line. (belm-..) The optical pumping. or hole-burning manipulation of the equilibriun1 population for ubgroup I.

"\Yhen a fix d frequencv la er excitation i applied to the cry tal. any ions with a re onant
tran ition "'-ill be excited.

pon relaxation. there i a ignifican likelihood that their

final hyp rfine tate will be different to their initial tate. If the excitation i applied for
a tirn rnuch longer than the pontaneou emi sion lifetime T1 all the ion will eventually
b e optically pump d out of re onance with the laser. leaving a pectral hole. Figure 3.10
illu trate

thi

effect for a

ingle

ubgroup.

Auxiliar - hole

are al o ob erved at the

fr equencie of tran ition fron1 the original ground tate level to the remaining excited
tat e hyperfine level ( -c5e1 and

6e2). Becau e the overall population of the en emble i

con erYed. the d pleted pectral region are accompanied by enhanced pectral region .
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These anti-holes correspond to the greater than equilibrium populations in the remaining
two ground state hyperfine levels. The spectrum in Figure 3.10 can also be thought of as
a spectral probability density of a single ion following single frequency excitation for a
time-scale long compared to T 1 .
In an ensemble system, each subgroup contributes a hole at the excitation frequency,
two accompanying holes and six anti-holes. The total spectrum contains 42 enhanced
absorption features and 6 depleted features distributed symmetrically about the central
zero frequency hole. The relative amplitudes of these features depend on several factors ,
which are the focus of Chapter 10.

For further analysis of the frequency of all the

observed features as well as general guidelines for approximating their amplitudes , the
reader is directed to References [63] and [134].
When performed in zero field , the hole-burning spectrum allows the determination
of the ground and excited hyperfine level splittings. The spectrum can also be monitored
after the application of static magnetic or electric fields to determine the Zeeman and
Stark interaction parameters. Due to the complexity of the structure, it is often much
simpler to concentrate on a particular subgroup.

The hole-burning technique can be

used to isolate a narrow feature containing only ions in a particular subgroup ·within
the inhomogeneous line [73].

The method to achieve this is described below for the

±5/2--+ ±5/2 transition in Pr 3 + :Y2Si0 5 (see Figure 3.11). However, to isolate a different

subgroup simply requires the excitation frequencies to be changed.
The first step is to create a large spectral depletion region by repeated frequency
sweeps over several megahertz. Hole-burning occurs over the entire range of the sweep
resulting in what is commonly referred to as a spectral trench. The limit on the width
of the trench is determined by the hyperfine structure: that is , the frequency of the
closest enhanced absorption peak. This is precisely what limits the bandwidth in current
quantum memory protocols , as noted in Section 2.2.2.
A narrow anti-hole can then be prepared in the depletion region by applying the

laser excitation at a fr equency offset equal to -( 89 1

+ 6e2)

and -( 89 1

+ 89 2 + 6e1 + 6e2) .

Because it is possible to stabilise the excitation laser to sub-kHz linewidths , the resulting
absorptive feature is limited in width by the inhomogeneous broadening on the hyperfine
states. This is commonly 0(10 kHz). Depending on the transition probabilit ies between
the different hyperfine levels , the order of the applied laser frequencies can be optimised
for each individual 1naterial. The finite nu1nber of ions resonant at zero frequency that
belong to an unwanted subgroup reduces exponentially with the number of sequence
repetitions. In this way, ideal preparation can be asymptotically approached.
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Figure 3.11: Creating a narrow absorption feature within the inhomogeneously broadened line .

3.4.2

Photon echoes

Hole-burning is an extremely po-werful tool in rare-earth-ion spectroscopy.

However ,

inhomogeneity. finite laser line-width . and interactions that occur on the time-seal of the
experiment deterrnine that the true homogen ous broadening is difficult to determine.
The photon echo is a valuable complimentary technique that provide greater resolution
because it is insensitive to any static inhomogeneities .
The photon echo i

the optical analogy of the

pin echo technique for N uclear

M agnetic R e onanc

(::-J~IR) devi ed by Hahn in 1950 [154].

In the NJ\ IR case . a

n1acro copic magn tic dipole formed by the alignment of an ensemble of spins quickly
decays due to the frequency-dependent Larmor preces ion of each spin . However. Hahn
noted that the application of hort radio-frequency pulse could rever e the time evolution
of thi depha ing and reform the macro copic dipole: an echo of he original alignment .
Following the conception and inYention of the laser in the late 1950 and early 1960 ,
the photon echo technique was demon trated in ruby by Kurnit et al. [l

]. Although
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based on a significantly different physical mechanism, the formalisn1 for the technique
is equivalent. Here , a brief overview of the photon echo is given, however the subject is
more thoroughly treated in the References [189] and [190] .
The formation of an echo, whether optical or 1nagnetic 1n nature , is conveniently
described by considering the Bloch sphere representation of a two level quantum syste1n
(see Figure 1.4).

The south and north poles of the sphere represent the ground and

excited state levels jg) and je) and any arbitrary superposition state can be 1napped onto
the surface of the sphere. Such an arbitrary state can be expressed as

11P) = sin
where

G)

jg)+ ei¢ cos

G)

(3 .29)

je) ,

e and ¢ are the typical polar and azimuthal angles in spherical coordinates.

Therefore, all 50:50 superposition states can be 1napped onto the equator of the
sphere with the x-axis representing the state

}z (jg)+ ije) ).

}z (jg) +

je)) and the y-axis representing

In this geometric formalisn1 the t ime evolution of a state is represented

by rotations of the Bloch vector .
To describe the photon echo, only two types of evolution are necessary.

The first

is the interaction with a short resonant pulse of excitation light. This rotates the Bloch
vector about an axis is the xy-plane given by

eicp,

where cp represents the relative phase of

the state co1npared to the excitation . For a pulse resonant with the transition frequency,
the angle _of rotation 8 is a function of the generalised Rabi frequency and the length of
the pulse t
(3 .30)
where

D= _µ_·E_
Ji

(3 .31 )

.

The parameter D is the Rabi frequency, where µ is the transition electric dipole moment ,
and E is the amplitude of the electric field. The root in Equation 3.30 is the generalised
Rabi frequency X, which accounts for finite detuning~ between the excitation and transition frequencies. Photon echoes are n1ost easily discussed in the lin1it where D

>> ~.

The second tin1e evolution required for the photon echo is free evolution on a time-scale
short co1npared to T1. This is represented si1nply by a precession about the z-axis at a
rate proportional to the detuning ~.
A photon echo 1neasuren1ent begins with the ensemble in the state jg). The ensemble is
excited into a 50:50 superposition state through a pulse with 8

=

71

a

71

-pulse). At
2
2
this point all ions are oscillating in phase and this macroscopic dipole moment produces
(

82
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Figure 3.12: The laser pulses, and corresponding Bloch sphere repre entation, of a photon echo
equence. The F ID following the ~ pulse and the echo following the 11 pul e are due to the
macro copic dipol \\·hen all ions are radiating in phase. Note that in the case shown there is a ~
pha e hift b t,Yeen the two pulses to allow the initial state to be re phased.
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coherent emission in the form of a F ree I nduction D ecay (FID). As the ions undergo free
evolution the magnitude of the macroscopic dipole approaches zero. On the Bloch sphere,
each vector (representing a subgroup of the ensemble at a particular ~) precesses at a
unique rate causing a spread, which quickly averages to zero.
After time

T

another pulse is applied with 8

=

1r ( a

1r-pulse). This rotation inverts

the y component of each vector , after which the free evolution continues at the previous
rate. Instead of continuing to dephase, the ensemble Bloch vectors are now rephasing.
After a delay of time

T

the macroscopic dipole recovers and a pulse of coherent emission

results: the echo .
The amplitude P and intensity I of the photon echo are dependent on the coherence time of the transition T2

IP(2T) I ex: e-

4T

2T

T2

(3.32)

II(2T)I ex: e -T2

&

The mechanism for the decay of the echo signal with increasing delay

T

can also be con-

sidered in the geometric formalism of the Bloch sphere. If all the interactions determining
the transition energy were static , the Bloch vectors would precess at a constant rate and
rephase perfectly independent of

T.

However , as discussed in Section 3.2.3, this is never

the case. Mechanisms that cause transition frequency shifts on time-scales shorter than
2T (including lifetime broadening) , alter the rate of precession. Thus , perfect rephasing

cannot be achieved and the greater the delay

T ,

the greater the dephasing effect of the

stochastic frequency shifts. 18
***

Conventionally, the photon echo and the previously discussed hole-burning technique
are used to study bulk rare-earth-ion crystals. Often these techniques are also extended to
allow measure1nent of properties other than coherence [152 , 191 , 192] or to form the basis
for potential devices [12, 75 , 113 , 193]. For the work presented in this thesis, the holeburning technique is configured to investigate homogeneous broadening in microscopic
volumes. Similarly, the photon echo technique is considered in terms of its usefulness in
this regi1ne. This provides the spectroscopic methods required to determine whether miniaturisation and single ion optical detection are feasible in rare-earth-ion systems.

18

T his description also aids in the understanding of DD C. Wnen rephasing pulses are applied on a timescale faster than the time-scale of the dominant dephasing mechanism , the coherence time can be extended
because the interaction more closely approximates static inhomogeneous interactions.
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While the solid-state rare-earth-ion system is attractive for realising a quantum computer, several limitations currently prevent it from becoming a scalable platform for this
application (see Section 2.2).

In particular, there are two hardware limitations, both

of which are examined in this work. One of these limitations is the inability to perform high fidelity, hyperfine-state readout of a single rare-earth ion, which is studied in
Chapters 7 - 10. The other hardware limitation is the inability to miniaturise rare-earth
quantum technology. A miniaturised architecture , such as micron-scale waveguides , offers
new opportunities to capitalise on the hour long quantum storage [11] and non-classical
photon source [13] already available in rare-earth systems . In particular, the integration
of a high density of waveguide-based memories, sources , and high efficiency detectors on a
single chip would establish the foundations for large scale linear optics quantum computing [97]. Examining the feasibility of miniaturisation is the subject of the following three
chapters.
The challenge in realising waveguide-based rare-earth-ion quantum hardware to date
has been that excess dephasing is an undesirable consequence of moving into this
regime [101, 194].

The investigation into the observed link between waveguide archi-

tectures and increased broadening presented in this thesis considers two aspects. The first
85

Piezospectroscopic properties of pr3+:Y 2 Si0 5

86

is whether broadening occurs due to effects present within microns of a crystal surface. In
waveguide architectures, the properties of ions within several wavelengths of the material
surface will significantly impact on the performance of a quantum device. Effects that
have a negligible impact on the properties of ensembles well within a macroscopic crystal
can become the dominant mechanism for both inhomogeneous and homogeneous broadening for ensembles in close proximity to the surface. Possible surface related perturbations
include the effects due to surface damage, modified phonon interaction properties, and
the proximity of foreign spins residing on the surface. The length-scale of any such effects could impose constraints on the size and types of architectures that are suitable for
quantum devices.
The second aspect of the study into the increased homogeneous broadening observed
in waveguide structures is to determine the extent of decoherence introduced by stressinduced disorder. The fabrication of waveguide structures inevitably introduces additional
stress and hence, static disorder to the crystal lattice irrespective of the chosen construction
method [194, 195]. Static disorder creates inhomogeneous broadening and can also produce
dynamic disorder modes that cause decoherence [101, 103, 196]. This dephasing effect is
discussed in further detail in Section 5 .1.1. The minimisation of both inhomogeneous and
ho1nogeneous broadening is important to overcome the current hardware limitations on
scalability (see Section 2.2.2).
To determine how these mechanisms will affect waveguide devices, an assessment of th
properties of the near-surface ions and ions in regions where large stress fields are present
is required. To perform such an investigation necessitates spectroscopic t echniques with
1nicron-scale spatial resolution , an understanding of how the rare-earth ions respond to
stress fields, and a waveguide structure to study. In the absence of a particular waveguide
architect ure, it is sufficient to use a micron-scale structure that simulates the str s
introduced by an act ual waveguide. A study incorporating these three aspects allows a
detennination of whether it is feasible to utilise rare-earth waveguides for quantum devices.
To conduct a micron resolution study of rare-earth-ion materials is a significant
move away fro1n the traditional bulk crystal approaches that comprise the vast majority
of lovv temperature spectroscopic research. The major difficulty in probing small ensembles is precisely the same as the lim.iting factor in single ion d tection: extremely low
emission rates. Becaus the dark count rate of single photon detectors are similar to the
nu1nber of emitted photons , mall ens mble measurement either have low ignal-to-nois
ratios or require long int gration time . Accordingly, until the current work, microscopic
structures have not been characteri ed to determine whether th ob erved link b tween
miniaturisation and excess dephasing can be overcome to allow gr ater scaling of
rare-earth-ion quantu1n computing.
The next three chapters present the dev lopment of the required high
1ution spectra copic technique and t he application of that techniqu

patial reso-

to investigate
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This allows guidelines to

be formed at the conclusions of Chapters 5 and 6 in regards to the fabrication of
rare-earth-ion waveguides.
The current chapter focuses on the measurement of the piezospectroscopic tensor of
Pr 3 + :Y2Si0 5: how the ions behave in the presence of applied stress. These preliminary
measurements are achieved via a hole-burning experiment in a bulk crystal. This characterisation of the ions ' response to stress perturbations establishes a foundation for the
high spatial resolution work that follows. The results also highlight the opportunity to
utilise dynamic stress fields for practical quantum components such as memories.
Chapter 5 describes the high spatial resolution study of inhomogeneous broadening.
Both near-surface ions, and ions perturbed by the residual stress caused by micron-scale
damage on the crystal surface are examined. Inhomogeneity in rare-earth-ion ensembles
can significantly limit the performance of quantum memories. Because of the importance
of quantum storage to the success of linear optics quantum computing using rare-earth
ions , this property requires careful analysis.

Furthermore, the disorder that produces

inhomogeneous broadening can also cause dynamic disorder and hence ,

r ih

can serve as

an indicator of whether excess dephasing is present.
In the third chapter ( Chapter 6) , the extent of homogeneous broadening due to the
proximity of ions to the surface or high residual stress fields is examined. Measurements of
the homogeneous linewidth are made using high frequency resolution hole-burning techniques with micron spatial resolution. Although there are aspects that require further
study, the results enable conclusions to be drawn about the feasibility of waveguide-based
rare-earth-ion quantum computing.

4.1

Background

4.1.1

Previous piezospectroscopic analysis in rare-earth-ion
materials

Previous motivations for studying stress and strain in rare-earth-ion materials arose
through the desire to understand the impact of the crystal field on the electronic energy
levels [144, 197, 198]. The impact of stress fields on inhomogeneous and homogeneous
broadening have also b een considered for bulk samples. In this section the scope is restricted to previous studies of the piezospectroscopic interaction strength whereas studies
of the resultant inhomogeneous and homogeneous broadening are discussed in Sections 5.1 ,
and 6.2.
Of the studies into praseodymium, one of the most comprehensive was p erformed
by Gregorian et al. in Pr 3 + :LaCh [198].
3

The hydrostatic pressure shifts of both the

H4 +-+ 3 Pa and 3 H4 +-+ 1 D 2 transitions were measured along with the specific energy
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Material

'Transition

!Pressure shift ! (kHz/kPa)

Reference

P r 3+ :LaCb

3H4 H 3p o

250 - 800

[198]

D2

500

[198]

3H4 H 3p o

130

[199]

170

[199]

3H4 H
P r 3+ :YAG

3

H4

H

1

1

D2

P r 3+ :CaF2 t

3H4 H 3p o

32 - 161

[1 12]

P r 3+ :SrF2 t

3H4 H 3P a

41 - 258

[11 2]

Pr 3+ :CaF2:D - t

3H4 H 1D 2

58, 72, 163, 203

[200]

Pr 3+ :LiNb 0 3

3

D2

700

[201]

P r 3+ :LiTa0 3

3H4 H 3p o

660

[201]

750

[201]

3

H4

H4

H

H

1

1

D2

Table 4.1: Measured pressure shifts for various praseodymium doped materials. The data for
materials n1arked with at was measured using uniaxial stress applied in the [111] direction , whereas
t he other data was measured using hydrostatic pressure . The absolute value of the shift is given
as various crystal field levels shift with opposite signs . Ranges represent the spread for transitions
between different crystal field levels , whereas the list represents values for different sites.

level shifts . A similarly thorough characterisation of the piezospectroscopic parameters
of Pr 3+ :YAG was p erformed by Turos-Matysiak et al. [199]. These studies establish the
magnitude of th stres interaction but also the ext nt to which the spin orbit and crystal
field parameters can be modified via the application of stress .
Pressur shift parameters of trivalent praseo dymium were also obtained in oth r ho ts
including Pr 3+ :CaF 2 [197, 200], Pr 3+ :SrF 2 [197], and Pr 3+: LiNb0 3 [201 ]. In1portantly, the
work in R eference [200] demonstrated that the resolution of stre s measurement could b e
enhanced via the use of hole-burning. In this case, the width of t he holes wa 0 (100 MHz),
irnproving the resolution by over an order of magnitude compared to the 0 (1 GHz) inho1nogen ous broadening. Because Pr 3+ can h ave a homogeneous linewidth as narrow as
several kHz. another five orders of magnitude increase in resolution is possible.
The observed pressure shifts in praseodymium dop ed m aterials are provided 1n
Table 4.1.

otably, the complet

characterisation of the piezospectroscopic t ensor of a
low symmetry site such as the C 1 sit in Pr 3+ :Y 2Si6 5 has not be n reported to date.
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Figure 4.1: The four orientations of 5µ in Pr 3 +:Y 2 Si0 5 according to the measurements made in
Reference [93). The panels on the right show the splitting of an initial feature due to an applied
electric or stress field . An electric field applied parallel to the C2 axis only partially lifts the
orientational degeneracy, whereas an arbitrary field can resolve the four differ ent sites. B ecause
stress obeys inversion symn1etry it cannot completely lift the orientational degeneracy even for an
arbitrary field . It also determines that a stress field that preserves the C 2 symmetry will result in
a shift rather t han a split ing of the feature .

4.1.2

Orientation of 5µ i in Pr 3 +:Y 2 Si0 5

In Sections 3.2.2 and 3.2.2 , the relationship between the Stark interaction and the stress
interaction was introduced . Each crystal field level possesses a distinct permanent electric
dipole moment . Hence, between any two Stark levels (for example 3 H 4 (1) and 1 D 2 (1)) ,
there exists a vector 5µ that describes the difference between the two moments . The
number of distinct 5 µ is detern1ined by the symmetry of the host crystal. The C 2 h pointgroup symmetry of Y 2Si0 5 produces four energetically equivalent orientations labelled

5µ i for i E 1, 2 3, 4.1 The relationship between these vectors and the D l , D2 and C2 axes
is shov1, n in Figure 4 .1.
Consider the application of a static electric field parallel to the C2 au-xis , v1, hich breaks
the n1irror plane symmetry. An initial, narrow feature will be split into two components :

(5µ1 6µ 4) and (5µ2 6µ3 ) as shown in Figure 4.1. Similarly, an electric field perpendicular
to the C2 axis splits the feature into another set of pairs: (5µ 1 ,5 µ 2 ) and (5µ 3 ,5µ 4).
Upon the application of an electric field that completely breaks the C2 h symmetry, all
four orientations of 5µ can be resolved .
1

The C2h s mmetr is comprised of a C2 rotation symmetry and a mirror plane perpendicular to the
axis of ro ation. I ote that this also implies that he crystal has in ·ersion symmetry.
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Investigating the piezospectroscopic properties of a material involves distorting the
shape of the crystal lattice to produce a net change in the electric field experienced
by the rare-earth ions. However , in contrast to the application of an external electric
field, both stress

O"ij

and strain

Eij

obey inversion symmetry. This determines that in

Pr 3 + :Y 2Si0 5 a stress field cannot completely lift the orientational degeneracy. For an
arbitrary stress field , an initial feature would split into the components (6 µ 1,6µ 3) and

(6µ 2 ,6 µ 4 ). In addition, the properties of the elastic tensor

Cijkl

determine that a stress

field can only lift the orientational degeneracy in Pr 3 + :Y 2SiOs if the C2 symm try is
broken (see Appendix A). Conversely, stress applied in any direction perpendicular to the
C 2 axis preserves the crystal symmetry and hence, will result in a uniform shift for all
the 6µ orientations .

4 .1 .3

The piezospectroscopic tensor -

Aij

As given in Section 3.2 .2, the energy shift in an optical transition due to applied stress is
given by [144)
3

6E

L

=h

(4.1)

AijO",i j

i,j=l

In Y 2Si0 5 , the piezospectroscopic tensor

Aij

The tensor is symmetric because

=

Aij

Aij

has six independent components

A xx

A xy

Axz

A xy

A yy

Ayz

Axz

Ayz

Azz

(4 .2)

obeys inversion symmetry. In general , the nu1nber of

indep endent co1nponents can b reduced by the symmetry prop erties of the rare-earth-ion
site. Because Site 1 Pr 3 + ions in Y 2Si0

5

possess C 1 site symmetry, there are no further

reductions in the numb er of independent components .

4 .2

A method to det ermine

A ij

for Pr 3+:Y 2 Si0 5

was determined in a 0.02% Pr 3+: Y2SiOs crysThe dimensions of th
crystal were
tal supplied by Scientific Materials.
2
3 mm (Dl ) x 4 mm (D2) x 5 mm (C2) and all six faces were poli hed. Str ss measur ments were m ade by 1nonitoring the hift of a spectral hole upon a change in the

Th

piezospectroscopic t ensor

Aij

compression appli d to the ample.
2

T h supplied crystal was only poli hed on the faces p erp endicular to the
fac s were polished by the author and Milos R ancic.

C2

axis. The remaining four
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Figure 4.2: The sequence used to n1orli or he frequency hift in a spectral hole as the stress applied
to he an1ple i \ aried . The upper two panels show the resultant absorption profile in the sarnple
during the burn- can sequence. An initial hole is burnt by sweeping the la er repeatedly over a
frequency region : 4 fvIHz in the case of hese experiments. Scans over a wider frequency region
(40 rvIHz) can then readout the shift in the irlitial feature's frequency. The lower panel illustrates
the ti1ning -of the sequence used in this experiment.

The pee ral hole-burning equence is illustrated in F igure 4.2 . ""\i\ ith the crystal under
con1pre sion: a hole wa prepared ·within the inhon1ogeneous line b} burning at lo-w power .
This hole v. a then repeatedl} probed ·with an attenuated laser scan as the compre sion
\\ a slowl

released . The sequence v-as then repeated at a different initial compression ;

which allo ed any hole-burning structure from the previous sequence to be avoided. All
experiments were conduc ed v.rith the sa1nple n1ain ained at 2 K in a Janis bath cryostat.

Con1pres ion v. as applied o he ample -ia a home-n1ade pressure rod (shown in the
in e in Figure 4.3) . The er} tal \\la mounted between two bras plates with a la er of
indium u ed to increa e he homogenei
\\lhils

of the applied pressure. One plate was fi..xed:

he po i ion of the other \\la controlled at the top of the rod b - a connecting trut

and pring. By lifting the

rut , the er s al would be uniaxiall

r

compres ed by a stress

linearl propor ional to he exten ion of the pring.
To de ermine he diagonal elements of
o appl - tre

A ij )

the er} stal could be rotated appropriately

along he de ired axi . To measure the off-diagonal terms: two aluminium

holder were construe ed o allov.r tres

o be applied in a plane perpendicular to each
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Figure 4.3: The experimental apparatus for the characterisation of the piezospectroscopic tensor.
The AOM is used in a double pass configuration via the use of a P olarising B ean1 Splitter (PBS)
and a H alf W ave Plate (HWP ). An additional HWP is positioned in front of the cryostat to allow
the polarisation to be rotated parallel to the axis of maximum absorption. A burn-scan sequence
allows a spectral feature to be monitored as the compression on the sample is decreased (see Figure
4.2). The inset panel shows the stress rod used to apply pressure to the sa111ple. The extension
of the spring was measured via a pair of digital callipers and recorded via a video camera. This
allowed the extension of the spring to be matched to a particular readout scan.

of the Dl , D2 , and C 2 axes (see Figure 4.4). If P is the uniaxial stress applied along an
arbitrary direction the str ss t ensor

O"ij

is given by [202]
(4 .3 )

are defin d as e 1 = Dl , e 2 = D2 and e3 = C2. Therefor , m easurements along six directions of applied stress will yield enough information to determine
where the unit vectors

ei

Aij·

The experimental apparat us is shown in Figure 4.3 . The laser is a Coherent 69929 , which i frequency stabilis d via locking to an external U ltra-L ow E xpansion (ULE)
cavity. For five of the six stress directions it was possible to align the polarisation with
the D2 axis providing maxin1um absorption [1 1]. In these cases, th sign al was optimised
at the half-maximurn point of the ab orption , at a fr equen cy of 494. 72 5 THz ( + 3 GHz
fron1 the line centre). The sixt h direction required the b am propagation direction to b e
along the D2 axis . determining that the maximum absorption was achieved by aligning
th polarisation with the Dl axis . Because the ab orption is an order of magnitude lower
in this orientation , th laser frequency was tuned to the centre of th inhomog neous line
at 494. 7255 THz.
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(b)

4mm
~

Figure 4.4: The aluminium holders constructed to measure t he off-diagonal elements of

A.ij .

Al though the laser linewid th is O ( 1 kHz ), the broadening due to the inhomogeneity in
the applied stress effectively erased the structure of holes with widths less than O (1 MHz) .
The b est p erformance was obtained by burning holes 4 MHz in width , via a double-p ass
A coust o- O ptic Modulator (AOM) . To burn the hole, the frequency was scanned at a rate
of 300 NIHz/s for five seconds with 1 mW of power in a 1 mm diam et er b eam. E ach
read scan h ad a dur ation of 200 ms , in which time the laser frequency scanned 40 MHz
about the fr equency of the burn. Because the readout b eam was at tenuated by an order
of 1nagnit ude relative t o t he burn b eam , 20 read scans could b e completed for a single
hole.
The input r adio f requency (rf ) sign als to t he AO

I[

were supplied by a home-built

direct digital synt hesis system (the J 850) and a series of electronically gated rf switches .
In addition t o gating t he rf sign al to the AO 1, t he burn beam was gated wit h a homem ade 1nechanical shutter b ased on t h e design of R eference [203]. This prevented any holeburning when t he init ial compression was applied to t he sample. The sign al was detected
wit h a low noise I ew Focus photoreceiver , and data acquisit ion and noise fil tering was
p erformed wit h a digital oscilloscop e (CleverS cop e 328A) .
The rod cont rolling t he spring extension was attached to a p air of digital callip ers. To
allow t he tension on t he spring to b e determined , a video recording was made of t he callip ers display during each readout sequen ce. A synchronised LED fl ash also in t he view of
the camera alluv\red t he reading to b e correlated "v\i-it h a p art icular laser scan readout . This
synchronisation and t he overall timing of t h e sequence was cont rolled by a general purp ose,
multi-ch annel, programmable TTL pulse generator: t he Spin Core PulseBlaster.
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Experimental results

4 .3

The frequency shift of a sp ectral hole due to applied tension was measured for six directions: parallel to , and in the planes p erp endicular to , the Dl , D2 , and C 2 axes . Figures
4.5 and 4.6 provide examples of the data for a single multiple-scan sequence. The position
of the shifted holes were determined by eye utilising a

fatlab script modified from code

supplied by Rose Ahlefeldt.
Although the stress mech anism described in Section 4.2 can apply for ces up to
approximately 20 N , the broadening of the holes restricted the exp erin1ental range. For
four out of the six directions, forces greater than 1 N broadened the spectral feature to
the extent where the single shot signal-to-noise ratio was too low to detennine th shift.
Some broadening is exp ected due to the n atural inhomogeneity of ion sites in the crystal.
However , t he do1ninant 1nechanism here is the inhomogeneity of the stress field along the
bea1n propagation direction.
For each direction of applied stress, at least 10 readout sequences were perfonned.
The observed frequency shifts are plotted against the applied force in Figures 4. 7 and
4.8. The data in Figure 4.7 shows the shifts due to the diagon al stress components:
stress nonnal to the three p airs of crystal faces . The large errors, particularly evident
in the data set for the

CT 33

component , are due to the unpredictable nat ure of the

i

·--

0

1

-10
1.5

2

Applied force (~ )

Frequency off et (:\I Hz)
Figure "4.5: An exan1ple of a ingle readout equence for tres applied parallel to the C2 axi (CT33) .
The graph i plotted for increa ing ten ile force. which is equivalent to the decreasing compre sive
force actually applied in the experiment . The red markers indicate the centre frequency offset of the
tre - hifted hole. The ignificant broadening of the pectral feature is due to the inhomogeneity
in the appli d tre field. For tre applied in thi direction , a force of 1 corresponds to a stre s
of approxin1ately 3 kPa.
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Figure -1.6: A..n example of a ingle readout equence for increa inrr ten ile force applied perpendicular to the D:.., a.xi ( components in a 11 , 0-13 , 0-3 1 and 0-33 ) . T he diagonal con1ponent , 0-11 and
a 33 ) pre erve the ~ymmetry of the cry tal and contribute a shu~ to the spectral hole. In contrast ,
a 1 3 and a 3 1 break the C 2 ymmetry and hence, lift the orientational degeneracy. A a re ult , a
plittinrr i ob~erved. For "'tre.., applied in thi direction, a force of 1 N cone ponds to a tres of
approximately 26 kP a for the diarronal component and 33 kPa for the off-diagonal component
(T he tructuTe at the edge of the can is an artefact of the preparation sequence.)

prino--loaded mechani m at cryoa-enic temp eratuTes. .14. - the tension on the spnng v,1 as
released (corre ponding to a decrea e in comp re ion on the ample) . the plate ·were
prone to tick momentarily. 11ore reliable mechanisms for the ap plication of tre

are

di cu "ed in the ne~i; "'ection.
The application of tre

parallel to the D L D2 . or C2 a..xe pre erves the

C2h

ymmetry

of the cry tal. In the e ca e the orientational degeneracy cam1ot be lifted and all site
e~-p erience the ame hi.ft. T hi i evident in the data pre ented in Firrure -±.7.

tre

al o applied in the plane perpendicular to the D l, D 2. and C2 a..xes . T his data i

w·

pre"'ent d in Figure .J. . B ecau e stres applied in the plane perpendicular to he

Cf2

axi

C2h ymmetry. no "'plittina- i eArpected or ob en-ed. H0\7\iever. tre in the plane
perpendiculax to the D 1 or D2 8-"Xe break the ymmetry of the cry tal and hence. the
obe3

hole "hould plit into m -o component,. , .
The liftina- of the orientational deo-enerac,- i clearly demon trated for tre

LC

applied in

the D l -C2 plane. In F iru.re -1.. the upper and lo\7\Ter branche · of the plit line have been
plotted '"'eparately. For

re

applied in the D 2-C2 plane, no plittinrr i ob erYed de pite
1

breakino- he C2 ymmetry.. Given the re olution of the eArperiment "rith tre
alono- t · a..u'"'

1

he difference in

than 60 kHz/ kPa.

Jc 23

applied

be~een the ite related by C2 ymmetry mu t be
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F

Figure 4.9: Specification of the parameters used in Equation 4.4 for the calculation of the offdiagonal elen1ents of Aij. The length d 3 is the depth of the crystal and the angle e is defined by
d4 and d5 .

Tables 4.2 and 4.3 summarise the results of the piezospectroscopic tensor characterisation.
For the cases in which stress was applied perpendicular to the cut faces , the derivation for
the respective components Aii is a simple manipulation of Equation 4.1. For the cas s in
which one of the alun1inium holders was used , the expression for the change in frequency

8f with applied force F is given by

f

tan esine Ajj + cos eA.ii+ 2~ tan 8 sin 8 Aij

F

(d1 tan 8 + d2) d3

{J

where the definition for the di,

e, and

(4 .4)

the components i and j are given in Figure 4.9.

R earranging Equation 4.4 gives the xpression for the off-diagonal element

Aij

=

d2 [ ( (d1 tan 8 + d2)d3

6/,) - tan 8 sin 8 Ajj -

cos 8 A.ii]

---=--c------------'---------------

(4.5)

2d1 tan esine

Thus. the piezosp ectroscopic tensors can be written for the two pairs of 8µ i that are
related by C2 syn1n1etry

± 20 -70 ± 20 -230 ± 40
- 70 ± 20 220 ± 40 - 50 ± 60
-230 ± 40 - 50 ± 60 130 ± 20
110

Aij (i)

(4 .6)

± 20 -70 ± 20 -50 ± 10
- 70 ± 20 220 ± 40 -50 ± 60
- 50 ± 10 -50 ± 60 130 ± 20
110

Aij (ii )
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There exists an ambiguity as to which pair of orientations (5 µ1 ,6µ3 ) and (5 µ2 ,6µ4 )
each

Aij

describes . Although this has not b een resolved in this study, it could b e sim-

ply determined via the application of an electric field and stress field simultaneously. By
applying an electric field that completely lifts the orientational degeneracy, the piezospectroscopic tensor could be individually probed for each orientation of 5µ.
Finally, it is noted here that the total measurement set is the minimum sample to
determine each of the con1ponents of

Aij .

As discussed in the following section , a much

more in-depth study could b e achieved via stress rotation patterns in addition to the joint
application of electric fields.

4.4
4.4.1

Discussion
Improvements to experimental method

The measurements described could be modified to enhance both the accuracy and resolution of the results. By addressing the main limitations of the experiment it should b e
possible to calibrate the stress-induced frequency shifts to a level of accuracy that would
rival any other cryogenic pressure gauge. 3
The largest source of error was the calibration of the force applied by the spring loaded
mechanism. Without a pressure reference at the sample , any inconsistencies in friction
introduced errors.

Because such low pressures were required to reach the b andwidth

limit of the detection (40 MHz), the p ercentage error in th~ force applied was very large:

±

25 % . This is evident in the large standard deviation of all the data sets presented.

The sprin.g mech anism variability, which included effects from the the non-linear spring
constant and the imp erfect transmission of pressure to the sample, was also the largest
source of system atic error . By ch ar acterising the appar atus at room temperature the
uncertainty due to system atic errors was estimated to b e less t h an 15%, which is reflected
in t he total uncert ainties recorded in Tables 4.2 and 4.3.
One altern ative to the MHz-frequency resolution method presented here is to move
to the high compressive-pressure regime , such as that accessible ·wit h a diamond anvil
cell. In this case, the shift of the entire inhomogeneous line could be used to determine
t he components of

Aij .

Modern diamond anvil cells are easily capable of attaining the

compressive strength t hreshold of Y2Si0 5 (6 20 MP a [180]), which would provide a shift
on the order of 100 GHz. Most cells also incorporate accurate calibration at the sample
via reference to t he R-lines of ruby [205 , 206).
In addit ion to the error in the applied stress , the alignment of the sample provided
another source of inaccuracy. The polishing process for the four faces nominally parallel
to the C2 axis modified their or1entation by several degrees. As a result these surfaces
3

The itrogen-Vacancy (I V ) centre in diamond has been demonstrated to be a pplicable for low temperature pressure sensing [204]. The pressure sensitivity of this system is 1.39 MHz/ kP a, and the homogeneous
linewidth is approximately 14 M Hz. The lower pressure sensitivity of the rare-earth ion is balanced by
homogeneous linewidths that are many orders of magnitude narrower than the -y centre.
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0 bse rved gradient
and theoretical description

A pp lied Stress

A ii

(kHz / kPa)

Force II Dl
C2

(Observed)
5400

4mm

bf
F

± 700 kHz / N
Au= 110

± 20

(Theory)
(4 ± 0.1) mm x (5 ± 0.025) mm

Dl

Force II D2
C2

(Observed)
14900
5 mm

bf
F

± 700 kHz / N
A22

= 220 ± 40

A33

= 130 ± 20

(Theory)
(3 ± 0.1) 1nm x (5 ± 0.025) mm

Dl

(Observed)
11000
4mm

- - - - - - - -... D2

bf
F

± 300 kHz /N

(Th ory)
(3 ± 0.1) mm x (4 ± 0.1) mm

Dl

Table 4.2: Sun1mary of the stres m asurements made parallel to the Dl , D2 , and C2 axes. The
observed gradi nts listed in the second colun1n allow the calculation of the tensor components li ted
in the third column. The data for these xperirnents is plotted in Figure 4.7.
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Aij

(kHz/kPa)

(Observed)

Dl

5400

± 700 kHz /N

(Theory)
Equation 4.4 with:

=
d2 =
d3 =
d4 =
d5 =

± 0.1 mm
5 ± 0.025 mm
3 ± 0.1 mm
4 ± 0. 25 mm
5 ± 0.25 mm
4

d1

bf
F

A23

= -50 ± 60

A.i i = A.22

=

Dl

0.22

± 0.01 kHz/Pa

Ajj = A.3 3

=

0.132

± 0.004 kHz/Pa

(Observed)

Force

J_

i) - 2000 ± 500 kHz/N

D2

ii) 4100 ± 200 kHz/N
(Theory)
Equation 4.4 with:

= 3±0.l mm
d2 = 5 ± 0.025 mm
d3 = 4 ± 0.1 mm
d4 = 4 ± 0. 25 mm
d5 = 5 ± 0.25 mm
d1

bf
F

i)
A13

= -230 ± 40

ii)
A13

= -50 ± 10

A 12

= -70 ± 20

An

A.i i =

=

0.11

± 0.01 kHz / Pa

Ajj = A.33

= 0.132 ± 0.004 kHz / Pa

Force

J_

(Observed)

C2

3400

± 600 kHz / N

(Theory)
Equation 4.4 with:

=
d2 =
d3 =
d4 =
d5 =
d1

bf
F

3 ± 0.1 mm

± 0.1 mm
5 ± 0.025 mm
3 ± 0. 25 mm
4 ± 0.25 mm
4

A.ii = A. 22

Dl

= 0.22 ± 0.01 kHz/ Pa
A jj = An
= 0.11 ± 0.01 kHz / Pa

Table 4.3: Summary of the stress measurements made perpendicular to the Dl , D2 , and C 2 axes.
The observed gradients listed in the second column allow the calculation of the t ensor components
listed in the third column. The data for these experiments is plotted in Figure 4.8.
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were not parallel and possessed a very slight curvature (radius of curvature

~

10 m).

This deviation from a flat surface also affected the homogeneity of the applied field (see
the following discussion). However, these errors are comparatively small and could be
overcome by purchasing a dedicated crystal for the experiments with the surfaces aligned
via x-ray diffraction.
A change in sample geometry would also enable an increase in the measurement accuracy. . For example, a cylindrical sample would allow forces to be applied normal to
the surface at a well defined point of contact irrespective of rotation, as shown in Figure 4.10. Combined ·w ith in situ sample rotation, this configuration would allow stress
rotation patterns about the axis of cylindrical symmetry to be measured. By performing rotation patterns on samples with the axis of rotation parallel to the Dl , D2 , and

C2 axes respectively, the relationship between the components of

Aij

could be precisely

determined .
To improve the resolution of the measurements, the inhomogeneity in the applied stress
must be minimised. From Figure 4.7 it is apparent that the stress field is significantly
more homogeneous when applied perpendicular to the faces polished precisely by Scientific
1Iaterials (force

II

to the C2 axis) . In this case, the hole broadening was reduced by almost

a factor of three, allowing the same factor increase in the force that could be applied.
Several factors could be modified to provide order of magnitude improvements in the
stre s field homogeneity. The inhomogeneity of the applied stress along the direction of
beam propagation could be reduced by using an orthogonal beam path to select a narrow
slice of the crystal (Figure 4.10) . Even in the current apparatus, it may be possible to
reduce the required width of the hole by an order of magnitude by applying this preparation
sequence. Additionally. the use of a piezoelectric actuator would allow a well controlled
and repeatable force to be applied to the sample, although some calibration would be
required.
To capitalise on the narrow homogeneou linewidths offered in thi material , a technique other than hole-burning is required . Hole-burning methods are limited by ensemble
inhon1ogeneity ,-.-herea techniques uch as photon echoe ( ee Section 3.4.2) are only limited by the homogeneou linewidth . A po ible equence i shown in Figure 4.10. where
tre

i applied to the

ample imultaneou ly to the rephasing 71-pulse.

repha e any inhomogeneitie that are

The 71-pul

atic on the time- cale of the measurement but

not the effect of the tre s. Con equently. the echo is pha e hifted dependen on the magnitude of the applied tre . Pha e hift mea urement with error approaching ±2° are
routinely achieYed [ 9]. "'-hich for an echo delay of 100 µ . corre pond to a frequ ncy hift
of 50 Hz. Thu. Pr 3 -:Y 2 i0 5 could allov.-pre ure re olution on the order of0.25 Pa.
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Figure 4.10: A pulse sequence (upper) and experiment configuration (lower) incorporating several
improvements to the current method described in the text . The cylindrical sample allows force to
be applied normal to the surface about a particular axis. When combined with in situ rotation of
the sample, stress rotation patterns can be performed. Stress is applied via piezoelectric actuators ,
which allow a controlled and consistent force at cryogenic temperatures . The homogeneity of the
applied stress can be effectively improved by sampling from a small region . This can be achieved
via a repumping bea1n at right angles to the probe beam. Combining these improvements with
a phase-sensitive photon echo detection sequence, as shown above , could allow extremely high
sensitivity pressure measure1nents.
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4.4.2

Extending the bandwidth of quantum memories

Stress shifts are commonly considered as a static perturbation just as in the ca e
of inhomogeneous broadening.

However, there are opportunities for harnessing the

piezosp ectroscopic interaction as a dynamic tool. As an example, this section discuss s
the application of dynamic stress to implement a large bandwidth Gradient Echo I\/Iemory
(GEM) .for light.
The magnitude of the observed stress induced shifts are extremely large compared
to the perturbations accessible with electric and magnetic fields.

This presents a

significant opportunity for achieving high bandwidth quantum memories in a macroscopic
crystal using the gradient echo technique . The bandwidth of a GEM is determined by the
magnitude of the broadening of the initial ensemble. To date , the maximum broadening
that can be achieved in rare-earth-ion systems is limited to approximately 10 MHz due to
inhomogeneous broadening [75J. However, as discussed in Section 2. 3.3, both extremely
low concentration doped samples and high purity stoichiometric samples should enable
the problem of inhomogeneity to be overcome.

In this case, the bandwidth limit is

dependent on the magnitude of the field applied to create the broadening.
Using millimetre dimension crystals, the operating bandwidth feasible using Stark
shifting is 0.1 - 1 GHz. This is limited by the ability to switch the polarity of applied voltages greater than 0 (10 kV ) on the microsecond time-scale required for high fidelity [93J.
However, the application of stress gradients in a similar crystal could increase this figure
by at least an order of n1agnitude . Figure 4.11 illustrat e a possible GEIV[ configuration
utilising the piezospectro copic effect . If a sample is fixed at both ends to form a beam
and a force is applied perpendicular to the surface, a stress gradient that varies linearly
with the d pth into t he sample will b e produced. Such forces could b applied with a set
of piezo lectric actuators and hence, the stress gradient could be dep endab ly switched on
a micro econd time-scale [207J.
The upp er and lower axe show t he cro s section of a crystal t hat has dimensions
1 mm (Dl ) x 5 mm (D2 ) x 5 mm (C2 ). A force (1 00

) is applied to the centre of

the cry tal: along the positive y direction for the upper plot , and along the negative
y direction in the lower plot. The colour-scale maps the

CJxx

central region of the cry tal. The insets in both case plot the

stre s component for the
CJ xx

component along the

direction highlighted in blue. The sy tern was modelled in COMSOL assuming an isotropic
Young · modulu (124 GPa) and a P ois on ratio of 0.31 [1 OJ. Under thee assumption
th

n1aximum magnitude of the stre s i on the order of 100

flexure tr ngth in Y 2 i0 .5 [1 OJ. The tre

f P a, which is below the

gradient varies approximately linearly aero s

the ample: and by rever ing the direction of the force the ign of the applied stre

is al o

rever ed . From the re ult pre ented in thi chapter, if t he horizontal axis repre ents the
D2 axi (A. 22

= 220 kHz/kP a) the bandwidth of he memory could approach 40 GHz.
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Summary

Achieving the necessary optical depth for such a scheme to operate at high efficiency is
a significant challenge. However, the 0(1000 dB/cm) absorption possible in stoichiometric
crystals [17] provide an avenue via which high efficiency and gigahertz bandwidth operation
could be achieved simultaneously.

4.5

Summary

The piezospectroscopic tensor was determined for the rare-earth-ion doped crystal
Pr 3 +:Y 2 Si0 5 via optical hole-burning. To the author's knowledge, this is the first time
the piezospectroscopic tensor has been characterised for rare-earth ions in a C1 symmetric site. The characterisation performed here establishes a foundation to investigate the
impact of stress in rare-earth-ion materials in high spatial resolution, which is performed
in the following two chapters. The analysis of the impact of stress in micron-scale structures is an important component to establishing whether miniaturised architectures such
as waveguides can provide avenues to improve the scalability of rare-earth-ion quantum
devices.
The sensitivity to stress in Pr 3 +:Y 2 Si0 5 is 50 - 220 kHz/kPa, which is consistent
with previous measurements of praseodymium doped materials.

Although a sufficient

number of measurements were made to completely determine all the components of
an ambiguity remains. It was possible to differentiate the two unique

Aij

Aij,

because a lifting

of the orientational degeneracy was observed for one of the applied stress directions (CT13).
However , it was not possible to assign which pair of Jµ orientations correspond to each
particular piezospectroscopic tensor.
Several suggestions were provided for ways in which the current method could be enhanced. These focussed on eliminating sources of inhomogeneity in the applied stress field
and harnessing the narrow homogeneous linewidths that occur in rare-earth-ion materials.
Also , the application of electric fields in conjunction with stress rotation patterns would
allow the removal of the ambiguity in the current characterisation.
Finally, a brief example was provided of how stress could be applied to enhance the
bandwidth of rare-earth-ion quantum memories in their current macroscopic architecture.
This is one of several applications for stress interactions discussed throughout this set of
three chapters. It serves to highlight that applied stress may provide solutions not possible
with other interactions , rather than solely representing a limitation that must be overcome
to achieve greater scaling.
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F igure 4.11: A possible configuration for a GEM based on the piezospectroscopic effect. The upp er and lower axes show t he cross section of a crystal Lhat is
fixed at both ends to fonn a bea111 . The coloured surface plots illustrate the G xx stress con1ponent in the centre of the san1ple when a small forcr is appli ed to
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provide an avenue to achieve quantun1 111e111ories in macroscopic crystals with bandwidths greater than 20 GHz. (Sre the text for furLhrr clrtails.)
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Waveguide-based rare-earth-ion architectures are an extremely alluring proposal to
allow high perforn1ance quantun1 co1nponents and an increase in the scalability of photonic quantum computers based on linear optics [97, 194]. However, previous research
into waveguiding structures has demonstrated that it is difficult to preserve the appealing
properties of the bulk rare-earth-ion syste1n [101 , 194]. The investigations in this thesis
107

108
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examine the underlying causes that could contribute to the increase in broadening observed in rare-earth-ion waveguides. These are the potential p erturbations to ions within
microns of the crystal surface , and the effects of stress fields on both static and dynamic
disorder.
The three requirements to begin a study into whether miniaturised rare-earth-ion quantum t echnology is possible in a waveguide architecture were introduced in the introduction
to the previous chapter. The requirements are the ability to perform spectroscopic characterisation of the sample at or below the scale of the likely waveguide structures (micron
scale) , a knowledge of the piezospectroscopic properties of the material , and a structure
to study.
The focus of this chapter is the demonstration of a technique to probe the inhomogeneous linewidth of ensembles in close proximity to the surface and those subject to large
stress fields. The required spatial resolution is achieved via confocal spectroscopy of a
Pr 3 + :Y 2Si0 5 sample at liquid helium temperatures , whilst the stress fields are produced
by a micron-scale scratch on the crystal surface . The scratch provides an excellent simulation for the residual stress profiles resultant from waveguide manufacture [195] and
also allows the consequences of surface damage to be considered . Together with the
piezospectroscopic characterisation of Pr 3 + :Y 2Si05 performed in Chapter 4 , the confocal
microscop e and scratched surface allow a thorough examination of the issues related to
realising quantum devices in rare-earth-ion waveguides. The final element of this investigation is the measurement of the homogeneous broadening for the ensembles of interest ,
which is p erformed in Chapter 6.
The chapter b egins by presenting the context for the current work.

This includes

det ailing the link b etween st atic and dynamic disorder , introducing previous high spatial
resolution m easurements of the inhomogeneous linewidth , and a simple model for residual
stress due t o surface dam age . The m ethod of combining white light interferornetry images
wit h confocal sp ectroscopy is then described .
The high sp atial resolution inhomogeneou line studies allow the m agnitude and the
nat ure of static disorder to b e examined . Both near-surface ions in nominally pristine
crystalline regions and ensembles in the proximity of the creat ed surface dam age are
probed.

This allows conclusions t o b e drawn regarding the sp atial extent of residual

stress t hat could b e exp ected in fabricated waveguide structures and the level of surface
damage t h at could be tolerated for high p erformanc quantum device . Opportuniti s for
improving t he current method are also discussed.
T his is followed by several prop osals t h at harness the rapid spa tial vari a tion of stress
fiel ds in t he proximity of surface dam age to engineer sub- urface structures . The e applications include t he construction of low loss opt ical waveguides, and creating thin samples
in rare-ear t h-ion materials for single ion sp ctroscopy.
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Background
The relationship between stress and increased dephasing

Previous bulk crystal studies have established a correlation b etween increased levels of
stress within the crystal lattice and significant excess homogeneous broadening [101 , 103 ,
208] . A discussion on the work of Flinn et al. [208] and facfarl ane et al. [103] is provided in

this section to elaborate on this connection between stress and the degradation of coherence
times. This serves two purposes . The first aim is to emphasise that for ·well characterised
m aterials , the inhomogeneous broadening can be used as a simple and effective indicator of
possible excess homogeneous broadening. This adds to the importance of the high spatial
resolution measurements of inhomogeneous linewidths p erformed in this ch apter.
The second ai1n is to discuss whether the appealing coherence times of the bulk ions
can be preserved following waveguide fabri cation.

If the construction of waveguides

significantly increases the inhomogeneous and homogeneous broadening of the active ions,
the p erformance of quantum devices utilising this miniaturised architecture decreases
rapidly.

Hen ce, underst anding the connection b etween residual stress, disorder , and

dephasing is central to this work.
One of the initial studies that established a link between increased stress and decreased coherence times was the work of Flinn et al. [101 , 208]. The aim of t heir work
was to investigate the impact of crystal prep aration on the properties of rare-earth-ion
materials. The inhon1ogeneous and homogeneous linewidt hs of the 7 F 0
in Eu 3+ :Y 2 0

3

H

5D

0

transit ion

were 1neasured for samples grown by different methods. Four techniques

were investigated:

L aser-Heated P edastal G rowth (LHPG ) , A rc-Imaging F urnace

G rowth (AIFG ) , Vernueil (or fl ame fusion) growth , and M etal O rganic Chemical V apor
D eposition (NIOCVD ).
The samples grown by LHPG and AIFG exhibited an addition al, san1ple-dependent
contribution to t he ho1nogeneous broadening

r h compared

to those grown by flame fu-

sion. This anomalous behaviour was ch aracterised by shorter coherence t imes and a linear
temp erature dependence of the homogeneous broadening. A linear dependence between

r h and

temperature is usu ally associated with rare-earth-ion doped glasses and highly

disordered crystals [196 , 209]. The mechanism for the linear dependence is these ca es is
the d} nan1ic disorder resultant fron1 interactions between the ion and Tv; o Le, el Systems
(TLS ) (see Section 3.2.3). In contrast, in high quality single crystals this interaction is
negligible compared to the ion's coupling to phonons and interactions v; ith spins in the
host lattice (see Section 3. 2. 3).
Flinn et al. attributed the exc~ss dephasing in the Eu 3 + :Y 2 0 3 samples to small , highly
distorted regions within t he lattice where TLS could produce glas -like dynamics. These
highly distorted regions also contribute to larger inhomogeneous linewidths because the}
cause greater stress variations throughout the cr} s al lattice. Figure 5.1 illustrates the
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companson between the inhomogeneous linewidths of the anomalous samples (those
grown by LHPG or AIFG) and the normal samples (those grown by flame fusion)
discussed in Reference [101] .
A similar study was performed by l\!Iacfarlane et al. in Eu 3+ :Y 2 Si0 5 [103]. In this work,
samples grown under the same Czochralski growth conditions demonstrated contrasting properties.

The anomalous samples were identified by up to a five-fold increase

in the inhomogeneous broadening

rih

and a three-fold increase in the homogeneous

broadening compared to the normal samples.

Again the temperature dependence of

the homogeneous broadening suggested more prominent glass-like characteristics, which
was attributed to the coupling of the electronic transition to TLS (or dynamic disorder modes). The inhomogeneous broadening data sets from high quality Eu 3 + :Y 2 Si0 5
crystals [68] and the samples investigated in Reference [103] are also included in Figure 5.1.
Both the studies discussed establish a correlation between larger inhomogeneous
linewidths and an increased rate of dephasing when comparing anomalous crystals to high
quality bulk samples of the same material. This effect is attributed to highly distorted
sites producing increased levels of static and dynamic disorder. Significant distortion is
the response of the lattice to alleviate higher levels of stress caused by imperfections in
the crystal structure [167]. Therefore, any process that produces sufficient distortion in
the crystalline lattice can, in turn, degrade the coherence times of the ions.
The application of stress to a crystal introduces strain, which is by definition a
distortion of the lattice [144]. Because distortion of the lattic

is required to achi ve

the necessary refractive index contrast to allow waveguiding in crystalline materials, the
level of residual tress increases compared to an un1nodified crystal. Whether waveguides
are created by ion diffusion [210], film deposition [211], etching [212], milling [213], or
mechanical polishing [105], the active ions will reside in regions of excess stress . Therefore,
it is feasible that the stress induced by waveguide fabrication could result in a degradation
of rare-earth-ion coher nc

times via the dynamic disorder produced in these distorted

regions.
The purpose of Chapt rs 5 and 6 is to investigate the static and dynamic disorder
variations within the same sample. In doing so it extends the previous sample-dep ndent
studies performed in References [103] and [208]. This requires isolating the properties
of the ensembles of interest: ions near the cry tal surface, and ions subj ect to r sidual
stress fields. In essence, the study se ks to determine whether stress fields can be present
without the introduction of static and dynamic disorder. This can be investigated via the
high patial resolution study of the inhomogeneou and homogeneous properties of the
rare-earth ions.

The f asibility of fabricating waveguide-based rare-earth-ion quantu1n

d vices can then be discussed based on the observed impact of stress fields within rnicrons
of the cry tal surface .
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Figure 5.1: Sample-dependent variations in inh01nogeneous linewidths for Eu 3 + :Y 20 3 and
Eu 3 + :Y 2Si0 5 from he data in R eferences [208) and [103). In rare-earth-ion doped samples, the ions
hemselves create distortions in the crystal lattice and hence, there is a concentration contribution
o rih· For eluopium in high quality Y 2Si0 5 crys als, the inhomogeneous broadening obeys a linear
relationship of 21 GHz/ Concentration (n1ole %) [68) which is sho\\rn in red . However , anomalous
er stals demonstrate an additional contribution to rih· For the anomalous Eu 3 +:Y 2 Si0 5 studied
b - 11Iacfarlane et al. [103) the inhomogeneous linewidth increased b up to a factor of five despite
sharing the same Czochralski gTovvth condi ions as the norn1al samples.
For the Eu 3 +:Y 20 3 tud - in R eference [208) samples gTown by fibre grmvth or vapour deposition 1nethods (anon1alous) also show significant exce s broadening compared to the samples grown
by flame fusion (normal). For compari on the inhomogeneous broadening of the high quality 2%
Eu 3 + :Y 20 3 sample used in Reference [177) is also included.
Criticall - in bo h cases , he samples that exh.ibi excess inhomogeneous broadening also show
increa ed ra e of decoherence. The mechanism responsible for this effect i coupling of the ions to
TLS present in small, highl distorted regions within the er ·stal. This effect is di cussed further
in he text.
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5.1.2

Previous investigations in high spatial resolution

The low emission rates of small rare-earth-ion ensembles (see Section 3.2.4) makes
spectroscopic ch aracterisation difficult.

Accordingly, there has been relatively little

research into t he properties of rare-earth-ion m aterials in high spatial resolution.

For

example, the number of ions and hence, the typical signal level from a volume of 1 µ1n 3 is
at least a factor of 105 smaller than typically studied in a m acroscopic sample. However,
t here are several examples in the literature of high spatial resolution exp eriments that
are relevant to the inhomogeneous broadening study conducted in this chapter. Although
the majority of these studies also consider homogeneous linewidths, those details are
included in the following ch apter (Section 6.2) allowing the current section to focus on
the inhomogeneous broadening results.
A rare study sp ecifically aimed at an alysing the properties of the near-surface ions
in bulk crystals is detailed in R eference [104] (the author 's Honours thesis) . High spatial
resolution was achieved via a near-field technique based on the rapid decay of the
evanescent field upon total intern al reflection . 1 Two europium materials were studied:
a KEu [W0 4 ]2 sample with a poor surface finish , and a Eu 3 + :Y2Si0 5 sample with an
optical quality surface .

The inhomogeneous linewidth of the ions within 200 nm of

the surface in t he KEu [W0 4 ]2 sample was observed to be in excess of double t he bulk
value. In contrast, the inhomogeneous broadening of the same near-surface region in the
Eu 3 + :Y 2Si0 5 crystal demonstrated no indications of excess broadening compared to the
bulk. The difference between the two materials was attributed to the incr ased static
disorder present in the KEu [W0 4 ]2 sa1nple due to its poor surface finish.
Far-field t chniques have also b een applied to the study of bulk rare-earth-ion
materials. For example, in the work of Flinn et al. [208] detailed in the previous section ,
th anomalous samples were also i1naged via confocal microscopy. Using this technique,
growth related artefacts on the order of 1 µm could b e resolved. The features obs rved
included 1nicrobubbles, variations in the refractive index, and regions comprised of polycrystalline material. It is noted her that the technique presented in this ch apter enh ances
the use of the confocal microscope beyond imaging the surface . By combining nanometre
resolution images generated by white-light interferometry and sp ectroscopy p erformed
using th

optical sectioning power of the confocal 1nicro cop e, the spatially-dependent

prop erti s of the ions can be examined .
Anoth r aspect of int re t from R eference [20 ] 1s the fabrication and examination
of a 3 J..Lm thick Eu 3 + :Y 2 0 3 film deposited on a sapphire substrate via MO CVD.
Therefor . rather than isolating a region within a bulk crystal, high spatial resolution
wa achieved by reducing on di1nension of th sa1nple to th 1nicron-scale. The film was
detern1ined to be polycrystalline in structure and exhibit d an inhomogeneous linewidth
1

Further discussion on near-fi Id and other sup r-resolution techniques is presented in Chapter

.
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that was approximately a factor of five broader than flame fusion grown crystals with the
same concentration. Therefore, the polycrystalline film represents an extreme example
of the disorder that can be introduced in the construction of micron-scale structures in
rare-earth crystals.
A similar spatial resolution was achieved in Reference [214]. In this study, a 0.005 %
Pr 3+ :Y 2Si0 5 crystal was mechanically polished into a wedge architecture, the thickness
of which ranged from 1 mm to 8 µm. The inhomogeneous broadening of the 3H4 +--r 3Pa
transition was examined at different positions along the wedge. Significant modifications
to the inhomogeneous line were observed for regions where the sample thickness was less
than 200 µm. These modifications , which were induced by the polishing process, included
0(1 GHz) splittings of the inhomogeneous line , and excess broadening.
High spatial resolution measurements of inhomogeneous broadening have also b een
performed in waveguide structures in erbium and thulium doped LiNb03 [84, 215].
These waveguides represent samples in which two spatial dimensions have been reduced
to the micron scale. The required refractive index modification is achieved by Ti 4+
diffusion , which significantly distorts the crystal lattice. As a result , the ions within
the Ti:Er 3+ :LiNb0 3 waveguide exhibit an inhomogeneous linewidth of approximately
250 GHz [215] compared to the 180 GHz observed in bulk Er 3+:LiNb03 samples [2 16].
Similarly, the inhomogeneous broadening in the Ti:Tm 3+ :LiNb0 3 waveguide [84] is
significantly broader than that observed in bulk Tm3+ :LiNb03 crystals [194]. These
waveguide architectures represent the most advanced miniaturised implem entations of
rare-earth-ion quantum technology [80, 83]. The work presented in this thesis seeks to
provide further understanding of the connection between stress and disorder to allow
methods to b e developed that are less disruptive to the crystal lattice.
The final studies discussed are measurements of inhomogeneous linewidths in samples where all three dimensions have been miniaturised. The two works of interest are the
study by Ferrier et al. [106] on a Eu 3+ :Y 20 3 ceramic and the study by P errot et al. [2 17]
on nanocrystalline powders of the same material. Ferrier et al. report an inhomogeneous
linewidth of 8.7 GHz for a ceramic in which the mean grain size is approximately 50 µm.
This is very similar to the narrowest linewidth reported for Y 20 3 with a similar europium
doping con centration:

=

The work performed in R eference [2 17]
examines nanocrystals with a mean size of 60 nm and a Eu 3+ concentration close to
rih

7.1 GHz [208].

1 % . The observed inhomogeneous broadening was 17 GHz , which is approximately a

factor of two broader than bulk crystal measurements [177]. The combined results of
R eferences [106] and [217] indicate t hat static disorder increases as the particle size
reduces from the 10 µm scale to -the 100 nm scale. In the current study, an investigation
is performed in bulk crystals to determine whether an an alogous effect exists for t he
behaviour of static disorder as the distance from the crystal surface is reduced.
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5.1.3

A simple model of residual stress due to surface damage

In this work , micron-scale scratches were cut on the surface of a Pr 3+ :Y 2 Si0 5 crystal
(see Section 5.2) , which serve a dual purpose. F irstly, the residual stress fields present
in the region around a micron scale scratch [218, 219] aptly simulate the 'magnitude of
the stress fields that can be induced by waveguide manufacture [195, 220 , 221 , 222 , 223].
In addition, because both scratches and waveguides are typically far longer than their
cross-sectional width there are similarities in the form of the residual stress profile. Therefore, the scratch is a simply created structure that allows the relationship between stress,
disorder and dephasing to be examined. Secondly, scratches or similar defects such as
indentations [224] are typical of the damage that can be expected at the surface of a
crystal. 2 The properties of the near-surface ions establish bounds on the feasibility of
waveguide-based rare-earth-ion quantum computing . Therefore, how these near-surface
ions respond to surface damage is an important component of this investigation .
To establish a basis for comparison , a simple model of the residual stress due to a scratch
is presented in this section. In combination with the piezospectroscopic tensor determined
in the previous chapter, this model allows t he frequency perturbations to the inhomogeneous line for ions near the scratch to be approximated . This section also highlights some
of the differences between the deformations resulting from the scratch and those expected
for waveguide manufacturing techniques .
The modelling of surface damage, such as scratches and indentations , is commonly considered in the context of determining the optimal paramet ers for machining both ductile
and brittle materials . Therefore, it is a well established field. A review of the development
of such 1nodels is presented within R eferences [226], [227] and [228]. The model selected
for this work is the E xpanding C ylindrical C avity M odel (ECCJVI).
The ECC f arises fro1n the analogy between a scratch and a stationary wedge indentation [224]. That is, by sliding an indentation tip parallel to the material surface, a scratch
is cut. This n1odel approxin1at s the residual stress due to this process by assuming a plane
stress condition : there are no tress components along the direction of the scratch.
The n1od 1 configuration is illustrated in the lower-right panel of Figure 5.2. A scratch
parallel to the z- axis is cut by sliding a right-angled diamond tip along the surface. If the
angle of the t ip is normal to the surface, as shown , the scratch will be symmetric wit h
h alf-width a . The relationship between a and t he normal force P applied during the cut
is [227]

-rrr

a= >..

-H ,

(5 .1 )

7f

where His the Vickers hardness of the sa1nple and >.. is a factor dependent on the geo1netry
of the ind nter .3
2

For exampl . the optical quality of a surface is often characteti ed by the Scratch-Dig specification [225].
This standard is comprised of the maximum scratch width a nd the maximum dig ( or pit ) diameter.
3
For xample. >. ~ 1.25 for the ind nt at ion tips used in Vickers hardne s testing [227].
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Immediately surrounding the indentation site is a region with radius b that deforms
plastically, which is also known as the damage region. This region responds inelastically
to the indentation, which marks a significant difference between the impact of a scratch as
opposed to most methods of waveguide manufacture. For example, neither film deposition ,
nor ion diffusion create such a damage region [195, 229]. However , the residual stress
field that is induced by the damage region closely relates to the stress that accompanies
waveguide fabrication.
For a scratch, if the yield strength of the material o-y is exceeded during the cut, cracks
will form normal to the principal stress direction [227]. These include sub-surface median
and lateral cracks, and radial cracks on the surface. However , it is noted that radial cracking is an indication that the plane stress approximation does not hold. This is because a
radial crack can only form if there is a component of the principle stress direction along
the direction of the scratch. Similarly to the discussion of the damage region , the methods used to form waveguiding structures are not expected to create fractures in the crystal.
The ECClVI stress components beneath the plastic region can be derived by considering the stress in a thick-walled tube subject to internal pressure. These are given by
Reference [227] as

-W
D"xx

vl31r

a

w

(b)

vl31r

a

-W
vl31r
where W

CY
2

x2-y2
(x2 + y2) 2
x2 _ y2 _
(x2 + y2)2

(y
b

a

(x2

(5 .2 )

2xy

+ y2)2

= 1ro-ya 2 , and the origin is defined as the deepest point of the plastic zone (see

Figure 5.2).
By combining the ECCM equations above and the piezosp ectroscopic tensor determined in Chapter 4, the fr equency shifts due to a scratch can be estimated for
Pr 3 + :Y2Si05. Figure 5.2 illustrates the frequency shift of an ensemble of ions for a scratch
parallel to the D2 axis. Here o-y is set to the flexure strength of Y 2Si0 5 (116 lVIP a [180])
and b = a= 5 µm. 4
As illustrated , at a distance of 0 (10 µm) from the plastic region, shifts up to
10 GHz can be expected. In closer proximity to the plastic region , the shifts are predicted

to exceed 100 GHz. Interestingly, the model highlights that the p erturbation due to the
4

T he approximation that the plastic zone extends only to the edge of the indentation is discussed in
Reference [227) and is sufficient for the analysis here. However , it is noted that Jing et al. [227] derive an
analytical expression for b, which is a function of the geometry of the indenter , the load normal to the
surface, and the mechanical properties of the material.
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Figure 5.2 : Results of ECC1VI analysis for a 10 µm wide scratch parallel to the D2 axis in
Pr 3 + :Y 2 Si0 5 . The two-dirnensional plot (upper left) shows the frequency shift !:lf in GHz for one
of the two orientational subgroups due to residual str ss below the plastic deforn1ation zone. The
one-din1en ional plots (lower left and upper right) show the frequency shifts of both orientational
subgroups for a horizontal slice (shown in purple) and a d pth slice (shown in blue) re pectively.
The inset in th lower right corner illustrates the configuration for the ECCM, highlighting th
plastic zone and the forn1ation of cracks that result when the yield strength of material is exceeded.
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scratch extends well beyond the ch aracteristic scale of the surface da1nage itself. The
qualitative and quantitative features of the ECClV[ are comp ared to the exp eri1nental
results in Section 5.7.

It is also valuable to simplify the 1nodel for Pr 3+ :Y2Si0 5 further to allow fast assessments
of surface damage. One further assu1nption is 1nade: that the piezosp ectroscopic tensor is
isotropic. Given the characterisation in Chapter 4 this is suitable for order of 1nagnit ude
esti1nates . For an arbitrary lo cation (x, y) relative to the lowest point of t he dam age
zone, con1bining Equations 4.1 and 5.2 gives that the ch ange in transition energy 5E is
proportional to a 2. Therefore, the fr equency shift observed 6.f due to the residual stress
field is also proportional to a 2.
From the results of the full 111odel shov.rn in Figw·e 5.2, at a distance of 1 µ1n fro1n t he
origin, 6.f ~ 100 GHz. Therefor e, the constant of proportionality b etween 6.f and a 2 is
approxin1ately 4 GHz/ µ111 2. Thus , given the half-width of a scratch in Pr 3 + :Y2Si0 5, t he
frequency shift due to residual stress a 1nicron b elov.r the surface can be quickly approxi111ated to an order of 1nagnitude. Sin1ilarly, given an observed frequency shift , t he scale of
the p erturbing surface da111age can b e esti1nated.

5.2

Experimental method

A single crystal of 0.005 % Pr 3 + :Y2Si0 5 (5 1nn1 (Dl ) x 4 1m11 (D2) x lmn1 (C2)) v.ras
scr atched using a Thorlabs S90, iV dia1nond scribe. The cutting force norn1al to the crystal
sw·face P
gran1s).

= O.l + 0.05

N was predon1inantly due to the weight of the scribe itself (6

TViro scratches v.rere 111ade guided by a straight edge: one parallel to t he D 1

direction and the other parallel to t he D2 direction. The orientation was detennined by
eye resulting in a deviation fro111 parallel of not 1nore than 3° .
The top ology of the scr atch was investigated via i111aging with a \ !eeco , iVyko
T9100 optical profiler , which allov.rs sub-nano1netre height resolution of the crystal
w·face. The optical profiles also provided infonnation regarding the pre-existing dan1age
on the san1ple sw·face .

The po ition-dependent inho1nogeneous line relative to the

scratch was then 1neasured via fluorescence sp ectroscopy with a ho1ne-built confocal
n1icroscopy system, as show-n in Figw·e 5.3. 5

The co1nbination of these tv.ro i1naging

techniques allov.r a thorough characteri ation of the crystal both at and below the sw·face.
The confocal IDlcroscope objective lens was an Olyn1pus LUCPLFL_

60X with a

Numerical Ap ertw·e (NA) of 0.7 and a v.rorking distance of approxi1nately 3 mm. To
maximi e the signal inten ity, a P ellicle filan1ent beam splitter was used , v.rhich provided
92% trans1ni ion. All other transmi ion optics , including the cryostat v.rindow, v.rere
anti-reflection coated for 611.5 nm (1 D 2(1)-+ 3 H 4 (3)) , to minimise reflection lo s. The
5

The re olution of the confocal micro cope become increasingly important for the single ion detection
work presented in later chapter . Hence, a detailed review of the principles of confocal microscopy are
presented in Chapter 7.
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Figure 5.3: The experimental apparatus for the high spatial resolution examination of residual
stress due to surface darnage . The beam from a Coherent dye laser is coupled into a single mode
fibre and input to a home built confocal microscope. The Linear P olariser (LP ) and HWP allow the
polarisation to be aligned with the direction of maxin1um absorption in the crystal ( /I D2 ). Single
mode fibres also act as the confocal pinholes allowing close to diffraction limited resolution. The
en1ission and excitation beams are detected with PlVITs and the signals are recorded via a D igital
O scilloscope (DO ). The inset shows the vertical scratch (VS) parallel to D2 and the horizontal
scratch (HS ) parallel to Dl. The positions of the surface profiles in Figures 5.7 - 5.10 are also
illustrated.

excitation frequency was filtered fron1 the em1ss1on via two Semrock tunable 14 nm
bandpass filters. with the angle of incidence optimised for Pr 3 + :Y 2Si0 5 : transmission at

611.5 nm (1 D2( l )--+ 3 H 4 (3)) and rejection at 606 nm (3 H 4 (1)

H

1

D2(l)). The two beam

paths were i1nag d onto respective pinholes defined by the NA of single mode optical
fibres. Both signals were det cted with Thorn E 1II P hotoM ultiplier T ube (P1!ITs).
The confocal n1icro cope signal at the excitation wav length provid d a po ition
ref rence in the z direction relative to the surface of the sample. The z position of the
n1icroscope objective was controlled on two cales. Coarse adjustment (mm) was achiev d
via a Thorlab

PTl / 1\I ball bearing tran lation stag

with a translation coefficient of

500 ~Ln1/ revolution . Fine adjustment (µm) was controlled via a piezoelectric actuator
providing a total range of
6

µm .6 The horizontal position of the cryostat was adju ted

Th e actuator had been preYiously calibrat d by measurements in a Iichelson interferometer. The
actuator controlled the po ition of a mirror in one arm. and a ·linear Attocube positioner controlled the
mirror in the other arm. The linear response of the piezoelectric actuator was determined b measuring
the \·oltag r quired for the actuator to compen ate for known movement of the Attocube.
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via a Kensington cross roller bearing translation stage with a translation coefficient of
2.5 mm/revolution. Both translation stages were automated for the experiment with low
geared motors, which provided a constant speed of 10- 3

-

10- 2 revolutions/minute.

The sample was fixed to the oxygen-free-copper sample mount of an LT3-0J\1I cryostat
(Advanced Research Systems) via partial immersion in indium. A slightly oversized recess
was cut into the sample mount and packed with indium wire strips. The sample mount
was then heated to above the melting point of the indium, and the sample immersed to
just below its surface in the molten metal. This method was required to ensure sufficient
thermal contact between the cold finger and the sample to attain temperatures close to
4 K. Although not required for these experiments, such operating temperatures become
crucial for the experiments in later chapters (see Section 6.4 and Chapter 9).
The operating temperature for these experiments was actively stabilised at 20

± 1 K.

At this temperature the spin-lattice relaxation rate is significantly increased due to
greater coupling to phonon modes in the crystal (see Section 3.2.3). This broadens the
homogeneous linewidth of the optical transition by 0(10 JVIHz). Thus , any complications
due to hole-burning are avoided and the signal level increases significantly due to the
greater spectral density.

However, this additional broadening and any temperature-

dependent frequency shift are several orders of magnitude less than the inhon1ogeneous
linewidth ( 0(1 GHz)).
Before performing the study of the spatial dependence · of the inhomogeneous line ,
the excitation power required to achieve optimum resolution at this temperature was
determined. If the excitation power exceeds a particular threshold level, the emission
from ions at the focus will saturate. This results in a larger relative contribution from
ions outside the focus, which decreases the spatial resolution. A Coherent 699-29 dye
laser, possessing a 1 MHz linewidth, was tuned to the

3H

1
4 (1) tt D 2 (1)

transition at

vo = 494.7255 THz (605.977 nm). The emission of the ions was monitored as the focus
was scanned through the crystal surface for various excitation powers. This allowed the
saturation power level to be determined by identifying the highest excitation power at
which the spatial gradient of the fluorescence was maximised.
The investigation of the spatially-dependent stress field associated with surface
damage was then completed using the threshold power level (1 µ W) with the laser
scanning 20 - 30 GHz about vo. Two-dimensional maps were constructed by sampling
at varying depths or by scanning horizontally. Each horizontal slice in the maps is an
average of 20 individual frequency scans (5 s acquisition time). Thus , the time taken to
accrue a complete map is approximately 30 minutes. Although the motors were moving
continuously, the rate of translation was slow compared to the resolution of the confocal
system.

Initially, undamaged regions of the sample were probed before mapping the

perturbations due to the scratches.
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Figure 5.4: Day to day position of the confocal focus was achieved by viewing the image of the
surface on a card. By retracting the lens away from the sample, the surface could be viewed at a
magnification of ~ 100 x .

In t he current apparatus , it was not possible to realign the sample after the cryostat
was t hermally cycled to the sa1ne level of precision as can b e achieved in the optical
profiling system. However, the scratch could b e imaged onto a viewing card with

~

100 x

magnification, as shown in Figure 5.4. This allowed the same region to be identified to an
accuracy of several tens of microns. It also provided a method to determine the sampled
region and hence, combine the sp ectroscopic and optical imaging data.

5 .3

Confocal microscope spatial resolution

B efore detailing t he i1naging and spectroscopic data for the sample, t he results from the
investigation of the confocal microscope sp atial resolution are presented.
Figur

5.4 illustrates the basic operation of a confocal microscop e.

Light originat-

ing from outside the focal region is not focu sed through the pinhole and hence, only
light originating from the focus is detected efficiently. This allows a signal to be isolated
fron1 a single layer within the sample largely unobscured by out-of-focus contributions
(see Chapter 7 for a more detailed description) .
The spatial dependence of the confo cal sign al at the excitation wavelength Aex i shown
in Figure 5.5. This curve represents the light refl ected and scattered from the urface of
the sa1nple into the NA of the objective lens . The signal p eaks at zero depth, wh re
the focu of the beam is centred on the surface. The Ga ussian fit to th observed depth
dependence (the axial resolution) has a FWH I

r confocal

Al o included in Figure 5.5 is the data for th

= 5.6 ± 0.2 µ1n.

spatial dependence of t he confocal

~ignal at th en1i ion wavelength Aem for different xcitation powers . As the power was
varied from 100 µ \Y to 1 µ vV. the patial gradi nt of the fluoresc nee ignal approxi1nately
doubled. How , -er. no further increase in th spatial gradient of t he fluorescenc signal was
observed for input power below 1 µVv. Thus . 1 µW was d termin d to be the saturation
power level for an operating temperature of 20 K. Thi allow the maximum fluorescence
inten ity to be achieved for the optimu1n spatial resolution .

Confocal microscope spatial resolution
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Figure 5.5: The axial resolution curves of the confocal microscope at the excitation and emission
wavelengths, Aex and Aem respectively. The signal at Aex represents the axial profile of the confocal
focus. The signal at Aem is the signal produced as the position of the confocal focus moves relative
to the sample surface. As the power is decreased, the Aex profile will remain unchanged but the
spatial gradient of the signal at Aem increases. This is due to the saturation of the ion transition.
The highest power at which the spatial gradient and hence, resolution is maximised defines the
saturation power.

The Gaussian fit of the signal at
A em

A ex

allows the spatial dependence of the fluorescence at

to be approximated for excitation at or below the threshold power level. In this regime ,

the ions are below saturation and their excitation can be treated as a linear function of
the excitation intensity. The emission signal is then calculated by taking the convolution
of the Gaussian fit determined above and the unit step function (or Heaviside function) ,
representing the sample. This holds for samples where the thickness t

>> f confoca l·

r confoca l from the apparatus parameters themselves [230].
approximation to r confocal is a function of the microscope NA ,

It is also possible to estimate
The optimum Gaussian

pinhole radius r , and the wavelengths

A ex

and

A em·

Following the work in Reference [230]

the theoretical FWHJVI of the axial resolution function

I'
t h eory

= 8 1310 2
V
g

[c~x NA

where ki = 21r / Ai and

r 2n 2
Ci

=

2

_ 48

r theory

can be written

c~m(JJ(cem) + Jr(cem))
+
(
)
n 2 k2em r 4 ( J2
O Cem

1

192 Jf(Cem)] -

J2 ( Cem ) _
1

1)

2

'

(5.3)

kir NA for i E (ex , em) , and Iv (z ) is the Bessel function of

order v evaluated at z .
For this apparatus, although the NA of the lens is 0.7, the effective NA is reduced
by the refractive index of the sample: n

= 1.81. Thus , the effective NA of the system

l\!Jicron resolution investiga tion of residual stress du e to s urface dam age

122

1
0. 9

· Signal at Aem

r confocal
___ Theoretical signal based on r theory

-

;

Expected signal based on

;

;

/

0. 8
>,

.µ
......
[/)

'

0.7

q

.

•'~

...

I

''

''

;

-- -- -- --

"

'

''

I

<J.)

I

.µ

,

q

......

I

0.6

q
0
......
[/)
[/)
......

s

0. 5

<J.)

'"d
<J.)

......
.---.

[/)

0.4

ro

s
0
z
H

0.3
I
/

I

X

,c,

0.2
0.1
0
-25

-20

-15

-10

-5

0

5

10

15

20

Depth into sample (µm )
Figure 5.6 : The measured dept h dependence of the fluor escence signal at Aem · The expected axial
resolut ion from the observed signal at A ex in Figure 5.5 (I' co n foca l) , and the predicted resolution from
t he confocal microscope parameters (r t h eory discussed in the t ext), are also shown for comparison.

NAef f

= 0.7 / 1. 81

~

0.39. The pinhole size is det ermined by the mean mode radius of

t he single m ode fibres, which set s ,

=

2.15 µm. The theoretical spatial dep endence of

t he fluorescence can then b e approximat ed as above, by t aking the convolution of t he
G aussian defined by

r t h eory,

and the Heaviside function .

The two approxirnations outlined above are plotted in Figure 5.6. Also included in
t his figure is t he sp atial response of the det ct ed fluor escence intensity at Aem for an input
power of 1 µ W. The close correlation b etween all three demonstrat es that t he syst em is
working near t he resolut ion limit.
T he observed fluorescence intensity wit hin t he cryst al (p ositive depths) correlat es well
with t he predict d b eh aviour calculated from t he observed sign al at Aex . This observed
spatial gradient wit hin t he sample is great er t h an t he theoretical prediction b ased on t he
collection optics. This is attributed to t he approximation of t he confocal p oint spread function a Ga ussian . The level of error fo r t he approximation , presented .in R eference [230],
correlat s w 11 with t he deviations observed.
vVhen t he confocal foc u i outside t he arnple (negative dept h ) the sp atial gradient of
the observed signal reduces. This is considered to b e a result of t he combined spherical
aberrations due to t he cryostat window and t he cryst al urface. These ab errations are
minirnised within t he ample t hrough t he use of t he correction collar on the obj ective
lens .

§5 .4

5.4

Optically imaging the surface damage

123
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Examples of the optical profiles of the sample surface are shown in Figures 5.7 - 5.10. The
regions sampled in each case are illustrated in t he inset of Figure 5.3. Each figur e features
a portion illustrating the full height contrast of t he individual measurement and an area
where the contrast has been adjusted to emph asise finer scale feat ures (highlighted by the
yellow boundary).
Figure 5.7 is a relatively lovv resolution profile of an area of approximately 1 m1n 2
centred around the intersection of t he two scratches : t he vertical scratch (VS) is parallel
to the D2 axis and the horizontal scratch (HS ) is parallel to the Dl axis. This figure
highlights the scale of VS and HS in addition to the surface damage accrued by the
sample over a decade of experiments . The region of enhanced contrast (within the yellow
boundary) highlights features t h at are smaller t h an 1 µm in height. Regions with areas
of 0(10 3 µm 2 ) raised by~ 100 nm from the average surface, are clearly visible. However,
the scale of these 'islands' is an order of 1nagnitude less t han the damage caused by the
scratches .
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Figure 5.7: An optical profile of the crystal surface showing the relative height of a~ 1 mm 2 region
surrounding the intersection of VS and HS. The scale on the left indicates the full range of the
optical profile data. The scale on the right corresponds to the region highlighted by the yellow
boundary, where the height data colour scale has been adjusted to emphasise features on a 1 µm
scale .
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Figure 5.8: An optical profile of a 100 µm 2 region centred on VS. The topology of the scratch and
the surrounding surface is illustrated on the micron-scale. The enhanced contrast region within
the yellow boundary illustrates sub-micron features including debris and a pre-existing cratch at
an angle to VS .

Both scratches penetrate between 2 - 4 µm into the sample with VS th deeper of
the two. There is also a considerable build-up of material along one edge of each of the
scratches . The raised area along the left hand edge of VS varies significantly with som
r gions up to 2 - 3 µn1 in height ; and others less than 1 µ1n. In comparison the top dge
of HS shovvs a much more uniform spread of material approximately 1 µm in height .
The higher resolution image in Figure 5.

provides further detail on the topology

of VS. In this 100 µm 2 region. the scratch indentation i on the order of 10 µ1n wide and
2 ~ln1 de p. The indentation itself is asymmetric with the left hand edge much sharper
than the right hand edge . The built up material extends for

~

20 µm to the left hand

ide of VS. determining that the total width of the damage visible in this image is on the
order of 30 ~ln1.
The enhanced contrast region in Figure 5.

highlights debri from the scratching pro-

ce s. The debris forms 2 - 5 µm 2 cluster of chips that are approximately 200 nm in
dia1neter. The higher contrast also reveals an approximately 200 nm deep cratch predating the cuts VS and HS .
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Figure 5.9: An optical profile of another 100 µm 2 region centred on VS. The white arrow shows
the direction of the cut . The region of enhanced contrast highlights the existence of radial cracks
extending from the right hand edge of VS. As indicated on the colour-scale, the cracks are approximately 50 - 100 nm in depth.

Figure 5.9 is another 100 µm 2 section of VS, which shows an extre1nely similar indentation pattern to the section in Figure 5.8. Again, there is a build-up of material on
the left hand edge of the scratch, which is a similar height to that observed in Figure 5.8.
However, the region of enhanced contrast reveals O (50 nm) deep radial cracks angled away
from the direction of cut. The length-scale of this radial da1nage is approximately 10 µ1n ,
which further extends the surface damage width of VS to ;: : : ; 40 µm.
The unloading point of the scribe in the cutting of VS is shown in Figure 5.10. The
data presented in the following section is predominantly from within this region of the
crystal. It was chosen for spectroscopic analysis due to the absence of significant built up
material and the close to pristine condition of the surrounding surface. As illustrated by
the enhanced contrast region, apart from obvious defects , only extremely fine polishing
scratches remain that are on the order of 100 nm deep.

"t\,Jicron resolution investigation of residual stress du e to surface dan1age

126

90
,...---..._

s

80

:::i_

'-..._./

+..:i
<l)

70

en

~

0

~

60

0

• .--i

+..:i

• .--i

en

50

0

0.,
.---;

co
(.)

40

• .--i

+..:i

H

>

30
20
10
100
Horizontal position offset (µm )

120

Figure .S.10: .--\. n opt ical profile of the point of unloading for S. The majority of the pectro copic
data -et ,,-ere taken in thi region. The enhanced cont ra t highlight the pre-exi ting roughne
of the ample urface on a 100 nn1 cale.
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Spectroscopically imaging the surface damage

The previous section presented the optical imaging data for the surface damage introduced to the sample. The sample was also irnaged spectroscopically using the confocal
microscope, which allowed the investigation of the stress fields below the surface. The
results of this study for near-surface ions unperturbed by surface damage, and ensembles
in the proximity of micron-scale scratches are presented in the following two sections.
The inhomogeneous linewidths of ensembles in these regions is one factor that determines
·whether waveguide-based, linear optics quantum computing is feasible in rare-earth-ion
crystals.

5.5.1

Unperturbed sample region

The first aspect of the study was to examine the depth dependence of the inhomogeneously
broadened line in a crystal region unperturbed by surface damage. The aim was to determine whether proximity to the surface significantly affects the inhomogeneous properties
of the rare-earth ions. An area near the unloading point of VS (Figure 5.10) was chosen
because of the the large areas of relatively high quality surface finish. It was also easily
identified by imaging onto the viewing card.
Figure 5.11 illustrates a characteristic depth map of the inhomogeneous line sampled
from a point close to (120, 15) in Figure 5.10. The upper panel shows the depth and
frequency dependence of the confocally detected emission intensity. A rapid decrease in
fluorescence within a few microns of the surface was observed, which is consistent with
the axial resolution of the system. The lower panel repeats the data with each depth slice
normalised to the maximum intensity of that particular spectrum. This normalised map
more clearly identifies the perturbations to the inhomogeneous line, particularly near
the surface. Therefore , the remaining figures in this section only show the normalised plots.
At a depth of 50 µm into the sample the inhomogeneous line has a FvVHM of
4.6

± 0.1

GHz. This correlates extre1nely well with the bulk linewidth m easured in this

sample (4.5

± 0.1

GHz).

However , there was a gradual change in the inhomogeneous

line as the proximity to the surface approached 10 µm. The line centre shifted to higher
frequency, ·with a maximum shift of +300 lVIHz from the bulk line centre. In the first

10 µm below the surface the line also broadened asymmetrically with an additional
~

1 GHz of broadening on the high frequency side of the line. In contrast, the low

frequency edge did not exhibit any increase in broadening.

5.5.2

Perturbed sample regions

This study also considered the impact of the micron-scale scratches on the inho1nogeneous
properties of the rare-earth-ion dopants. The introduced surface damage on this scale
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Figure 5.11: A depth map of t he inhomogeneous line for ions near t he surface in a region unpertubed
by surface damage. Each horizontal slice of the upper panel is the emission intensity of a 20 GHz
frequency scan. To highlight the lineshap e for the ions near the surface, where the intensity
decreases sharply, each horizontal slice of the lower panel is the same 20 GHz scan normalised to
its peak intensity. In Figures 5.12 - 5.16 , only the nonnalised traces are shown.

(see S ction 5.4) simulates the residual stress that will result from waveguide fabrication.
Therefore , the data establishes engineering considerations for the construction of future
waveguide-based rare-earth-ion quantum computers.
Figures 5.12 - 5.15 present the depth-dep endent inhomogeneous lines of ensembles in
highly stressed crystal regions. In addition , Figur 5.16 shows a series of horizontal scans
at different depths, creating a rnap of the stres field due to the scratch in the Dl- C2
plane.
In th regions of the crystal perturbed by the residual stress due to scratches VS and
HS , well resolved shifts of t he entire inhomogeneous line were observed. The magnitude
of these hifts was as large as 30 GHz. In t he vicinity of VS , the region of focus in this
ection : splittings of the inhornogeneous line on a similar scale were also ob erved .

otably,

plittings were not observed in regions close to HS.
The other feature of the p rturb d region was the ignificant broadening near the
material surface. Inhomogeneou linewidth that were up to a factor of four broader than
the bulk line were ob erved. However, at depths greater than 20 µm , there was very little
excess broadening. even in regions where the line is shifted by several time the bulk
lin width.
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the point of unloading. Each horizontal slice is the combination of two 25 GHz frequency scans
normalised to the peak intensity. The observed data is qualitatively similar to the predictions of
the ECCl\!I shown in Figure 5.2.

Figure 5.12 is a sample of the depth dependence of the inhomogeneous line from
the right hand edge of the unloading point of VS (approximately at coordinates (70,20) in
Figure 5.10). The combination of two 30 GHz depth scans with offset centre frequencies
allowed a 50 GHz bandwidth to be mapped. The data shown is qualitatively similar to the
data produced by the ECCM discussed in Section 5.1.3. A splitting of the inhomogeneous
line into two components was observed for depths between 10 and 40 µm , and the
curvature of both branches have the same sign. At a depth of approximately 50 µm ,
the impact of the surface damage is reduced belo-w the level of the bulk inhomogeneous
broadening.
Despite a frequency splitting of

~

10 GHz observed between the two ensemble com-

ponents related by C2 symmetry, there was very little excess broadening below a depth
of 10 µm. However , in close proximity to the surface the line broadened to a FWHM of
~

15 GHz and the centre frequenGy is shifted by -20 GHz. Despite the excess broadening,

the majority of the ensemble within 10 µm of the surface was isolated in frequency from the
remainder of the sample. Absorption regions that are only microns thick may prove useful
for single ion optical detection. This concept is discussed further in Section 5.8.5.
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Figure 5.13: A depth map of the inhomogeneous line for ions near the right hand edge of VS
at t he point of unloading. The branching of the two orientational subgroups with curvatures of
opposite sign forn1 a ring structure, which is qualitatively different to the ECCNI. Another feature
of note is t he variation in intensity of the two branches as the depth changes, which is discussed
in Section 5.8.2.

An indicative data set from the right hand edge of the unloading point for VS is shown
in Figure 5.1 3. This map is the result of probing the stress field near the coordinates (70 ,0)
in Figure 5.10 over an extended depth range compared to Figure 5.12. In this case, the
penetration of the stress p erturbation reached a depth of 160 µm into the crystal, despite
th scratch indentation penetrating only 4 µm deep. As in Figure 5.12, well resolved shifts
and splittings of the inhomogeneous line on the order of 10 GHz were observed . However,
in contrast to the previous figure and the ECC f, the two branches exhibited curvature of
opposite sign forming a distorted ring '"'tructure. The relative intensity of the two branches
also varied strongly wit h depth. a feature that is not as prominent in the other sp atial
1naps .
No significant exce

broadening was observed for this spatial region. This is a notable

difference fro1n the data pres nted in Figures 5.12 and 5. 14, where large increases in
broad ning occur within 10 µm of th surface .
Figures 5 .14 and 5 .15 result from pro bing the left h and edge of VS in the region
shown in Figure 5.

These are included as example

of some of the more extreme

perturbations ob erv d in the high patial resolution tre s investigations. A was the
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Figure 5.14: A depth map of the inhomogeneous line for ions near the intersection of VS and HS.
The perturbations near the surface are more extreme than for the ions at the point of unloading.
The discrete step in the centre frequency of the inhomogeneous line at a depth of 23 µm is likely
to be due to the presence of a lateral crack (see Section 5. 7).
-

case for the data in Figure 5.12, the data in Figure 5.14 is the combination of two
depth profiles each spanning a 25 GHz range. The noise variation between the two scans
accounts for the imperfect stitching at a frequency offset of approximately -6 GHz. A
feature only observed in this data set was the sharp jump in the centre frequency at a
depth of 23 µm. The shift was from an offset of -22.5 GHz to an offset of +2.5 GHz.
This feature is thought to be caused by sub-surface fractures , which are discussed in more
detail in Section 5. 7.
vVithin 10 µm of the surface, extreme broadening was observed, which extended beyond
the frequency limits of the shown scan. However , below the point of discontinuity, the
bulk FWHM was attained even though the centre frequency shifts by up to 16 GHz.
At a depth of approximately 50 µm , the formation of a ring structure was observed.
A similar ring structure is shown in detail in Figure 5.15. As noted above, the opposing
curvature of the two ensemble co1nponents is not accounted for by the ECCiVI. The two
branches converge again at a depth of 120 µm into the sample, although the perturbation
from the residual stress remained sufficiently high to cause a shift of 4 GHz from the bulk
centre frequency.
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Figure 5.15: A depth map fo cussing on the ring structure observed, which is qualitatively different
to the predictions of t he ECCJVI.

Figure 5.16 illu trates a series of seven data sets showing the horizontal variation of the
inhomogeneous line at increasing depth . The data set presents the results of scans from
left to right across VS , where zero-offset in the horizontal position corresponds to the
right hand edge of t he scratch. At t he surface, the stress p erturbation caused shift in
the line centre frequency significantly greater than the scan range of 25 GHz. Although ,
the normalised plot shows features near zero-offset, the extremely low relative intensity of
the emis ion (not shown) indicates that this was residual emission from ions outside th
confocal focus.
From the optical profiling data in Figures 5.8 and 5.9, the width of VS i

~

10 µm and

the width of th visible surface damage sp ans a total of~ 40 µm. However, Figure 5. 16
illustrates that the stress field of the -scratch caused 0 (1 GHz) perturbations to th inhomogeneous line on the left hand side of the scratch up to O µm from the indentation
region. Excess broadening on the order of 10 - 15 GHz was also observed at the surface
up to a horizontal offset of 70 µm, which decrea ed to the bulk FWHM at a d pth of

15 µn1.
Also at a depth of 15 µm . the formation of a ring structure initiat d. At this depth ,
the s ructure was an incomplete ring but was a full , relatively symmetric ring a further
5 µm into the sample. Over the next 20 µm into the crystal the ring progressively closed as
the residual tress splitting decreased. At a depth of 40 µm , the entire 100 µm horizontal
span approached th bulk inhomogeneous line profile.
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5.6

Confocal spectroscopy for analysis of miniaturised
devices

5.6.1

Performance of current apparatus

The success of the confocal spectroscopic system in mapping the inhomogeneous properties
of a rare-earth-ion sample on a micron-scale h as been demonstrated by the results in
Section 5.5. In the present study, the spatial variation of the residual stress field due to
surface damage was investigated. However, the spatial resolution offered by the system
would also allow studies of other spatially varying parameters including electric fields (see
Chapter 8), or magnetic fields.
The confocal spectroscopic technique and the nanometre resolution surface imaging
are highly complementary. The optical profiling provides images of the surface damage
in resolution inaccessible to the confocal microscope. However, the confocal microscope
allows the sub-surface stress profile to be probed, which is a regime inaccessible to the
white light interferometry method used by the profiler. The following section suggests
several improvements that would allow the full potential of this dual technique to be
realised.
Perhaps the most significant aspect of the high spatial resolution spectroscopy
technique is that it provides a method to gain a greater understanding of the solid-state
rare-earth-ion system. For example, without the high spatial resolution of the confocal
microscope, the well-resolved shifts and splitting of the inhomogeneous line presented in
this chapter would appear as excess broadening. The technique has possible applications
for investigating crystal growth, surface preparation, and microscopic contributions to
inhomogeneous broadening, in addition to the characterisation of miniaturised rare- arth
technology. Importantly, the technique can b e extended to perform investigations of the
homogeneous linewidth ( ee Chapter 6), and also studies on the nanoscopic scale ( ee
Chapter 8) .

5 .6.2

Extensions to existing 1hethod

There ar s veral vvays in which the method outlined in Section 5.2 could be refined. Th se
improvements would allow the high spatial resolution of stress to yield further information
rel vant to designing n1icron-scale devices and the best fabrication techniques to achieve
th se architectures .
The most beneficial improvement to th apparatus would be to incorporate a syst m
to imag the crystal surface whilst in the cryostat. Thi could be achieved by imaging
the surface onto a C harg C oupled D evice (CCD) camera, or by adding galvo-scanning
mirrors to the current beam path [231]. Being able to accurately image the surface allows
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the spectroscopic data to be precisely correlated with the nanometre resolution surface
scans possible with the optical profiler. A series of calibration markers on the sample
surface would also enhance the ability to compare the data from the two techniques.
Correlating the data from the two techniques would also be assisted by the addition of
optical encoders onto the translation stages, which would extend the range of repeatable
and accurate positioning.
Calibration markers on the sample surface would also allow investigations of the long
term changes in the stress profiles due to thermal cycling or small forces applied when
handling the samples. Because of the stability of the apparatus with regard to temperature
and mechanical vibration the damage-induced stress did not vary whilst the cryostat was
maintained at 20 K. In contrast, over the months during which the measurements were
made there was evidence of the regions of damage changing gradually over time. Tracking such changes over longer periods would be an interesting addition to the current study.
The creation of precisely controlled and repeatable surface damage would also improve the current method. For example, the use of a Vickers hardness testing apparatus
would allow accurate quantitative comparison to well developed models of the plastic
zone and residual stress profiles [218]. However, there are sever?,l other techniques with
which surface damage could be induced that would be directly applicable to device
fabrication. These include Focused Ion B eam (FIB) milling [232, 233, 234], femtosecond
laser micro-machining [235, 236], and deposition of thin films or strips of material with a
lattice mismatch or different coefficient of thermal expansion. It would also be of interest
to investigate the stress induced by nano-indentation [237] and wavelength-scale void
formation by femtosecond laser pulses [238, 239].
With an improved apparatus a much more comprehensive set of measurements could be
performed and compared to the relevant theoretical predictions.

These investigations

could include the dependence of the inhomogeneous line profile relative to the scratch in
three spatial dimensions, and the dependence of the ion properties on temperature. The
ability to scan the laser frequency by 0(100 GHz) in a single pass would also assist the
execution of such experiments. 7

7

For example, this could be achieved by the Autoscan capability of Coherent 699-29 lasers.
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5.7

Comparison of results with the ECCM

This section discusses the validity of the ECC1VI presented in Section 5.1.3 to the physical
system studied via white light interferometry and confocal spectroscopy in this chapter.
Both agreement and disagreement between the data and the model are highlighted to
detern1ine the model 's suitability for predicting the impact of surface damage that may
occur during waveguide fabrication. The comparisons considered in this section are the
scratch indentation itself, the maximum stress magnitude , and the profile of the residual
stress field.
The first aspect of the experimental data considered here is the topology of the
scratch indentation.

Both the detailed optical profiles of VS (Figures 5.8 and 5.9)

illustrate the asymmetry of the scratch indentation region. This asymmetry was due to
the orientation of the diamond scribe upon cutting the scratch, which was not normal
to the surface but at an angle of approximately 25° . Therefore, the left hand face of
the diamond scribe was inclined by an angle of

~

70° to the crystal surface rather than

the nominal 45° shown in Figure 5.2. This angling of the scribe also explains the large
build-up of material on the left hand edge of VS , as it is the path of least resistance for
material removed in the cutting of the scratch. Considering this process, this built up
region of material is likely to be polycrystalline.
The half-width of the indentation region was observed to be approximately 10 µm.
Given the estirnated normal force (P

= 0.1 ± 0.05 N) applied during the cutting process,

Equation 5.1 can be used to determine the theoretical half-width.
hardness of Y 2Si0 5 (H

Using the Vickers

= 5.3 ± 0.1 GPa [180]) , a half-width a for the scratch of 3 ± 2 µ1n
-

is determined allowing for uncertainties in the value for A.

Because the created scratch indentation is not symmetric, the profiles of the resultant
damage region and stress profile are likely to differ from the predictions of the ECCM.
However. the calculation above demonstrates that the characteristic size of the indentation
I

is consistent with the predicted response of the material. Therefore, it is expected that th
induced residual field will have a similar magnitude but an asymmetric profile compared
to the modelling performed in Section 5.1.3.
The
1

xpectation that the model correctly predicts the maximum str ss magnitude

upported by the observed frequ ncy shifts of the inhomogen ou line. Consid ring the

pr dictions of the ECC~I in light of the micron-scale re olution of the confocal microscope,
the larg st fr quency shift that could be resolved is 10 - 100 GHz.
frequency shifts are predicted, their spatial extent is well below
The largest well-resolved frequency

r confocal

Although larger

= 5.6 ± 0.2

µm.

hifts observed in the inhomogeneous broad ning

study of the stress-perturbed regions was 25 GHz (see Figure 5.12). This sugg ts that
th maximun1 re idual stres magnitude predicted by the ECCM is consistent with the
experimental observations.
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Finally, the predicted and observed stress profiles due to the surface scratch are
compared.

As noted earlier , the asymmetry in the scratch indentation itself already

provides a source of difference b etween the stress profiles of the model and those indicated
by the exp eriments. Another source of difference is the breakdown of the plane stress
condition. The Rankine criterion determines that cracks will form when the stress h as
exceeded the fractur e strength of the material and their orientation will b e normal to
the maxin1um principal stress direction [227]. Therefore , the observed radial cracks in
Figure 5.9 indicate that the principle stress direction at the surface has a significant
component parallel to the scratch. Thus , the plane stress approximation of the ECCNI
do es not hold for some regions of the scratch. In addition, b ecause median and lateral
cracks (shown in Figure 5.2) t ypically form at lower stress than radial fractures [226], it
is likely sub-surface cracking is also present.
Several figures in Section 5.5.2 highlight that there are asp ects of the observed frequency shifts that are qualitatively and quantitatively different from the predictions of t he
ECCM. These include the relative curvature of the frequency shifts of the two orientational
components , the depth extent of the p erturbation , and the observation of large, discrete
frequency ju1nps. However , all three of these observations can b ~ satisfactorily explained
by the presence of out-of-plane stress and the presence of sub-surface fr actures .
The ECCNI predicts that the residual stress field due to the surface scratch along t he
D2 direction will split the inhomogeneous line into the two orientational components introduced in Section 4.1.2. As shown in Figure 5.2 , it is exp ected t h at the resultant structures
in t he horizontal profiles should occur in pairs, with the frequency shift ant isymmetric
about x

= 0. The figure also illustrates that the curvature of the two branches should

possess the sam e sign for both horizontal and depth profiles . The exp erin1ental results
are qualitatively different. In the horizontal profiles in Figure 5.16 , t here is an absence of
t he p aired structure and the curvatures of the two orientational components have different signs. This allows the formation of ring stru ctures . These ring structures were also
observed in t he profiles presented in Figures 5.13 - 5.15.
The presence of radial cracks reveals that out-of-plane stress is present in the studied
regions. In contrast to t he model t he

cr 1 2 A 1 2, cr2 2 A 22 ,

and

cr 23 A 23

terms are contributing

to the observed frequency shifts. If t he frequency shift due to the sum of the three out of-plane stress components was larger and of opposite sign to the fr equency shift due to
in-plane stress the resultant shift would be opposite to that in the model. As the distance
from t he scratch increases the magnitude of the out-of-plane stress will decrease. Thus , if
t h e out-of-plane term do es not reverse the frequency shift of both of the two orientational
components it is possible for the _two branches to exhibit opposite curvatures.
Anot h er discrepancy between the ECCM and t he observed data was the depth at
which the residual stress produced resolvable frequency shifts. The ECCI f predicted that
at a depth of approximately 50 µm t he frequency shifts due to residual stress would be
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unresolvable from the bulk inhomogeneous line (see Figure 5.2). In contrast, the data
presented in Figures 5.13, and 5.15 establishes that the perturbation causing 0 (1 GHz)
frequency shifts extends beyond 120 µm. This discrepancy b etween the model and experiment is well outside the uncertainty due to the unknown depth extent ,of the plastic
region [227]. However, the formation of sub-surface median and lateral fractures provide
a plausible explanation for the larger than expected depth of large magnitude residual
stress. Particularly with repetitive additional stress due to thermal cycling of the sample,
the propagation of median cracks to the depths observed would be feasible. 8
The presence of a lateral crack is also proposed as the cause of the presence of the
+ 25 GHz frequency step in the data set illustrated in Figure 5.14 . In this data set, there
is a rapid variation of the stress field within :::::; 2 µm.

A lateral fractur e as shown in

Figure 5.2 would provide a structure that could produce such a high spatial variation in
stress. The ability to reference the spectroscopic data precisely to optical images of the
surface damage , as discussed in Section 5.6.2 , would be extremely beneficial in testing
this hypothesis.
It is evident from the discussion in this section that the physical system expenmentally examined exhibited a significant number of features not predicted by the
ECCM. This is not unexpected considering the simplicity of the model. However, the
model can still b e considered useful for further analysis regarding the impact of surface
damage on the feasibility of rare-earth-ion waveguides for quantum technology.

The

main discrepancies between the model and the observed data arise from the failure of
the plane stress approximation and the presence of material fr actures . However, the
maximum frequency shifts are consistent with the observed data to within an order of
magnitude.

Therefore, although not providing a complete model to describe residual

stress fields du to surface damage, the model can be used to approximate the fr quency
shifts expected for different scratch widths. Thus , it is used in the following sections to
form guidelines for the allowable scale of surface damage compatible with rare-earth-ion
quantum computing.

5.8

Implications for miniaturisation and future work

The results pr sented in this chapter illustrate that residual tress due to surface damage
cause significant modifications to the inhomogeneous line. The magnitude of this interaction was shown to exceed th bulk inhomogen ous broad ning of the ions and significant
perturbations were observ d at 1 ngth-scale much greater than the length-seal of the initial damage . In Sections 5.8.1 and 5 .. 2, these re ults will be di cussed in relation to the
ability to create str ss without static disorder , and the impact on waveguide fabrication
for rare-earth-ion quantun1 computing.
It is noted here that eventually the sample in question fractured into four separate pieces. Although
the fractur e pattern was not directly along the cut scratches, all of the final fractures originate from the
created damage.
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To achieve frequency shifts up to the 25 GHz observed in this study via another
interaction would require extremely large fields : magnetic fields greater than 10 T or
electric fields on the order of 30

fV /m.9 Thereforej there are opportunities for utilising

residual stress fields to investigate the energy structure of rare-earth-ion systems and to
engineer rare-earth-ion structures . The examples that will be discussed in Sections 5.8.3j

5.8.4, and 5.8.5 are piezospectroscopic tensor characterisation measurementsj creating rareearth-ion waveguides, and engineering thin films.

5.8.1

Characterisation of near-surface ions

If miniaturised devices are to be manufactured from rare-earth-ion materials, the intrinsic properties of the near-surface ions will establish limits on the device performance.
By studying the depth dependence of the inhomogeneous line in nominally unperturbed
regions of the crystal (Section 5.5.1) initial conclusions can be drawn regarding the ion
properties relative to ions in the bulk .
The measurements resolved relatively small modifications to the inhomogeneous profile
within 10 µm of the surface. The centre frequency was observed to shift on the order of

+300 I fHz and an asymmetric increase in broadening of 1 GHz was observed . Both these
effects are exanlined separately in the following discussion.
Frequency shift

Firstly, the frequency shift of the inhomogeneous line is considered. It is proposed that the
observed frequenc shift is not due to intrinsic stress at the crystal surface but rather subnlicron surface damage . Using the simplification to the ECC f for Pr 3 + :Y 2 Si0 5 presented
at the conclusion of Section 5.1.3 , the half-width a of a scratch required to produce the
obser ed 300 .r fHz shift approximately 1 µm from the surface can be estimated. Therefore ,

0.3 GHz
4 GHz/ µm
~

2

(5.4)

300 nm .

The fine polishing scratche that were highlighted in Figure 5.10 were on the order of

100 nm deep and approximatel 1 µm wide . Therefore, it is feasible that the observed fr equenc

hift is due to the residual stre s fields produced by these polishing scratches.

A imple experiment that would provide further inforn1ation regarding sub-nlicron
urface damage

-ould be to repeat the mea urements

sample with a nanometre-roughnes

urface finish.

hown in Figure 5.5.1 with a

This would e t abli h an optimum

reference for comparison, rather than one deri ed from a sample h aving undergone
arious experiments o er a decade . Ha ing establi hed uch a reference, the introduction
of damage on ariou

cale

ia methods such as

icker indentation ( ee Section 5.6.2)

ould allow the predictions of he ECC1I to be horoughly ested.
9

Based on the quadra ic Zeeman coefficient of Pr 3 + :Y G (::::::: 200 i\1Hz/ T 2 ) [14 ] a nd t he St ark coefficien
for Pr 3 + :Y2Si05 (1.12 kHz/ ( m - 1 )) [192).
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The small frequency shift observed in this experiment is consistent with the level
of damage observed at the surface and hence, is likely to be overco1ne with improved
surface quality. However, it is worthwhile considering what the impact of a frequency shift
in the near-surface ions would be for waveguide-based linear optics quantum computing
in rare-earth-ion systems .
To be able to combine a large number of individual components such as quantum
memories and sources in a single waveguide-based device, the resonant frequency of the
ions must be spatially consistent in the starting material. If this is not the case, each
individual component would need to be specifically fabricated for a particular spatial
location on the crystalline chip. Therefore, without a sp atially consistent foundation for
the chip, the system is no longer modular, which prevents large vertical scaling.
A constant frequency shift due to the proximity of ions to the surface would preserve the spatial consistency of the blank chip.

Hence, this effect would not prevent

waveguide-based linear optics quantum computing in rare-earth-ion systems . Conversely,
if the frequency shift due to the surface varied over the chip by more than

r ih,

the waveg-

uide architecture would h ave to account for spatial inconsistencies in resonant frequency.
In this case, components could not be standardised and achieving large scaling would not
be feasible.

Inhomogeneous broadening

The observed broadening near the surface also needs to be considered . For the nearsurface ions, the observed broadening could be produced by three mechanisms. These are
surface-dependent increases in static disorder , str ss-induced frequency shifts obscur d by
the inhomogeneou broadening, and stress-induced frequency shifts that are unresolved
by the confocal microscope.
The first option is that the experimental result is true inhomogeneous broadening
introduced by greater static disorder near the surface. The observ d 1 GHz of additional
broad ning represents an increase of 20% on the bulk inhomogeneou linewidth of thi
sample. The work of Macfarlane et al.- [1 03] discussed in Section 5.1.1 , observed a thre fold increase in the dephasing rate in anomalous Eu 3 + :Y 2SiOs samples that demonstrated a
20 % larger inhomogeneous broadening compared to normal samples. Therefore , the level

of broadening observed near the surface of the crystal could feasibly produce dynamic
disorder and hence , increased dephasing. The study of the homogeneous properties of
ions near the urface follows in Chapter 6.
Alternatively, the fact that the broadening is asymmetric suggests that the observation
1

consistent with unre olved structure. For example , if stress near th surface lifted the

orientational degeneracy in general the line would spiit asymmetrically as illustrated in
Figure 5.2. If the stre s field magnitude wa not sufficient for th se different frequency
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shifts to b e resolved from the inhomogeneous broadening, the line would appear to have
been broadened. An excellent example of this effect is shown in Figure 5.12 in the depth
range 35 - 60 µm.
Based on the bulk inhomogeneous broadening of the sample rih

=

4.5 GHz , the

Rayleigh resolution criterion (see Section 7.5.1) determines the two components would
need to be separated by at least 6 GHz to be resolved.

Earlier in this section it was

established that 0(100 MHz) frequency shifts were feasible given the sub-micron-scale
scratches present on the crystal surface. Therefore, slightly larger surface defects could
produce an unresolved splitting of the t-wo orientational components. This would account
for the observed 1 GHz of additional asymmetric broadening. It is also noted here that
unresolved lifting of the orientational degeneracy can only contribute broadening on the
order of 2rih ( ~ 9 GHz) before the splitting is resolved.
The final option is a well defined shift that is unresolved due to the resolution of
the confocal microscope. If the spatial variation of a stress field was sufficiently rapid ,
a well defined shift of the inhomogeneous line at a particular depth would appear as
increased broadening. The threshold spatial frequency gradient resolvable with this confocal spectroscopy technique is defined by the resolution of the optical system: 5.6 µm
(see Section 5.3).

Therefore, any frequency variation on this length-scale will modify

the inhomogeneous line profile. However , if the spatial gradient of the shift is less than

0 (0.1 GHz /µ m ), the additional broadening will be negligible compared to the bulk inhomogeneous linewidth. For example, in the work presented ~n this chapter the largest average gradient that did not broaden the observed line was approximately 0.07 GHz/ µm. 10
This resolution criteria can be improved through the use of techniques that prob e beyond
the diffraction lin1it , which may allow such structure to be resolved (see Chapter 8).
In the case of the data presented in Figure 5.11, it is difficult to determine whether
the additional broadening is caused by increased static disorder or unresolved structure.
However there is one case in which the n1echanism producing increased broadening can be
identified , which is relevant to the discussion in Section 5.8.2. If an observed broadening
greater than 2rih is observed at the same centre frequency for a region greater than 6 µm
t hick it must be produced by increased static disorder. Such broadening cannot result
from an unre olved breaking of the orientational degeneracy because at this FWH f the
two components would be re olved. Similarly, frequency shifts unresolved by the confocal
microscope would cause a shift in the centre frequency and hence , could not cause such
broadening.
To conclude this

ection

the impact of

he obser ed broadening on components

for linear optics quantum compµting is discussed.
p erformance of the quan um memory i

As discus ed in Section 2.3.3 the

ensit ive to inhomogeneous broadening.

In a

0.005 % Pr 3+ :Y 2Si05 sample he bulk inhomogeneous linewidth obscure the hyperfine
10

This can be seen in Figure 5.13 in the depth range 50-120 µm.
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structure, which determines that the bandwidth is limited to 0 (10 MHz) [9 3]. Therefore,
additional broadening would not alter this restriction.

However, the optical depth at

a particular frequency will be reduced determining a slightly longer interaction region
would be necessary to achieve the desired optical depth for high efficiency [76].
If the same broadening effect is present for materials that possess resolved hyp erfine
structure, the impact on p erformance would b e much more dram atic. The b andwidth limit
would then be reduced from the shifts defined by the applied fields to the level of the hyperfine splittings: a likely reduction of several orders of magnitude (see Section 2.3.3).
If the observed broadening is due to surface damage, the threshold level of damage
to reduce this effect b elow 10 MHz can b e estimated based on the simplification to the
ECCNI discussed throughout this chapter. Assuming the constant of proportionality is

4 GHz/ µm 2 , the charact eristic size of the surface damage should b e reduced below 50 nm.
Previous work on the preparation of high quality factor whispering gallery mode resonators
for strong coupling experiments demonstrate that surface qualities significantly below
this threshold can be achieved in rare-earth-ion materials [105 , 240]. Therefore, surface
damage should not place a fundamental restriction on the use of near-surface rare-earth
ions for linear optics quantum computing. However , for this statement to be tru , t he
bulk homogeneous linewidths must also be preserved at the surface . This is the focus of
the following ch apter.

5 .8 .2

C h aract e risation of ions subj ect to residual stress fie lds

In addit ion to examining the near-surface ions, the p erturbations to the inhomogeneous
linewidth due to residual stress fields resulting from waveguide fabrication need to be
considered . This was investigated through the cutting of scratches VS and HS into the
sample surface. The scratches were 10 µm wide and 4 µn1 deep. However, the damaged
region apparent through optical profiling set the actual width of the surface damage at
40 µm.

As detailed in Section 5.5.2, frequency shifts up to 25 GHz were observed in addition to
splitting of approximately 15 GHz. Measurable perturbations to the inhomogeneous line
were present up to 160 µm from the induced damage. Excess inhomogeneous broad ning,
as large as four times th bulk linewidth , was also observ d for some regions less than 20 µm
fron1 the surface. Similarly to the previous ection, th following discussion considers th
frequency shifts and exces broadening separately.

Stress shifts witho ut static d isorder
The spatial profiles of the inhomogeneous broad ning in Figure 5 .12 - 5 .1 6, demonstrate
that large stresses can be applied to the crystal lattice without inducing static disorder. In
particular . residual tre s that causes shifts in exces of th natural stress variation of t he
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ithout introducing additional inhomogeneous broadening . This

establishes that stress is not fundamentally tied to increases in static disorder.
The significance of this result is that the inevitable residual stress resultant from
rare-earth-ion waveguide fabrication is not inherently correlated to increased inhomogeneou broadening. Because an increase in static disorder is the link between applied
stress and dynamic disorder (Section 5.1.1) the absence of significant inhomogeneous
broadening decreases the likelihood of residual stress producing increased decoherence .
However measurements of the homogeneous properties of ions in stress-perturbed regions
are required to confirm that the bulk ion coherence times are preserved (see Chapter 6) .
Gi, en the size of the shifts produced by residual stress , the other critical consideration i the length- cale at which these frequency shifts occur. \ ith shifts coinparable to
the bulk inhomogeneous linewidth present in regions 100 µm from the source of the stress
field the density of devices on a single chip may be limited in some cases . This is due to
the fact that fabrication of one coinponent could stress shift the ions critical to another
if their patial separation was less than 100 µm. However, the interaction length-scale
of the tress field does not place a fundamental limit on the density of devices . Rather ,
it deterniines that rare-earth-ion quantum chip architectures v._rill have to be designed
con idering the full functionality and fabrication of the chip as a whole, analogous
o the de ign of modern rf integrated circuits [241].
tre

Because the m agnitude of the

field introduced by ~iaveguide fabrication is dependent on h e chosen m ethod and

rare-earth-ion material , the leng h- cale a ~rhich the e considerations become important
will var} accordingly.

S t ress induce d broadening

The era che cut on the urface of t he Pr 3 + :Y 2 Si0 5 crystal also introduced regions of
ignificant exce

inhomogeneou broadening. In Figure 5.14, 5.15 , and 5.16 , the ion

clo er han 20 µm from the urface demonstr ated inhomogeneous linewidth at least a
factor of four larger than he bulk linewidth. Becau e the ob erved broadening is greater
than t"' ice he bulk

r ih

and extend over depth grea er h an the confocal re olution, the

cau e of he broadening can be defined as exce
I

i

propo ed here that

damage zone. ·which i
ting proce .
pl

he e region

tat ic di order ( ee Section 5. .1 ) .

of increased

tatic di order are wi hin the

a region ha undergoe inelastic deformation due o the cut-

The damage zone contains highly di tor ed

i e

hat re ult from the

ic deformation, which are cap able of prod1.;Lcing large inhomogeneou

mg [103 , 20 ] . In addition

he fac tha thi type of exce

broaden-

inhomogeneou broadening

-

i

only ob erved near

he

urface i

con i tent Tuith the model

de cribing the loca-

ion and ize of he damage regions (227]. Becau e the damage zone i no

inherent

o waveguide manufacture [195], hi broadening ob erved near the urface can be avoided .
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There are two further characterisations of inhomogeneously broadened regions that
warrant discussion.

The first type is the inhomogeneous broadening on the order of

2fih , which is observed deeper within the crystal.

Examples of this type include the

region in the depth range 35 - 60 µ1n in Figure 5.12, and the region in the depth range

110 - 125 µmin Figure 5.15. These broadened regions can be attributed to an unresolved
splitting of the orientational degeneracy.

Because the depth profile resolves the two

branches at shallower depths, the source of observed broadening can be identified.

It is noted here that the variation in the relative intensities of the two branches 1s
determined by the relative spatial gradients of the frequency shift. The more rapid the
depth variation ·in frequency, the more the ensemble resolved by the confocal microscope
is spread out in frequency space. The signal intensity at a particular frequency is linearly
dependent on the spectral density of the ensemble. Thus, the orientational component
with the lower stress shift spatial gradient at a particular depth will have the greater
intensity.
This effect is closely related to the final type of inhomogeneous broadening discussed in
this section. This final classification of broadening is observed in regions that demonstrate
a stress shift spatial gradient larger than the threshold value of 0(0.1 GHz/ µm) (see
Section 5.8.1 ). A good example of this is in Figure 5.12 at a depth of approximately
7 µm below the crystal surface. In this region , both the orientational components possess
spatial frequ ncy gradients of approximately 10 GHz/ µm. These shifts are unresolved by
the confocal microscope and hence , appear as xcess broadening. This classification can
be made b ecause the total spatial profile in Figure 5.12 provides additional information
to an isolated spectrum at a depth of 7 µm. Because the two orientational components
are clearly resolved at larger depths , the region of excess broadening can be correlated
with the trend of the observed stress shift spatial gradient.
All three characterisations of additional broadening can potentially impact on the
p erfonnance of rare-earth-ion waveguide quantum technology. The plastic zone d monstrates significant additional static disorder , which is sufficient to suspect that excess
dynamic disorder and hence, dephasing will be observed in this region. It will be critical
for waveguide fabrication methods to avoid the production of such a region even if it is
spatially separated from the active ion of the guided mode. This is due to the fact that
dynamic disorder , in particular TLS , can interact with ions b yond th highly distorted
region [242]. Therefore, the production of polycrystalline region , which are known to
produce a high density of TLS modes [208], should also be avoided. The formation of
da1nage zone

and polycrystalline material are not inherent in waveguid

fabrication

techniques and thus , do not represent a fundamental limitation to waveguide-ba ed
rare-earth-ion quantum computing.
The regions where the observed broadening is due to optically or spectrally unre olved
structure also need to be tak n into account . When con idering the unperturb d near-
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surface ions in Section 5.8.1, the stress fi eld m agnitude due to surface damage could feasibly
be reduced to the extent where stress shifts were less than typical hyperfin e splittings
(0 (1 0 1Hz)). However, such an assumption cannot b e m ade for an arbitrary waveguide
fabrication technique [195]. Therefore it is possible to h ave broadening due to unresolved
orientational component splitting or a large stress shift gradient over t he sp atial mode
of t he waveguide. Although a mech anism that would link t hese sources of broadening
to dynamic disorder h as not b een proposed the inhomogeneous broadening in itself can
impose limitations on devices such as quantum m emories (see Section 2.3.3 ) .
Ideally the residual stress in the active region of the waveguide would be sufficiently
srnall to avoid unresolved structure producing excess inhomogen eous broadening. However ,
there are additional strategies that can b e used if this is not feasible. To avoid unresolved
orientational component splitting, the waveguide should b e design ed such t h at t he major
stress directions preserve the site symmetry of t he ion.

Therefore , no splitting would

be produced as the orientational components will exp erien ce a common frequency shift.
Alternatively, t he stress component that breaks the orient ation al degeneracy sh ould be
engineered to b e sufficiently large such that all the different components can be well
resolved . In both these cases, effi cient large bandwidth quant um memories capable of
long-term storage ar e possible [9 3].
The effect of spatial stress shift gradients t h at are unresolved by t he optical mode is
more difficult to n1inimise under t he assumption of large residual stress fields. If the spatial
gradient is large enough to determine t h at t h e hyperfine structure cannot be resolved
opticall or sp ectr all
engineering the

"v\

high performance quantum memories will not be possible [93]. By

aveguide such t h at t he sp atial extent of the optical n1ode is sufficiently

mall , the total spread of frequencies over the ampled volun1e can be reduced. Given the
typical tress shift gradients observed in this work were on the order of 0.1 GHz/ µm , to
limi

he broadening to 10 1v1Hz (atypical -alue for hyperfine state energy separations) the

characteristic scale of the mode would have to be on the order of 100 nm. Alternatively,
reduced re idual tress magnitude compared to those investigated in this work would allow
modes with larger cross-sec ions to be u ed . It i noted that the waveguide architecture
implemented in R eference [243] appears uited to overcoming the effects of spatial stress
hift gradient . This i due to the fact that the levels of residual stres due to thin glassfilm depo i ion are extremel

mall and the depth of the mode is defined by an evanescent

field (O(lOOnm)).
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Therefore , the spectroscopy of ions in regions subject to large residual stress identifies
five key points for waveguide design for rare-earth-ion quantum computing based on linear
optics .
• Residual stress does not inherently cause static disorder. Therefore ; it should b e
possible to fabricate waveguides that maintain the coherence times of the bulk ions,
a claim that is investigated further in Chapter 6.
• The length-scale of residual stress determines that for a high density of components
on a single device, the waveguide architecture must be considered in its entirety
because each component may frequency shift its neighbours.
• The production of damaged regions and polycrystalline material should be avoided,
as increased static disorder will b e present.
• The orientation of the waveguide structure may b e important to avoid the inhomogeneous broadening due to unresolved orientational component splitting.
• The cross-sectional area of the waveguide mode in relation to the spatial gradient
of the stress shift needs to b e examined to determine whether quantum memories
cap able of highly efficient and long-term storage over a large bandwidth are possible.

5.8.3

Alternate method for determining

Aij

The spatial profiles of the stress field also provide a t est of the piezosp ectroscopic characterisation p erformed in Chapter 4. The breaking of the orientational degeneracy observed
for depth profiles near VS

(II

D2 ), and the absence of resolved splittings near HS

(II

Dl )

is consist nt wit h the piezosp ectroscopic tensor stat ed in Section 4.3. Using the ECCM ,
the observed 10 GHz splittings indicate a o- 13

~

50 l\lIPa in the proximity of VS. Given

a si1n ilar magnitude for o- 23 near HS , the m aximum splitting due to the difference in

A23

b etween the two sites related by C2 symmetry can be estimated. The m asurement in
Chapter 4 had a resolution of 60 kHz / kP a . Thus, the maximum splitting possible in the
vicinity of HS is approximately 3 GH3, which is below the resolution threshold of 6 GHz
detennined by the bulk inho1nogeneous broadening (r ih

= 4.5 GHz) .

Achieving precisely controlled surface damage could provide n1ethods for improving
the knowledge of

Aij

that are complementary to those proposed in Section 4.4.1. Some

of the 1nethods introduced in Section 5.6.2 , such as indentation or FIB milling, would
allow the creation of structures that produce well d fined stress fields. In the case of a
line defect sin1ilar to a scratch, mapping the spatial dependence of the inhomogeneous lin
in th plane p erp ndicular to the defect is analogous to p erforming rotation p atterns a
described in Section 4.4 .1. Although the resolution is limited by rih rath r than rh , the
exp erimental apparatus is considerably simplified .
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Figure 5.17: The change in refractive index produced by the frequency-dependent absorption
in regions of high residual stress. The plot on the right shows the depth-dependent change in
refractive index at the positions indicated in purple and blue. If the complete three-dimensional
structure is considered (indicated by Figure 5.16) , the profiles -are analogous to buried ridgewaveguide structures . (The 1naximum and minimum values of 6-n in the one-dimensional plot
gives an indication of the total scale of the two-dimensional plot on the left.)

5.8.4

Stress mediated waveguides in rare-earth-ion crystals

The ability to create frequency shifts in excess of rih without introducing additional inhomogeneous broadening can be exploited to engineer the absorption profile in rare-earth-ion
systems. One proposal that arises fro1n this work is to harness spatially varying stress gradients to create low loss , narrow frequency band , waveguides . Thus , stress gradients could
form a novel alternative to the traditional 1nethods of waveguide construction.
In Section 5.5.2 it was shown that residual stress gradients are capable of producing
rapidly varying absorption profiles.

This is accompanied by an equally rapid change

in refractive index that be used to create guiding structures. The change in refractive
index for a particular absorption spectrum can be calculated using the Kramers-Kronig
relations [244]. Figure 5.17 maps the refractive index change of the data in Figure 5.1 5
using the absorption for 0.005 % Pr 3 + :Y 2 Si0 5 given in Reference [93].

As shown, a

depth-dependent refractive index profile that is equivalent to a buried planar waveguide is
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formed. 11 Such structures can be created in regions where splittings occur (shown in blue)
or even if only shifts are observed (shown in purple) . If pro duced consistently and parallel
to the source of stress , a n arrow band waveguide could b e formed . Sim ply depositing
a thin strip of material on t he surface of a P r 3+ :Y 2 Si0 5 sample may, produce the
necessary profile to allow guiding, an alogous to photoelastic waveguides in semiconductor
m at erials [245 , 246].
The index contrast for t he case shown is approximat ely 5 x 10- 5 , which is two orders of 1nagnit ude less t han t he waveguide implemented in Ti:Tm3 + :LiNb0 3 [84]. At this
contrast t he scale of a single mode waveguide would b e limited in size to approxi1nately
20 µ 1n (close to t he size in Figure 5 .17) a nd t he b end radius tolerances for low loss

p erformance would b e stringent [24 7].

However, t he smooth refractive index profile

in addition to t he low contrast detenn ines t h at scattering losses would b e extremely
low [24 7] . T hus, stress mediated waveguides could provide a feasible alternative for single,
straight waveguide applications in rare-eart h-ion materials.
The addit ional benefit t hat arises is t hat t he waveguide is t unable and hence, can b e
manipulated dyn amically. The use of piezoelectric transducers could create t emporally
short stress fields, which could fac ilitate routing, switching and mo dulation . Also, the
ability to m anipulate t he guiding structure opt ically may provide further device flexibility.

5.8.5

Thin rare-earth-ion samples for single ion spectroscopy

The discussion in Chapters 4 - 6 centres on underst anding residual stress in waveguide
devices for linear optic quantum computing utilising ensemble-based rare-earth-ion comp onents . The second t opic of investigation in this thesis discussed in Chapter 7 - 10 is
t he feas ibility of achieving single rare-earth-ion det ection for frequency-based rare-earth
quant um comput ing.
A

expanded up on 1n lat er chapters (see Chapters 8 and 9), optically detecting a

single rare-earth ion requires a high degree of sp atial i olation . However , engineering
a sample with a 1n icron-scale t hickness wit hout d grading the bulk coher nee ti1nes (see
Section 5. 1.2 ), is a significant challenge [208]. In t hi regard , large str ss shift 1nay provide
a solut ion by frequency shift ing t he ions in a t hin region ten of gigahertz from t he bulk
crystal inhon1ogeneous line. In t his work , a 10 µm t hick absorpt ion region was created
within a 1 n1m thick cTystal ( ee Figure 5. 12) .
By utilising materials wit h n arrow inhomogeneous linewid t hs and by ngineering the
stress profile. it 111ay be feasible to achieve a bsorp t ion regions in a bulk sample that
are optically and spectrally i olated , and only on t he order of 1 µm t hick. As will be
11

If the three-dimen ional stress profile shown in F igure 5.16 is considered , the refr act ive index p rofile
wou ld form structures analogous to b ur ied r idge waveguide .
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established in Section 7.5.4, a wavelength thick sample significantly reduces the background fluorescence due to the ions in a bulk crystal that are outside the confocal volume.
Therefore, achieving such a sample would be very appealing for single ion optical detection.
It is noted here that to achieve high fidelity, state-selective optical readout of a single-ion

qubit , the readout method cannot excessively broaden the homogeneous linewidth
(see Section 7.2).

Therefore, the study of the impact of large stress shifts on the co-

herence times of rare-earth-ions in the next chapter determines the validity of this method.
Another aspect that is a significant challenge in single rare-earth-ion optical detection is the ability to efficiently collect emission from high refractive index materials when
at cryogenic temperatures (see Section 7.5.5). The use of Solid Immersion Lenses (SILs)
have been extensively discussed for their usefulness for achieving order of magnitude
improvement in collection efficiency from solid-state emitters [248]. If a SIL is fixed to the
sample, unless the thermal expansion properties of the SIL match the sample, cooling to
4 K will result in stress mediated modification of the absorption properties of the ions in
its vicinity. This can be used to the advantage of the single ion spectroscopist. Because
this effect should provide depth-dependent frequency selectivity, the effect of fluorescence
fron1 emitters outside the confocal volume should be reduced (see Section 7.5.4).

An

example of the resultant stress shift from a SIL fixed to a Pr 3 + :Y2Si05 sample is given in
Section 9.6.5.

5.9

Summary

A spectroscopic technique with high spatial resolution was developed and applied to
investigate t he feasibility of constructing rare-earth-ion dop ed waveguides for on-chip
implementations of linear optics quantum computing. The combination of white light
interferometric imaging and confocal spectroscopy allowed examination of the inhomogeneous broadening of near-surface ions and ions in highly stressed sites arising from their
proximity to micron-scale surface damage.
The inhomogeneous profiles of near-surface ions exhibited shifts and excess broadening
that were small compared to the bulk inhomogeneous linewidth. It was determined that
the observed perturbations to the inhomogeneous line were consistent with the 100 nm
- 1 µm polishing scratches at the surface of the investigated region. If surface damage
is the cause of the p erturbations present less than 10 µm from the surface , reduction
of the surface roughness to the nanometre-scale will prevent any impact on rare-earthion components for quantum computing. However, further studies of samples with high
quality surface finishes is required to verify this claim.
The residual stress due to a 4 µm deep scratch cut on the surface of the sample had
a far greater impact on the inhomogeneous broadening of the near-surface ions.

Fre-

quency shifts approaching a factor of 10 larger than the bulk inhomogeneous broadening
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and significant excess broadening due to static disorder were observed. Importantly, large
frequency shifts were observed in the absence of significant excess inhomogeneous broadening. This demonstrates that stress due to waveguide fabrication does not inherently
produce static disorder.

feasurable frequency shifts were observed on a length-scale of

100 µm. This establishes that architectures incorporating a high density of active rareearth-ion components may need to be designed considering the functionality of the entire
chip because the presence of one component may cause a frequency shift on another.
The most extreme inhomogeneous broadening in regions within 20 µm of the surface
were consistent with the expected behaviour of ions in the plastic zone . In this region , the
additional static disorder is likely to produce increased dynamic disorder and hence , dephasing. Regions of broadening due to unresolved structure were also observed deeper into
the crystal. This highlights that the orientation and spatial gradient of stress fields need to
be considered in the design and manufacture of waveguides for quantum computing.
In addition to posing engineering challenges, residual stress was also demonstrated to
provide possible solutions for the construction of waveguides and thin absorption regions
for single ion optical detection.
To complete this study into whether a waveguide architecture is a suitable miniaturisation of rare-earth-ion components for linear optics quantum co1nputing, measurernents of
the hon1ogeneou linewidths need to be p erformed. This study is presented in the following
chapter.

Chapter 6

Homogeneous broadening of ions
perturbed by surface damage
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The long coherence times possessed by the rare-earth ions are a significant part of
the impetus to use this system for quantum communication and quantum computation [23 , 115 , 156, 183]. As highlighted by DiVincenzo in his criteria for a scalable quantum computer, coherence times must be long compared to the gate operation time [6].
Sufficiently long coherence times can reduce gate errors [7], allow long-term state storage [11], and also facilitate the synchronisation of numerous independent and probabilistic
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events [62] . This final aspect allows increases in scalability in quantum technologies such
as the quantum repeater for long distance Quantum Key Distribution (QKD ) [8 5, 93] and
linear optics quantum computing [60].
As discussed in Section 2.2 and the two previous chapters, successful implementation
of a waveguide architecture would transform the landscape of what is possible for
rare-earth-ion quantum technology.

However, the b enefits of such miniaturisation can

only be_achieved if the renowned coherence times of the bulk ions are preserved in the
active region of the waveguiding structure. This is because any additional broadening
compared to the bulk ions would b e likely to prevent high fidelity operation of quantum
hardware. This strict criteria for homogeneous broadening in the solid-state rare-earth-ion
system will be established in Section 6.1.
Waveguide fabrication necessarily introduces stress, which can produce static disorder and dynamic disorder that increases dephasing (see Section 5.1.1).

Therefore,

indications of the hon1ogeneous broadening in a particular region can be gained from the
level of inhomogeneous broadening. The results of Chapter 5 provided initial insights into
the homogeneous broadening of ions in the two regions of interest for this study. These
regions are microscopic volumes within microns of the crystal surface and microscopic
volumes containing ensembles p erturb ed by residual stress fields.
The confocal study that was p erformed dernonstrated that the ions in close proximity
to the surface did not exhibit significant excess inhomogeneous broadening. This indicat es
that static disorder in this region is similar to t hat found in the bulk of the crystal.
Similarly, the bulk inhomogeneous linewidth was preserved in sorne regions in which stress
shifts larger than the inhomogeneous linewidth ·were observed . However, regions close to
the stress inducing surface damage often demonstrated extrem e excess inhomogeneous
broadening and hence, evidence of a large increase in the level of static disorder.

It is exp ected that ions exhibiting inhomogen ous linewidths equal to the bulk value
will possess no additional hornogeneous broadening comp ared to the bulk ions . Likewise,
increased d phasing rate

are exp ected for regions subj ect to large stress fields that

d 111onstrated high levels of excess inhon1ogeneous broadening.

To investigate these

predictions and complete the current study, a high sp atial re olution 1n asurement of the
ho1nogeneous linewidths of the ensembles of interest is required.
In this chapter. the homogeneous broadening of the

3H

4 (1) H

1

D2( l ) transition i

studi d for near-surface ions and ions perturbed by residual stress fields due to surface
damage. This is achieved via kiloh rtz frequency resolution hole-burning 1n asurem nts
using the confocal 1nicroscop

introduced in Chapter 5. The chapter first presents the

bound on homogeneou broadening to allow tolerable error rate for quantu1n computing
in this system. This is followed by a discussion of previous near-surface studies of homogeneous broadening and th coh rence times of ions in curr nt waveguide implementations.
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Following this background material, the method for the investigation is presented
including bulk photon echo measurements of T2 to characterise temperature-dependent
phonon contributions to broadening. This provides a reference to which any decoherence
due to effects at the surface or stress induced disorder can be compared.
The results of the high spatial resolution hole-burning study allowed the nature of
dynamic disorder in the regions of interest to be analysed. Conclusions can then be drawn
regarding the suitability of near-surface ions and ions highly perturbed by stress in the
crystal lattice for quantum computing. From these conclusions it is possible to formulate guidelines for the fabrication of waveguide-based rare-earth-ion quantum technology.
These guidelines are presented along with a summary of the overall study into whether
miniaturised rare-earth architectures can be created to allow the rare-earth-ion system to
become a more scalable platform for quantum computing.

6.1

Homogeneous broadening bound for rare-earth
quantum memories

Long coherence times are an essential resource for quantum communication and
computation technology [6, 7, 24]. In his discussion on the coherence requirement for
quantum technology, DiVincenzo raised the question of what defines a sufficiently long
coherence time for scalable quantum computing [6].

The deciding factor is the error

threshold for fault-tolerant operation [6, 8, 9]. Reference [30] provides a good review of
error correction and fault tolerance, and summarises the range of error thresholds proposed in the literature. The values are calculated for various error correction schemes and
for various systems, and range from 10- 9

-

0.18. A widely used guideline for the error

threshold for fault-tolerant quantum computing is given by References [29] and [249] as
10- 4 - 10- 3 .
What follows is a discussion of the sources of error that arise in quantum memories ,
which are an important component for linear optics quantum computers utilising rareearth-ion hardware (see Section 2.3.5) . Requiring these errors to be below the threshold
value for fault-tolerant quantum computing defines an upper bound on the homogeneous
broadening. This provides a reference against which the results of the investigation in this
chapter can be assessed.
The rare-earth-ion quantum memory schemes all operate on the common principle of
transferring quantum information from the optical transition onto the long-lived hyperfine
states [82, 250]. A schematic for this transfer is provided in Figure 6.1. Assuming the
-

memory has a sufficient bandwidth and can operate at high efficiency [75] , the limiting
error rate will be due to decoherence during the transfers from the optical excited state
to the hyperfine storage state and vice versa. Errors will also occur due to decoherence
during the storage in the hyperfine states. However , given that a quantum state can be
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Figure 6.1: The simplest sequence to achieve long-term quantum state storage in the Gradient
Echo l\!Iemory (GE1VI) scheme as demonstrated by Alexander [250). The input state is absorbed
on the optical transition and then transferred to a ground state hyperfine level. This maps the
coherence onto the hyperfine transit ion, which can possess a coherence time 10 6 times longer than
t he optical transition [11). To recall the state, the coherence must be transfer back to the optical
transition .

preserved on the hyperfine transitions of rare-earth-ion crystals for tens of seconds [70 , 71]
to hours [11], such errors will be comparatively small.
The error

E

accrued during the transfer to and from the hyperfine ground state can b e

estimated according to [6]
E

=

2Ttransfer

T2

=

21r

r hi transfer
'Tl

,

(6 .1 )

wher Ttransfer is the time taken to apply the necessary transferring sequence, which can
b e a single 1r-pulse.
Assuming t he pulse is r sonant , th0 required Rabi frequency D can b e d t ermined from
Equation 3.30
Jr

D =--Ttransfer

(6.2)

If t h bandwidth of th transfer pul e is larg con1pared to the hyp erfine state energy separations an error can occur due to off-resonant excitation. That is, transferring population
to a hyp erfine level in the ground or excited state other than th resonant levels. The probabili ty p of off-resonant excitation can be approximated by the Lorentzian D 2 /x 2 .1
1

This i the decay envelope of the oscillat ing excitation probability fun ction in t he frequency domain .
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Explicitly
(6.3)

1 + (2~) 2 (Ttransfer) 2
where

~

'

is the frequency splitting between two hyperfine states. Thus, p represents the

error determined by off-resonant excitation. From Equation 6.3 , the threshold error rate
E

can be achieved if

v-;-

1~

Ttransfer > 2 ~

1
2~

;:=:::;-

l

-

(6.4)

.

E

By substituting the expression in Equation 6.4 into Equation 6.1 , the bound on homogeneous broadening to allow error rates below the threshold rate

E

can be written
(6.5)

The frequency separation between the hyperfine states

~

defines the upper bound on homogeneous broadening. For example, the hyperfine frequency separation in the 1D2(l)
excited state of Pr 3+:Y 2Si0 5 in zero field is ~ ;:::::; 5 MHz [172]. To achieve a gate error rate below the threshold for fault-tolerant quantum co!llputing (E = 10- 3), the homogeneous linewidth is required to be on the order of 50 Hz. In contrast, rh for the
the 3H 4 (1) +-+- 1D 2(1) transition is 2.9 kHz [172]. The resulting error rate approaches
E

=

0.02.

There are several options to improve this error rate. Firstly, it may be possible to
extend the optical coherence time in Pr 3+ :Y 2Si0 5 by a factor of three by using the ZEro
First Order Zeeman (ZEFOZ) technique, which desensitises the transition to magnetic
fluctuations [148].

Alternatively, large magnetic fields could b e applied to increase ~

via the linear Zeeman interaction. In addition, more complex pulse sequences can be
optimised for fast resonant excitation with reduced off-resonant excitation in rare-earth-ion
systems [251, 252]. Although challenging, the combination of these factors may allow the
threshold error rate to be achieved in Pr 3+ :Y 2Si0 5. However , if the current homogeneous
broadening increases by an order of magnitude in a waveguide, the achievement of faulttolerant quantum computing in such a structure would be much less feasible.
Pr 3+ :Y 2Si05 is the material chosen for the work in this thesis b ecause it is extremely
well characterised [171, 172] , and has sufficiently good coherence properties to demonstrate proof-of-principle components and techniques [12, 69, 75 , 108 , 113 , 187]. However,
there are rare-earth-ion materials that possess properties that offer lower error rate
operations for quantum computing. These include 153 Eu 3+:Y 2Si0 5 (T2 = 2.6 ms and
~ = 0(100 MHz) [68]) and 153 EuCh · 6D20 (T2 = 0.7 ms and ~ = 0(70 MHz) [17]).
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For 153 Eu 3+ :Y 2Si05 and 153 EuCb · 6D20 to b e suitable for on-chip implementation
of linear optics quantum computing, the coherence times observed in the bulk cryst al
must b e preserved in waveguide structures.

In these cases, even excess homogeneous

broadening on the order of 1 kHz could be detrimental to fault tolerance.
Therefore, the bound on homogeneous broadening in ensembles near the surface
and in regions of high levels of residual stress is stringent.

To allow the po sibility

of operations below the error threshold for fault-tolerant quantum computing th
homogeneous linewidth in these regions must maintain the bulk value.

6.2

High spatial resolution investigations of homogeneous
linewidths

The motivation for measuring the coherence properties of ions in stre sed environments
was describ ed in Section 5 .1.1. Before detailing the high spatial resolution study of nearsurface ions and ions subject to large stress fields , examples of previous work that involve
the 1neasure1nent of homogeneous linewidths of ions within microns of the cry tal surface
are discussed. In doing so , a fundamental limit on the size of rare-earth-ion crystals that
preserve t he bulk coherence time is examined , and the homogeneous linewidths of ions in
waveguide architectures is presented.

6.2.1

Size limitations for rare-earth-ion quantum computing

In Section 3.2.3 . the work of l\ Ieltzer and Hong [102) concerning homogeneous broadening
in Eu2 0 3 nanocrystals was introduced. The results of t heir study placed a fundamental
lin1it on the crystal diameter d to achieve homog neons linewidths comp arable to those
ob en -ed in macroscopic crystals.

Even though a fundamental lin1it exist , the

ize

restriction in1posed by phonon interactions is still many orders of magnitude maller than
the typical n1acroscopic ample used for many proof-of-principl demonstrations.
The re ult
Figure 6.2.

of the nanocry tal
The fit highlight

tudy performed in R eference [102) are hown 1n
the d- 2·5 power law d pendence of the homogeneous

broadening propo ed by ~Ieltzer and Hong. R ecently. a homogeneou linewidth of
6 kHz "-·a 1nea ured in d = 60 nm Eu 3+ :Y 20 3 nano crystal [217). B cau e of the close
equiYalence of Eu 20 3 and Eu 3 ' :Y 20 3. thi re ult indicate that the size dependence
relation hip hold

for

ignificantly larger d than measured in R eference [102). If t he

d pendence continue to hold. the 0 (10

IHz) broadening ob erved for d

= 10 nm at 4 K
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Figure 6.2: The relationship between nanocrystal diameter and the homogeneous linewidth at
4 K. The data points for the Eu 2 0 3 nanocrystals are from Reference [102], and the data point
for Eu 3 + :Y 2 0 3 is from the recent work by Perrot et al. [217]. If the d- 2 · 5 power law proposed by
Nieltzer and Hong [102] continues to hold for d beyond 60 nm, it may be possible to attain bulk
coherence times in a d = 510 nm crystal.

would reduce to the level of broadening observed in the bulk (0.76 kHz [177]) for a crystal
with d

= 510 nm. At this diameter, the phonon broadening would approach the level of

magnetic interactions in Eu 3+ :Y203. 2
Although this thesis focuses on the implementation of rare-earth-ion waveguides as
a route to miniaturisation, the use of suitably large nanocrystals may also provide
opportunities . In addition, the main sources of decoherence in nanocrystalline systems ,
such as phonon effects and interactions with Two Level Systems (TLS) , are relevant
to both ions near the surface and in highly stressed environment. Thus, nanocrystals
provide an excellent system to investigate the impact of such mechanisms.

2

References [102] and [217] , both highlight the significant spectral diffusion in these systems due to
TLS. This rapid increase in broadening on longer time-scales (2 kHz/ µs for a time-scale up to 120 µs [2 17])
would introduce significant additional errors to the quantum memory protocol. Therefore, these effects
must be minimised to achieve fault-tolerant quantum computing.
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6.2.2

Homogeneous broadening at the crystal surface

One of the purposes of the current study is to determine whether there exi ts a limit
on narrow homogeneous broadening imposed by t he proximity to the crystal surface in
macroscopic samples . The broadening observed in nanocrystals is predominantly due to
the reduction in the crystal volume [1 02]. Thus , it is reasonable to assume that the dominant mechanisms within a wavelength of the surface of a bulk crystal may be significantly
different to those in the bulk of the crystal.
In t his section, two measurements that have probed the hon1ogeneous linewidth of nearsurface ions in bulk crystals are discussed. The first is the evanescent field hole-burning
experiments conducted in 0.5 % Eu 3+ :Y 2 Si0 5 [104] ( the author 's Honours thesis) . In this
work , evidence was provided that the ions within 200 nm of the surface of the crystal shared
the properties of those in the bulk. The comparison of the power-broadening behaviour of
holes both at the surface and in the bulk showed good agreement . However , the zero-power
linewidth of both the surface and bulk ions was determined to be approximately 70 kHz at
zero field , compared to the 250 Hz achieved in R eference [68]. Therefor , the resolution was
not sufficient to conclusively demonstrate the preservation of the bulk properties.
Similar indications are given in the work by J\!IcAuslan et al. [105], who performed
photon echo experiments within a whispering gallery mode resonator fabricat ed fro1n
Pr 3 + :Y 2 Si0

5.

The coherence times obtained for the resonator mode showed good agree-

ment both with measurements sampling the bulk of the resonator and the highest reported coherence time for this material [172] . The ion-cavity coupling achieved in these
exp eriments was consistent with the expected coupling in the fundamental 1node [105].
This implies that the ensemble sampled was within approximat ly 5 µm from the surface [253].
Both these studies provide strong evidence that the properties of ions within the bulk
of a m acroscopic crystal are preserved at the surface. The investigation detailed in this
ch apter seeks to v rify the e results .

6.2.3

Homogeneous broadening in rare-earth waveguides

In addition to t he prop erties of ions at the surface, t h properties of ion in highly stressed
regions det ermines an i1nportant limit on the feas ibility of waveguide-based rare- arthion quant um hardware. In this section several examples of measurement in rare-earth
waveguide structures are xamined.
The study of t he impact of cry tal growth t echnique p erformed by Flinn et al. [101]
was int roduced in Section 5.1.1. This study included t he MOCVD growth of a 3 µ1n thick
2% Eu 3 + :Y 2 0

allow t h

3

fihn on a sapphire substrat e. The refr active indices of the two materials

t hin , rare- arth dop d Y 2 0 3 film to b e utilised as a planar waveguide [211 ].

The homogen ou

linewidt h of th

film wa

mea ured to b e 12.1

fHz , which is four

§6.2
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orders of magnitude greater than the best reported bulk crystal sample [177].
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The

significant excess broadening resulted from the polycrystalline nature of the film, which
demonstrated coherence properties similar to europium doped glass systems [209]. The
production of high quality, single crystal rare-earth-ion doped thin films may allow long
coherence times to be achieved in planar waveguides.

However, the demonstration of

sufficient film quality has not been reported to date.
Another excellent example of the coherence properties of ions in a highly stressed
environment can be found in the demonstration of an Atomic Frequency Comb ( AFC)
quantum storage in a Ti:Tm 3+:LiNb03 waveguide [80, 84]. The Ti:Tm 3+:LiNb0 3
waveguide is the most developed form of miniaturised rare-earth-ion quantum hardware
to date. The waveguide was formed by successive diffusion processes in LiNb03. Firstly,
a 0.1 % Tm3+:LiNb03 layer was created with the Tm. 3+ substituting for Li+ ions, which
is thought to be charge compensated by Li+ vacancies [254]. A guiding region was then
formed via diffusion of Ti 4 +, which resulted in a peak concentration of approximately
10 20 cm- 3 in the guiding region [84, 255].
The resulting material had vastly different properties to the material studied in this
thesis. For example, in Y2Si0 5 crystals, rare-earth-ion dopants are introduced at concentrations of 0(10 18 - 10 19 cm- 3) and substitute for the similarly sized y 3+ ion without
the need for charge substitution.

This results in inhomogeneously broadened lines on
the order of 0.1 - 10 GHz. In the case of Tm 3+:LiNb0 3, the inhomogeneous linewidth
is 300 GHz [254], which highlights the significant distortion, and hence stress variations ,
throughout the lattice. The introduction of a high concentration of Ti 4 + into the lattice
also produces large residual stress fields, emphasised by the significant change in refractive
index that results. However, the inhomogeneous linewidth observed in the waveguide is
consistent with the bulk Tm 3+:LiNb0 3 sample, indicating that the resultant distortion to
the crystal lattice by the Ti 4 + diffusion process is not significant compared to the large
bulk static disorder.
Tm3+:LjNb03 is also not an ideal host for achieving narrow homogeneous linewidths.
The thorough study by Thiel et al. [194] estimated that the magnetic fluctuation due to
host-ion spins in the lattice was 30 times greater than that in Y 2Si0 5 . The resulting spectral diffusion dynamics significantly limit the coherence times achievable in this system.
The homogeneous linewidth observed in bulk samples at 3 K is 98 kHz (T2 = 3.2 µs) , which
is limited by phonon interactions [194]. In a small magnetic field the coherence time can
be extended to 23 µs, which is limited by magnetic interactions [254]. The coherence time
of ions within the mode volume of the Ti:Tm3+:LiNb0 3 waveguide was 1.6 µs a.t 3 K and
zero-field [84]. Also , no significant improvement was observed with the application of a
magnetic field up to 250 G. Thiel -et al. propose that the additional decoherence observed
in the waveguide may be attributed to the high Tm 3+ concentration (2%), a slightly higher
than measured temperature, or frequency-dependent variations across the inhomogeneous
line [194].
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The prospect of utilising Er 3+ :LiNb03 waveguides for quanturn 1nemory applications
has also been experimentally investigated [83, 215 , 256]. The waveguides examined were
fabricated either via proton exchange [257, 258] or via the Ti 4 + diffusion process [210]. A
homogeneous linewidth of 53 kHz was measured in the Ti:0.4% Er 3+ :LiNb0 3 waveguides,
at a temperature of 3 K in a 0.2 T magnetic field [256]. The work of Thiel et al. in
bulk Er 3+ :LiNb03 samples predicted a homogeneous linewidth of approxi1nately 100 kHz
under the same conditions [194] . The discrepancy between the two values is consistent
with the uncertainty in ten1perature and concentration [194].
Therefore, the comparison between the ion properties in the both Ti:Tm 3+ :LiNb0 3
and Ti:Er 3+ :LiNb03 waveguides and the equivalent 1nacroscopic samples demonstrate
that it is possible to create miniaturised rare-earth-ion architectures that preserve the bulk
properties . However, the large inherent stress fields in Tm 3+ and Er 3+ doped LiNb0 3
themselves, mask the perturbing effect of the Ti 4 + diffusion process. The coherence
time observed in Tm3+ :LiNb03 is three orders of magnitude shorter than the longest
optical coherence time recorded for rare-earth-ion materials (6.4 ms in Er 3+ :Y2Si0 [6 7]).
5

It is highly unlikely that the application of this waveguide fabrication technique to
rare-earth-ion materials such as Y 2Si0

5

would preserve the coherence properties .

This section concludes by briefly mentioning the results of Niarzban et al. who
have fabricated a waveguide architecture in Pr 3+ :Y 2Si0 5 [243]. By depositing a thin
film of a high refractive index glass onto the crystal surface, light is confined via total
internal reflection in the resulting planar waveguide. Therefore, the active ions reside in
the substrate rather than the planar slab and interact with the evanescent field frorn th
waveguide mode . Photon echo measurements indicated that the bulk absorption , optical
ho1nogeneous linewidth , and spin state lifetimes are sufficiently preserved in the active
ions. Because the evanescent field decays rapidly, the ensemble of interest resides les
than 100 n1n from the surface of the crystal.
The creation of a planar waveguide with a rare-earth-ion crystal substrat highlights
an extre1nely low i1npact method of versatile waveguid fabrication. The results above also
add further i1npetus to more fully understand the role of the crystal surface and darnageinduced stress on the homogeneous Enewidths of rare-earth-ion 1naterials. In particular ,
long coh rence ti1nes were achieved within O ( 100 nm) of a glass that possesses high 1 vels
of dyna1nic disorder [209]. Such a re ult is relevant to the study of rare-earth interactions
with TL

[242].
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Figure 6.3: The experimental apparatus for measuring the bulk homogeneous linewidth via reflected photon echoes. The beam from a Coherent dye laser is gated by two double pass AOM
configurations, and input to the confocal microscope via a single mode fibre. The achromatic lens
used possessed a 50 mm focal length, which allows the reflected echo signal from the back face of
the crystal to be collected confocally. The signal is gated by a third AOM , which shields the P]VIT
from the excitation pulses. The * symbols indicate a single electrical connection that is not shown
in its entirety. The echo sequence is shown in the lower panel with the signal gating period shown
in blue.

6.3
6.3.1

Experimental method
Measurement of the bulk homogeneous linewidth

Before exam1n1ng the homogeneous linewidth of the near-surface ions via high spatial
resolution measurements , the level of broadening in the bulk of the crystal needed to be
determined. Due to the configuration of the confocal apparatus, a reflected photon echo
technique was used. As mentioned in the previous chapter, to achieve sufficient thermal
contact between the sample and cold finger stage of the LT3-0M cryostat, the crystal was
partially immersed in indium. This determined that the transmitted beam could not b e
accessed. Therefore, the reflection of the photon echo from the back surface of the sample
was detected. This was achieved using the apparatus shown in Figure 6.3.
The laser was · tuned to the centre of the bulk inhomogeneous line at 494. 7255 THz
(605.977 nm) , and the frequency was slowly scanned over a 1 GHz bandwidth to prevent
hole-burning effects. A power of 30 µ W was used , which corresponded to a 1r-pulse length
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of 4.

µs.

The pulses for the echo sequence were produced by two AOTVIs i each in a

double pass configurationi which allowed extremely low leakage levels(> 0 dB extinction).
Another AOTVI gated the signal to prevent the intense excitation pulses from saturating th
PTVIT. To allovv the reflected echo signal to be detected confocally, the high IA objectiv
lens used for the high spatial resolution work was replaced with a 50 mm focal length
lens.
The homogeneous linewidth was measured in two temperature regimes. The first was
under standard helium flovv conditions using approximately 1 L of liquid per hour , which
yielded a cold finger temperature of 4.6
temperature of 3.4

±

±

0.5 K. The second regime is a lower operating

0.5 K achieved by pumping on the cryo tat exhaust gas . The re ult

of the echo measurements are presented in Section 6.4.

6.3.2

Measurements in high spatial resolution

The high spatial resolution investigation of the homogeneous line was performed with th
apparatus shown in Figure 6.4. A burn-scan hole-burning technique was used to measure
the hon1ogeneous linewidth of ions within microns of the surface and in regions with large
residual stress fields. Although possessing a lower frequency resolution limit than coherent
techniques such as a Hahn echo sequence [154L the hole-burning technique was chosen
because it allows measurements to be made for both narrow and broad homogeneous
lines . In a photon echo measurement , no signal will be observed if the coherence time is
sufficiently short compared to the delay between the

71 /

2 and

71

pulses. Particularly in a

new regime of measurement it can be difficult to ascertain whether the absence of a signal
is solely due to large homogeneous broadening or whether there are also technical issues .
In contra t . the simplicity of hole-burning measurements reduc s the number of source
fron1 which technical errors can arise . In additioni assuming a depleted emi ion signal can
be ob erved . hole-burning will provide at least a rnaximum bound on the homogeneou
broadening.
The high frequency resolution necessitated minor 1nodifications to the apparatus used
for the work presented in Chapter 5. The hole-burning experiment were p erform d with
the Coherent 699-29 laser lo cked to -an external

LE cavity, via a Pound-Drever-Hall

chen1e [259]. Locking the la er provided ub-kilohertz linewidths on a milli econd timecale. and long term drift on the order of 100 kHz per hour. Two double pass AQ)vI
\\·ere u ed in the excitation beam path. The fir t allow d the accurate attenuation control
required to achieve the ub-nanowatt power level to avoid power broadening the transition
at lo\\· ten1perature. The burn po,-;er wa

et at 500 p vY whil t the can power was 50 p W.

The econd AO:\I provided the frequency modulation to perform he burn- can method
hown in the in et of Figure 6.4.
The te1nperature of the cold finger was maintained at 4.6

±

0.5 K for all the

111ea ure1nent pre ented in Section 6.5. Although lower operating temperatures could be
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achieved by pumping on the exhaust gas, the vibrations introduced by the scroll vacuu1n
pump could not be sufficiently damped to allow a satisfactory signal-to-noise ratio. The
significantly luwer signal level compared to the experiments in Chapter 5, due to the
decrease in spectral density at 4.6 K , necessitated the use of a low dark count (32 counts
per second) silicon A valanche P hoto- D iode (APD ) for detection. For each 1neasurement ,
the signal was integrated for approximately 500 burn-scan sequences , corresponding to
5 - 10 minutes in total.
Initially, the widths of spectral holes were n1easured sampling from the surface,
and then from ions 40 µm into the crystal.

The hol

line·wid ths were measured for

short delays between the burn and scan (10 ms) and also at a delay of 1 s. The short
delay n1easurements were repeated for ions in highly stressed environments, which were
identified by inhomogeneous line scans.

These were achieved at low temperature by

scanning the unlocked laser over 15 GHz, and detecting the fluorescence signal at Aem
with the APD. The upper bound on the homogeneous broadening determined by the
·w idth of the holes could then be compared to the bulk measurements from the reflected
echo study.
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Homogeneous broadening for bulk ions

The results of the reflected photon echo studies are shown in Figure 6.5. For the cold
finger temperature achieved under standard helium flow rates (T
measured coherence time was T2

=

= 4.6 ±

17.7 ± 0.7 µs. By reducing the temperature to 3.4 K,

the coherence time increased by approximately a factor of three.
homogeneous linewidths are 18.0

±

0.5 K), the

0. 7 kHz and 6.0

±

The corresponding

0. 7 kHz respectively.

Even at the m1n1mum temperature achieved in these experiments,
zero-field broadening at 1.4 K given by Reference [172].

rh

is twice the

This excess broadening is

attributed to the coupling of the optical transition to phonon modes.

Typically, this

contribution to broadening is eliminated by operating at a temperature where lattice
vibrations are effectively frozen. However, the temperature dependence observed in these
measurements, in addition to the difficulty in achieving good thermal contact between the
sample and cold finger, indicate that the temperature of the sample is slightly elevated
compared to the conditions achievable in a liquid helium bath cryostat . It is not possible
to determine whether the measurements above are consistent with the temperature
reading of the silicon diode mounted on the cold finger, or whether the measurements
are still limited by poor thermal contact. Accurate data on the temperature dependence
of

rh

in Pr 3+ :Y 2 Si0 5 between 1.4 K and 5.1 K would greatly assist in resolving this

question.

6.5

Homogeneous broadening in high spatial resolution

Having established a bulk homogeneous linewidth for comparison, the near-surface ions
and ions in regions of high residual stress were examined to determine whether excess
broadening was present. These measurements constitute an intra-sample study similar
to the inter-sample studies of homogeneous broadening presented in References [103] and
[208].

6.5.1

Homogeneous broadening of ions near the surface

The results presented in Section 5. 5 .1 demonstrated that significant excess inhomogeneous
broadening was present for ions within 10 µm of the crystal surface . In the current section
the homogeneous properties of ions in this region are investigated.
-

Figure 6. 7 illustrates the results of the hole-burning study in a region exhibiting an
0(100 MHz) shift of the line centre, and excess inhomogeneous broadening of approxi-

mately 1 GHz at the surface . Therefore, the inhomogeneous broadening spatial profile in
Figure 5.11 represents a very similar region.
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For ions at a dept h of 40 µm , t he FWHM of the hole wa

determined to b e

= 43 ± 5 kHz, for a delay equal to 10 ms. The equivalent measurement for t he
ions at t he surface of t he crystal yielded r hole = 46 ± 9 kHz. Examples of t he ob erved
r hole

hole sp ectra and t heir resp ective Lorentzian fits for t he two dept hs are shown in Figure 6.6. The homogeneous linewidt h
which gives

r h

r h

is b ounded ab ove by half t he observed

r hole, 3

as 22 ± 3 kHz for t he ions 40 µm b elovv t he interface , and 23 ± 5 kHz at

t h e surface.
Nieasurem ents were also m ade t o investigate t he hom ogeneous prop ert ies of t he nearsurface ions and ions at a dept h of 40 µm , on a 1 s t ime-scale. By extending t he delay
between t he burn and t he scan t o 1 s, the aim was to observe t he rate of excess broadening
d ue to sp ectral diffusion. The measured average
for t he deep er ions, whilst for t he surface ions

r hole
r hole

was det ermined to b e 35

± 7 kHz

= 32 ± 7 kHz. Therefore, rather

t h an ob erving broader hole linewidt hs, t hese average values are on t he order of 10 kHz
n arrower t h an t he holes m easured at a 10 ms delay. Alt hough t he results for t he 1 s delay
are consistent wit h t he shorter delays wit hin t he resp ective uncertainties , t he rep eatability
of t he near-surface m easurement indicates t h at fur t her study is warranted .
The im plications of t he observed homogeneous linewidt hs of t he near-surface ions on
im plement ing waveguide devices fo r quant um computing are discussed in Section 6.6.1.

6.5.2
The

Homoge n e ous broadening of ions p e rturb e d by stress
econd co111p onent of t he high sp atial resolut ion inve tigation of homogeneous

line\Yidths wa det ermining the b ehaviour of ions in highly stres ed crystal sites due to
th presence of micron-scale surface damage. The approach of this study was to progressi\-ely inYe t igat e increasingly d istorted sit es at the crystal urface . Following the result
of Ch apter 5 regions could b e differentiated via the n ature and spat ial profile of their
inhomogeneous broadening. The region studied included tho e exhibit ing narrow inhomogeneou lines that \"\·ere fr equency hifted by less than the bulk

r ih .

through to regions

in \\-hich significant excess broadening was pre ent due t o higher level of st a tic disorder .
In all ca e . the relatiYe n1agnitude of the stre s field was dict a t ed by t he proximity of t he
reo-ion to the cra t ch la belled VS ( ee Section 5.4).

Narrow in h omogen eo u s linewidt h s in s m a ll stress fi e lds

Figure 6.

ho\"\- a hole-burning p ectrum from a region only weakly ubj ect ed to tres

fie ld . Here t he near- urface ion are clo e t o t he right hand edge of the unloading point
of Y

( ee Figure 5.10). The in et ho\"\- t he narro\"\· inhomogeneou line. which i

by , 2 GH z fro n1 t he bulk cent re frequenc -. "\Yith the burn fr equency within 300
3

[ h

contribut

t\Yice: once upon bu r ning and once up on read ing o u t t he hole.

hifted
IHz
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Sampling 40 µm deep:

600

± 5 kHz

= 43

rh ol e
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Figure 6.6: Example hole spectra from the near surface study. The upper panel shows a signal
from the ions 40 µm beneath the surface, whereas the lower panel contains a signal from ions at
the surface. The hole in each case is the depleted region within the ~ 400 kHz wide repumped
feature, which resides in an 800 kHz trench . The Lorentzian fits to the holes are shown in red.
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Figure 6.7: The measured hole linewidths rh ole for ions 40 µm beneath t he surface (left) and within
microns of the surface (right). The larger errors for the surface measuren1ents are due to a reduced
signal compared to the deeper ensemble. The data points for a delay of 1 s between burn and scan
are also included, which exhibit an unexpected decrease in linewidth (see text for further detail) .
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of the centre frequency of the bulk inhomogeneous line, narrow holes were observed with
rhole

= 52 ± 8 kHz. In total, eight regions with inhomogeneous line profiles similar to the

example in Figure 6.8 were investigated. All were shifted by less than the bulk inhomogeneous linewidth (4.5 GHz) and possessed no significant excess broadening. Overall , the
average homogeneous broadening was observed to be

rh

= 26 ± 4 kHz.

Narrow inhom.ogeneous linewidths in large stress fields

Although many weakly perturbed sites could be located at the surface in the proximity of
the scratch, there were very few surface regions where narrow inhomogeneous profiles with
large shifts in their centre frequency were observed. Figure 6.9 illustrates the hole-burning
data from the only site of this type investigated in the current study. It was observed
in a region close to the bottom edge of HS (approximately at coordinates (1.1, 0.45) in
Figure 5. 7).

As shown in the inset, the inhomogeneous line was frequency shifted by

approximately -7 GHz, and the FWHJVI is 4.8

± 0.1

GHz, slightly greater than the bulk

linewidth. With the burn frequency set at an offset of approximately -8 GHz from the bulk
line centre frequency (494.71740 THz) the measured hole linewidth was 51

± 7 kHz.

However, a sharp decrease in the signal intensity was observed when repeated 1neasurem ents were made with the laser locked at this frequency. Figure 6.9 shows the resultant
signals from two consecutive measurements. To highlight the difference in signal level
between these two 1neasurements, the vertical axis is the average counts p er shot, rather
than the total integrated count. The initial signal level could b e reproduced by rep eating
the n1easurement after unlocking the laser , and scanning repeatedly over 10 GHz. This
observation is discussed in Section 6.6.2.

Broad inhomogeneous linewidths due to increased static disorder

The final category of site investigated were located in regions that exhibited significant
excess inhon1ogeneous broadening.
increased

These regions could be identifi d as regions of

tatic disorder by the large inho1nogeneous broadening that extended for

more than a 6 µm depth (see Section 5.8.1).

Figur

6.10 illustrates the hole-burning

data fro1n one of the investigated sites in this category.

The inset shows part of the

inhomogeneous line sp ctru1n , which extends beyond the range of the scan . The apparent
structure n1ay be due to one of the two orientational components er ated by the stress field.
\Vith the burn frequency at offsets of +7.67 GHz (494 .73317 THz) and + 5.87 GHz

(494 .73137 THz) respectively, no hole was ob erved .

However, holes were obs rved

at burn frequency offsets of O GHz (494 .72558 THz) and -5.2

GHz (494. 72030 THz),

respectively. Th hole burnt at zero frequ ncy offset exhibit d a FWHM of 35
whereas at an off et of -5.2

±

7 kHz ,

GHz, th hole broadened by approxi1nately a factor of two.

Homogeneous broadening in high sp atial resolu tion
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F igure 6.8: An example hole sp ectrum fro m a region exhibit ing a narrow inhomogeneous line
(inset), shifted by approximately +1. 5 GHz fr om t he bulk centre freq~ency. T he dashed line in
the inset indicates the burn fre quency, whilst t he red curve shows the Lorentzian fit to the data.
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Figure 6.9 : Example hole spectra from a region in which the narrow inhomogeneous line (inset )
is frequency shifted by -7 GHz compared to the bulk rih = 4.5 GHz. The larger signal was
typical of the first spectrum taken after locking the laser at this frequency. The s1naller signal was
observed in identical 1neasurements immediately following the first. The mechanism causing the
signal reduction is thought to be a shift in hyperfine transition frequency due to the stress field
(see Section 6.6.2) .
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Figure 6.10: Example hole spectra from a region demonstrating the effects of significant distortion.
The inhomogeneous line spectrum (inset) is significantly broader than the bulk line and extends
beyond the shown scan range . The holes burnt at different frequencies exhibit significantly different
linewidths, which is discussed in Section 6.6.2.

This behaviour was observed for all four regions of this type investigated. Depending on
the frequency of the burn within the observed inhomogeneous spectrum, holes ranging
from 35 - 200 kHz were observed . Notably, narrower holes were observed with the burn
frequency set to the centre frequency of the bulk inhomogeneous line. There were also
burn frequencie within the observed inhomogeneous line at which no holes wer observed
using the burn-scan method with the AOIVIs. However , burning with the laser unlocked ,
which increases the linewidth to 1 fHz , and scanning over 1 GHz with the internal laser
scan, yielded holes at these frequenci8s on the order of 10 fHz in width.
A discussion of the observed homogeneous linewidths and hole-burning dynamics follows in Section 6.6.2. The discussion al o includes the in1pact of these results on the f asibility of creating rar -earth waveguides that preserve bulk cry tal coherence times .
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Implications for miniaturisation and future work

For rare-earth-ion quantum hardware to allow sufficiently low error rate operation
for applications in quantum co1nmunication and computation the narrow homogeneous
linewidths achievable in bulk samples are required (see Section 6.1). Therefore, for waveguides to be a viable architecture for rare-earth-ion quantum technology, the bulk rh must
be preserved at the surface and in regions of residual stress. The high spatial resolution hole-burning study has examined both these regions of interest and the results are
discussed in the following sections. In addition , the consequences of the observed homogeneous properties on waveguide manufacture for quantum technology are examined.
Finally, avenues for further studies are presented.

6.6.1

Near-surface ions

The ho1nogeneous linewidth at the surface of the crystal was determined to be

rh = 23 ± 5 kHz. This agrees with the bulk value measured via reflected photon echoes
(rh = 18.0 ± 0.7 kHz), to within the uncertainties of the measurement. The sampled
homogeneous linewidth from a depth of 40 µm was also consistent with the bulk value .
As discussed in Section 6.4, these linewidths are significantly larger than the 2.9 kHz
linewidth 1neasured at 1.4 K [172]. However, the increase in broadening is attributed to a
larger contribution from phonon interactions at the current operating temperature of the
cryostat.
The investigation also demonstrated that spectral diffusion is not significantly contributing to homogeneous broadening on a time-scale of 1 s. In particular , this result is an
indication that effects producing excess homogeneous broadening and spectral diffusion
can be absent at the surface . It is noted that in a previous comparison between bulk and
waveguide samples a significant difference between the longer-term spectral diffusion was
observed despite similar short-tenn coherence properties [194].
Rather than observing an increase in broadening due to spectral diffusion , the average hole linewidth narrowed by approximately 10 kHz for both the near-surface and bulk
ions. In particular , the spectral diffusion measurement for the near-surface ions was consistently narrower than the measurements at a shorter delay. Considering the statistical
distribution determined by the eight measure1nents at a 10 ins delay, the observed set of
three 1neasure1nents for the near-surface ions is predicted to occur with approximately 1%
likelihood. Therefore, further 1neasurements would be required to determine whether the
observed results are a statistical artefact or a real effect.
-

Given that a narrowing of the average hole linewidth also occurred for ions 40 µ1n
beneath the surface, it is unlikely that any contributing effect is related to the proximity
to the interface.

The difficulty of attaining teinperatures sufficiently low to minimise

phonon interactions suggests that the observation could be related to temperature.

Homogeneous broadening of ions perturbed by surface dam age
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Higher resolution measurem ents are discussed in Section 6.6.3 , which would provide
valuable additional data to investigate this observation further.
The demonstrated preservation of the bulk homogeneous linewidths adds weight to
the argument that the 1 GHz excess inhomogeneous broadening observed near the surface
in Chapter 5 was due to sub-micron surface damage.

If the excess inhomogen ous

broadening resulted from increased static disorder due to the surface, the work of
Niacfarlane et al. [103] would suggest that excess dynamic disorder would also be present.
As discussed in Section 5. 8 .1 , crystalline surfaces with nanometre-scale roughness can
b e achieved to eliminate surface d amage that causes inhomogeneous broadening due to
unresolved structure. Therefore, it is probable that the bulk inhomogeneous linewidths
can also be preserved at the crystal surface .

6.6.2

Ions in environments of high residual stress

The previous section has addressed the primary aspect that could restrict the use of
waveguide architectures for rare-earth-ion quantum technology: the inherent homogeneous
properties of the near-surface ions. In the current section , the homogeneous linewidths of
ions subject to residual stress resultant from micron-scale scratches on the crystal surface
are discussed. The b ehaviour of ions subject to large stress fields represents an important secondary asp ect that could degrade the performance of rare-earth , waveguide-based
quantun1 devices .

Regions where excess static disorder is absent

The investigation initially considered regions that exhibited inhomogeneous broad ning
comparable to t he ions in the bulk of the sample. Two types of regions were prob ed
based on the magnitude of the stress shift to the narrow inhomogeneous line. Firstly,
regions where the residual stress field was weak compared to the natural tress variation
throughout the crystal were examin d. Ions in such regions exhibit d a fr equency shift of
the inhomogen ous line less t h an the bulk linewidth (4 .5 GHz). Secondly, one region in
which the residual stress field createq. a frequency shift approximately equal to twice the
bulk lin width was also investigated.
In both cas s , the measured homogeneous linewidth was

rh =

26

±

4 kHz. This rep-

r sents increased broadening on the ord r of 4 kHz comp ared to the bulk ions. Therefor ,
the observed increase in

r h is close to th

level of uncertainty in t he current methods. This

determines that the study would benefit from the higher re olution techniques discussed
in Section 6.6.3.
A possible mechanis1n for this small increase in broadening is long-range coupling to
TLS [242]. Th imaging presented in Chapter 5 highlighted the xistence of extremely
distorted regions dos to t he scratches . These include the polycrystalline material in the
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built up regions on the left hand edge of VS and top edge of HS (see Figure 5.7). In
addition, highly distorted sites are likely to exist in the plastic zone that forms beneath
the scratch indentation. In these regions, interactions between the ions and TLS could
produce dynamics similar to those observed in glasses [101, 103, 208].
The results of Meltzer et al. [242] indicate that the increased dephasing rate observed
here is consistent with weak coupling between the electronic transition and TLS at an interaction length on the order of 1 µm. Meltzer et al. discuss an elastic dipole-dipole model
for the interaction between rare-earth ions and TLS. This model was developed in the
context of studying the homogeneous linewidths of nanocrystals embedded in oxyfluoride
glass ceramics. Below a particular threshold interaction distance r c, the broadening due
to TLS remains constant. For the two systems studied in Reference [242], r c was approximated to be 9 nm. For interaction lengths greater than r c, the broadening scales as a
dipole-dipole interaction: rh ex r- 3 . Given the 0(100 MHz) homogeneous broadening at
4 K observed for 23 nm diameter Pr 3+:LaF3 nanocrystals embedded in a glass ceramic, a
broadening contribution of 0(1 kHz) is expected for r

= l µm.

Clearly, this analysis is based on two significant assumptions. Firstly, that the spatial
density of TLS in distorted regions of Y 2Si0 5 is similar to that in a glass ceramic. Secondly,
that the relaxation rate of TLS in the current investigation is equivalent to the system
studied in Reference [242]. However, if the dipole-dipole model holds for r ~ l µm, the
expected level of broadening is consistent with the observations from the experiments
presented here.
To conclusively demonstrate the link between the excess dephasing and TLS in this
case requires further study. Specifically, an investigation to determine the temperature
dependence of the broadening would allow comparison with the known dependence of
TLS interactions in disordered systems. As mentioned in Section 3.2.3 , the homogeneous
broadening in disordered systems exhibits a linear dependence on temperature (rh ex T)
as opposed to the rh ex T 7 relationship in high quality single crystals. The options for
future work on the coupling to TLS are discussed in Section 6.6.3.

Loss of signal in regions possessing large residual stress

The reduction of hole-burning signals in regions with narrow inhomogeneous linewidths
was presented in Figure 6.9. As mentioned , repeatedly scanning the unlocked laser over a
bandwidth of 10 GHz and repeating the hole-burning measurement reproduced the typical
signal level. One mechanism consistent with these experimental observations is a shift of
the hyperfine state energies due to the stress perturbation. Because the crystal field also
influences the hyperfine quadrupole interaction (see Section 3.2.1) a significant stress field
would also produce shifts in the zero field spin-state splittings.
Investigations of the satellite structure on the inhomogeneous line in bulk crystals have
demonstrated the significant shift in hyperfine transition frequencies that can accompany
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shifts in the optical transition [17, 170]. Such frequency shifts anse from a change in
crystal field due to the same p erturbations that produce inhomogeneous broadening , such
as impurities [17]. For example, a satellite line (lab elled B) in 1% La 3 + :EuC13
possesses a

+7 GHz

·

6H 2 0

shift in its optical transition fr equency and a 300 kHz ,shift in one of

its ground state hyp erfine transitions [17]. A shift in the hyperfine transition frequency of
that magnitude would determine that the repumping process in the hole-burning sequence
would becom e much less effective , resulting in significantly less signal. Because the hyperfine structure is critical to the operation of rare-earth-ion quantum technology, future
studies will also need to investigate such effects .

R e gions exhibiting e xcess static disorder

The other type of region explored was highly distorted sites that demonstrated significant
excess broadening compared to bulk ensembles . In these regions extrem e p erturbations to
the homogeneous linewidth were observed. The linewidths of the holes prep ared via the
burn-scan sequence on the AOM ranged from 35 - 200 kHz dep ending on the inhomogeneous line profile and the burn frequency.
At som e burn frequencies, no holes were observed . The absence of a hole sp ectrum
could indicat e that the spin relaxation rate of the ground state hyperfine levels h ad
increased significantly, thereby redist ributing the population changes caused by optical
pumping. However, burn-scan sequences with the unlocked laser demonstrated that holes
could be achieved at these frequencies . Therefore, the absence of a hole spectrurn was due
to the homogeneous linewidth exceeding the bandwidth of the measurement p rformed
with the AO Is (2 l\lIHz) rather t h an a reduction in the hyperfine state lif time. The
observed linewid ths in such cases was O (10 MHz).
The significant exc ss broadening observed in regions possessing exc ss static di order
1s consistent with coupling to TLS [101 , 103 , 208].

As noted previously, the pr sence

of polycrystalline material and the plastically d formed region provides a source of TLS
in the studied sample. The variation in broadening is thought to be produced by th
spatial variations in TLS density, relaxation rate, and t he interaction distance. Therefore ,
the frequency dependence of the hole linewidth within a single a1npled volume (as in
Figure 6.10) reflects the local environ1n nt of the ensemble . As di cuss d above, a linear
te1nperature dependence of the broadening would provide definitive evid nee of the xc ss
broad ning resulting fro1n interactions with TLS.

Imp lications for waveguide d evices

The results of the homogeneous broadening study of ions highly p rturb d by residual
stress d monstrate sev ral important consideration for waveguide-based, rare- arth-ion
quantum computing. It has been proposed that the excess broadening of th homogeneous
linewidth observed in thi inve tigation is consistent with coupling to dynamic disorder
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fHz) broadening within plas-

tically deformed or polycrystalline regions but can also lead to broadening on the order of
4 kHz in regions at a distance of a micron away. As discussed in Section 6 .1 i even excess
broadening on the kilohertz-scale determines t h at achieving the low error threshold for
fault-tolerant computing becomes extremely ch allenging .
However regions possessing high levels of dynamic disorder are not an inherent consequence of waveguide fabrication . Therefore, this source of broadening does not ultimately
prevent achieving bulk coherence t imes in a waveguide structure. Even if surface damage is pre ent broadening due to dynamic disorder modes can be made arbitrarily small
by reducing the characteristic size of the damage to the nanometre-scale. Additionally,
operation at lower temperatures would further reduce any broadening contribut ions from
interactions with TLS [101 , 103; 209].
Therefore if regions containing polycrystalline and plastically deformed material are
avoided in t he waveguide fabrication technique, the bulk properties of ions should be
preserved in this type of miniaturised architecture.

This determines that there are a

large range of fabrication possibilities t h at can be investigated for on-chip ; rare-earth-ion
implementations of linear optics quantum computing .

6. 6. 3

Extensions to existing method

There are several improvements to the apparatus that would allow important extensions
to the current stud . The most critical of these is to improve the operating temperature
of the er ogenic system; ideally to reach 1.4 K. Such temperatures must also be achievable without introducing significant vibrational noise. This would allow the measurement
of homogeneous linewidths free from phonon broadening contributions and allow accurate ten1perature-dependent studies of

rh.

As mentioned in the previous section ; this is

particular 1 relevant to the investigation of TLS broadening in regions of high residual
tress .
The use of coherent techniques uch as photon echoes would also allow increased resolu ion on both long and hort time-scales . To allow readout in a confocal configuration;
a

11 /

2-pul e i required concurrent with the echo signal to n1ap the coherence onto a pop-

ula ion in ersion.4 The increased re olution could more accurately mea ure any excess
broadening due to long-range TLS interac ions. A stin1.ulated; or three-pulse , echo [154]
mapped on o population would also allow mea urements of spectral diffusion for timescales long co1npared to T2.
All the ext en ion

de ailed 1n Section 5. 6.2 would also enhance the homogeneous

line rid h measuremen . In particular, the abili

to image the ample in the cryostat

-ould allow a focu on the homogeneous proper ie of the ions within the plastic zone.
4

This rpe of pulse sequence is commonl u ed in stems of nuclear pin where t he detection t echnique
1s ensi i e o population. For example ee References (42) and (260).

176

Homogeneous broadening of ions perturbed by surface damage

In addition, it may be possible to characterise the long-range interaction ·w ith TLS by
mapping the homogeneous broadening as a function of separation from highly distorted
sites.
Future experiments would also concentrate on performing a similar study on rnaterials that are better suited to low error rate quantum computation. These include
153 Eu 3+:Y Si0 and 153 E uCl3 · 6D 0, in which sub-kHz frequency resolving techniques
2
2
5
would be necessary. The narrow inhomogeneous linewidths of these materials [68, 74] also
provide a frequency resolution advantage for repeating the study performed in Chapter 5.

It would also be of interest to examine the properties of the hyperfine transitions
in the presence of significant stress.

Such a study would b egin by performing double
resonance spectroscopy [170] on a bulk crystal of Pr 3+ :Y 2 Si0 5. This would allow a
determination of the perturbations introduced on the quadrupole interaction by the
natural variation of stress throughout the crystal.

This could then be extended to

O ptically D etected Nuclear M agnetic R esonance (OD NMR) [26 1] imaging in high
spatial resolution .

To achieve the rf excitation in the tight confines of the optical

microscopy cryostat, a strip line similar to that used in R eferences [260] and [262) would
be required.

6. 7
6.7.1

Summaries
Chapter Summary

The homogeneous linewidths of ions within microns of the surface of a Pr 3+ :Y 2SiOs crystal
have been measured via hole-burning spectroscopy in high spatial resolution. The cutting
of 1nicron-scale scratches on the crystal surface formed polycrystalline regions , a plastically
deforn1ed dan1age zone. and a residual stress field in the surrounding material. Regions
could then be classified in terms of th

additional static disorder present compared to

the bulk. These regions could be identified via the mea urement of the inhomogeneous
line parameters, and the corresponding homogeneous properties were investigated. The
properties of ions near the crystal surface and ions in regions of large residual st res are
crucial for rare-earth-ion waveguides to be utilised for quantum computing.
A reflected photon echo technique allowed the measure1nent of the homog neou
linewidth of the bulk ions . which was 1

±

0. 7 kHz. This indicated a significant phonon

broadening contribution due to a lightly elevated crystal temperature. Thi measurem nt
then established a reference for the high spatial resolution studies.
High patial resolution hole-burning m asurements on the ion within microns of the
surface yielded

rh =

23

±

5 kHz. which is con istent with the bulk value. In addition,

no broadening contribution du to pectral diffu ion was ob erved on a time-scale of 1 s.
However. in region of re idual tre

due to micron- cal

urface scratches an increase
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In

regions where the stress field resulted in a narrow , frequency shifted inho1nogeneously
broadened lines , the homogeneous linevvidth was broadened by approximately 4 kHz. This
was attributed to long-range interactions with TLS. In regions where the inhomogeneous
line was significantly broadened , the homogeneous linewidth ranged from 18 kHz to 5 NIHz.
In this case, a variation in the interaction distance between the electronic transition and
TLS was proposed as the cause of the range of excess broadening. The source of the TLS
was polycrystalline material at the crystal surface and sub-surface plastic deformation
regions.
Therefore, this study has illustrated that the appealing coherence properties of
Pr 3+ :Y2 Si0 5 are preserved for ions within microns of the crystal surface. Additionally, it
is proposed that by avoiding polycrystalline or inelastically deformed regions in waveguide
fabrication , stress fields will not cause excess homogeneous broadening compared to the
bulk ions. Consequently, rare-earth-ion components for linear optics quantum computing
should perform at least as well as the demonstrations in bulk crystals . Further , as detailed
in Section 2.3 , a successful waveguide architecture should allow significant improvements
to rare-earth-ion quantum technologies such as sources and memories. Therefore, there are
realistic opportunities for significantly scaling linear optics quantum computing utilising
an on-chip architecture with active rare-earth-ion components.

6.7.2

Summary of overall study

To investigate the feasibility of miniaturising rare-earth-ion quantum technology, Chapters 4, 5, and 6 have presented a thorough study of stress in Pr 3+ :Y 2 Si0 5 in micron spatial
resolution. The result is the development of a suitable technique for waveguide characterisation and a set of guidelines to enable waveguide architectures for narrow inhomogeneous
and homogeneous linewidths. Adherence to these guidelines should provide opportunities
for the integration of high p erformance rare-earth-ion components for use in on-chip , linear
optics quantum co1nputing.
In Chapter 4, the piezosp ectroscopic properties of Pr 3+ :Y 2 Si0 5 were measured in a
bulk crystal hole-burning study. This characterisation highlighted the 0(100 kHz/ kPa)
sensitivity of the praseodymium dopant to stress , and the ability to use stress dynamically to enh ance quantum memories.

These results were then used in Chapter 5 to

examine the inhomogeneous line profile of ions near the crystal surface and in regions of
high residual stress due to surface damage. The inhomogeneous line study demonstrated
that large residual stress did not inherently result in large excess static disorder. Additionally, the rapidly varying stress shifts were shown to be potentially useful in creating
waveguiding structures , and thin absorption regions to aid single rare-earth ion optical
detection. Finally, in Chapter 6 the high resolution confocal spectroscopy technique was
applied to perform a hole-burning study of homogeneous linewidths of the near-surface
ions. The results indicated that bulk ion prop erties are preserved at the crystal surface.
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However, the importance of eliminating the production of highly distorted regions within
the crystal was demonstrated with both short-range and long-range interactions between
ions and TLS producing excess broadening.
Overall, the results provide important insights into the ability to fabricate waveguidebased rare-earth-ion quantum hardware. The following is a summary of the guidelines for
successful fabrication of a waveguide architecture for quantum computing.
• To achieve narrow inhomogeneous linewidths on the order of the ground state hyperfine frequency separation (~ 10 MHz), surface damage must be reduced to a
characteristic scale of less than 50 nm.
• The achievement of narrow inhomogeneous linewidths also requires consideration of
the orientation of the stress field to avoid unresolved orientational structure. Similarly, the size of the optical mode compared to the stress shift gradient must also b
considered to prevent excess inhomogeneous broadening.
• To achieve narrow homogeneous lines requires the elimination of polycrystalline 1naterial and plastically deformed regions . This is the case even if the damaged regions
are spatially separated by 0(1 µm) from the region housing the mode of interest .
Although a waveguide architecture for rare-earth-ion quantum computing should be feasible , careful characterisation of the fabricated structures will be required to optimise
the hardware in relation to these guidelines. This can be achieved by incorporating th
current techniques used in this work and the extensions suggested in all three chapters
into an improved spectroscopic technique that provides high resolution both spatially and
spectrally.
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As discussed in Chapter 2, solid-state rare-earth-ion systems possess appealing prop-

erties for applications in quantum computation and communication technology. These
materials offer the rare if not unique , combination of optically addressable hyperfine
levels and long coherence times for both optical (up to milliseconds) [67, 68] and spin
transitions (up to hours) [1 1].
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The previous three chapters examined the potential to construct rare-earth-ion
waveguide architectures.

In particular , they addressed one of the main hardware

liinitations preventing scalability in linear optics quantum computing using rare-earth-ion
components: the link between miniaturisation and increased dephasing. Chapters 7 - 10
examine the hardware limitation preventing scalable frequency-based quantum computing: the inability to perfonn state-selective readout of a single rare-earth-ion qubit.
These chapters develop a scheme to directly determine the state of a single ion qubit by
monitoring the fluorescence from an optical transition.
This thesis separates the readout of a frequency-based, single-ion qubit into two
aspects.

The first is to optically detect a single rare-earth ion in a regime where the

hyperfine states comprising the qubit are well resolved. The focus of the current chapter
is to define this regime . Chapters 8 and 9 then detail the development and testing of a
suitable readout technique. The second aspect is to create rare-earth-ion transitions that
allow the spin-state to be preserved upon repeated optical cycling. A proposal to realise
such cyclic transitions is the subject of Chapter 10. Thus , the four chapters as a whole
establish a new direction for realising frequency-based quantum computing at the single
ion level in rare-earth systems (see Section 2.3.1) .
The current chapter examines the elements to allow single ion , state-selective readout.

These are maximising the signal-to-noise ratio to minimise state assignment

errors, and minimising errors due the readout process itself. Important signal-to-noise
ratio considerations are introduced via a historical p ersp ective of single emitter optical
detection. This also emphasises the challenges and recent successes in single rare-earth ion
optical detection. This overview is followed by an analysis of the readout rror introduced
by homogeneous broadening. A maxiinum homogeneous linewidth is determined, below
which high fidelity hyperfine tate readout is possible. As will be detailed in Section 7.2 ,
this requirement is met by pursuing single ion optical detection in a bulk crystal at
cryogenic temperatures. The homogeneous linewidth bound is then applied in a case study
of the recent optical detection of a single praseodymium ion by Kolesov et al. [95] .
The ability to isolate a single ion in a bulk crystal at 4 K for detection is then discus ed. A suitable technique to achieve the required isolation is confocal microscopy. The
resolution. background rejection , and collection efficiency of this technique are analysed
in Section 7.5. Thi highlights possibl deficiencie for ingle rare-earth-ion detection in
a bulk crystal. The chapter conclude with an examination of the signal-to-noise ratio
of correlation-based and inten ity-ba ed mea ur ment trategie , which heavily influences
the direction taken in this work.
Chapter

- 10 extend the investigation begun in the current chapter. In particular,

the e chapter follow from the analysis of the confocal microscope. This analysi highlight
that the optical sectioning ability of th confocal micro cop may not be ufficient to resolve
a single ion in a continuously doped sample (see Section 7.5.4). To addre

thi challenge
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Chapter 8 details two 1nethods for achieving sub-diffraction-limited resolution in rareearth crystals : one based on Ground State Depletion ( GSD) [263], and the other on a new
Stark-activated technique. Chapter 9 then exp erimentally characterises the performance
of the Stark activation technique in relation to single ion detection in a bulk Pr 3+ :Y 2 Si0 5
crystal at 4 K. The study of state-selective optical readout for single ions concludes in
Chapter 10 with a proposal to achieve cyclic transitions in rare-earth-ion systems . The
proposal focuses on tuning the spin selection rules via the Zee1nan interaction to achieve
cyclicity.
Overall , these four chapters establish a protocol to allow state-selective optical readout
of a single rare-earth-ion qubit for frequency-based quantum computing.
Working at the single-ion level offers a tremendous enhancement in scalability (see
Section 2.3.1).
a single ion.

However, only vertical scaling is increased by optical state readout of
To harness the potential of horizontal scaling in rare-earth systems, the

interaction between a single photon and a single ion must be increased. Larger interactions
are possible by coupling an ion to the macroscopic mode of an ultra-high quality factor
resonator [264, 265]. Furthermore, cavity coupling schemes offer alternate methods for
achieving state-selective readout [265, 266]. Appendix C provides_a brief introduction to
the proposal based on whispering gallery mode resonators and the characterisation of a
pron1ising rare-earth-ion material to achieve large ion-photon interactions.

7 .1

Historical perspective

The develop1nent of single emitter optical detection encompasses a much broader range
of scientific endeavour beyond applications for quantum computing [267 , 268 , 269 , 270].
In the following section some examples of prominent achievements in the field of single
e1nitter optical detection are provided to introduce different approaches towards single
emitter isolation. Section 7.1.2 then specifically concentrates on the development of single
rare-earth ion detection.
The regnne of single emitter detection offers many possibilities unattainable in
large ensen1ble systems [271]. By achieving single emitter resolution, measurement is
freed from the averaging effects of the ensemble that 1nay mask or even distort the
underlying physical properties of the individual emitters. This new regime can enhance
understanding of physical systems [272 273] confirm theoretical proposals [27 4, 275],
or expose undiscovered physical processes [268 , 276 277]. In addition, single quantum
systems are typically very sensitive to perturbations and can act as high resolution
probes of the surrounding environment [107 278].
One of the main factors that motivated single emitter optical detection was the desire
for highly sensitive detection of trace elements in gas samples [279 , 280] . This motivation
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was complimented by the fledgling field of quantum optics , which arose from the deba t e
over the n ature of light (see Section 1.1.2). The latter was to produce the first evidence of
single atom optical detection [274] , from which multiple fields in physics , chemistry and
biology developed .

7 .1.1

Development of resonant optical detection techniques for single
emitters

In 1974, Clauser was the first to conclusively discriminate between the predictions
of classical and quantum field theories for light [274].
correlations from a
classical 1nechanics.

202

By examining the emission

Hg cascade source, Clauser proved a violation of the statistics of

The cascade source harnessed the two-photon radiative decay of

single atoms, following excitation into high lying energy levels by ultraviolet radiation
or electron bombardn1ent [281 ]. At both photon energies Clauser observed an absence
of two photon coincidences on a time-scale short compared to the mercury excited state
lifetimes. This phenomena is now known as anti-bunching and is shown in Figure 7 .1.
Clauser 's data indicated that the signal was predominantly generated by single atom
events. However , the Poissonian distribution of mercury atoms in the collection region
detennined that there were also a non-zero number of higher atom-number events. These
atom nlunber fluctuations provided a noise source that reduced the clarity of the single
ato1n anti-bunching signal.
Single ato1n detection was also investigated by investigating the limits of resonant
laser spectroscopy [279 , 280 , 282 , 283 , 284]. Compared to the cascade source, resonant
laser techniques provided high spectral selectivity in excitation.

This minimised fluo-

rescence from transitions other than the one of interest . In 1975 , a r sonant technique
allowed optical detection down to the single atom regi1ne in a low density so dium
vapour [279]. The mo t ignificant example of single atom research in sodium vapour in
th late 1970s was the demonstration of anti-bunching by Kimble et al. [285] . However,
si1nilarly to Clauser three years earlier, the second-order correlation function

2

g( )

indicated

that, on average, more than one ion was present . This was again due to the atom number
fluctuations in the collection volume. Figure 7.1 illustrates the differenc between

2

g( )

for

a ingle emitter and for an ensemble.
In re ponse to the atom numb er fluctuations experienced in low den ity atomic vapours,
alternative techniques for the isolation of ingle emitters w re developed.

One such

1n thod was demon trated by Neuhauser et al., who were able to trap an i olated barium
ion in a P a ul trap at roo1n temperat ure [2 7]. Although , in this case

2

g( )

measurements

w re not 111ade . images of the individual particle were recorded by monitoring its
fluorescence in 10 minute expo ure on fihn.

§7.1

Historical perspective

183

0.7

g(2)(T)

0.6

----

1:...__.,

,...._,
N
.___,

(I(t)I(t+T))
(I(t))2

0.5

0)

0.4
0.3

-

A single emitter

-

2 emitters
5 emitters
10 emitters

0.2

0.1
0 '--------'-------'------'--------'----~----'--------'----~---~-

-8

-6

-4

-2

0

2

4

6

8

T/T1
Figure 7.1: An approximation [286] to the second order correlation function 9( 2 ) for 1, 2, 5, and
10 ions in the absence of noise.

The most comprehensive investigation of the non-classical behaviour of single emitters
1n ion trapping schemes was the trapped magnesium ion experiment of Diedrich and
Walther [288]. They were able to demonstrate the difference in anti-bunching produced
by one, two and three ions respectively, and the dependence on excitation power. They
also demonstrated sub-Poissonian statistics of the collected fluorescence.

Importantly,

these experiments probed exactly one ion, rather than one ion on average. These early
experiments established the foundation of the extremely successful trapped ion quantum
information processing schemes that exist today [34, 289].
Another solution to the finite atom fluctuations experienced 1n atomic vapour systems was proposed in 1979 by Siisse et al. [290]. The concept was to utilise impurity
centres held rigidity in a solid-state lattice to enable the observation of non-classical
radiation. Ho-wever , single emitter detection in the solid-state was not achieved for almost
another decade. In 1988, Lange et al. performed low temperature (77 K) spectroscopy
on dilute Sm2+ :CaF2 samples [291]. Although not performing anti-bunching correlations,
which have now become the quintessential test of the presence of a single emitter, the
fluorescence intensity and position-dependent statistics provided strong evidence of single
ion resolution. 1
1

(4f 6 )
transition. In contrast to the weak 4f N +--+ 4f N transition strength, the transitions between states belonging
to different configurations are parity allowed and hence , are much stronger oscillators [164].

It is also noted that the transition probed for the divalent rare-earth ion was the A 1 u(4f 5 5d)-+

T1 9
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The following year, Moerner and Kador performed single emitter spectroscopy on a
molecule of p entacene in a p-terphenyl host crystal at liquid helium temperatures [292].
Rather than correlation measurements , frequency modulated spectroscopy was performed
to eliminate the effects of random background fluctuations . The characteristic single
emitter anti-bunching curves ·were achieved for organic molecules in solid-state matrices
by Basche et al. in 1992 [293]. The usefulness of these systems as single photon sources
was extended by the work of those including A1nbrose et al. [294] and Fleury et al. [286]
who achieved non-classical photon statistics at room temperature .
The 1990s marked the emergence of numerous other solid-state schemes for single
emitter detection , driven by the desire for single photon sources , and fluorescent markers
for biological syste1ns .

Such sche1nes include the Nitrogen-Vacancy (NV) centre in

dia1nond [295 , 296], and qu ant um dots [297, 298 , 299].

These systems have led to

numerous technological advances in quantum technologies [50, 52], imaging [300 , 301],
and sensing [50 , 107, 302 , 303], which highlights the potential for optically detectable
solid-state single emitters.

7.1.2

Single rare-earth-ion detection

Since the experi1nent of Lange et al. in 1988 [291 ], there has been relatively little research
into single r are-earth emitters . This is partly due to the success of other solid-state
syste1ns, such as those listed above, and partly due to the difficulties in detecting trivalent
single rare-earth ions. The narrow 4f N +--+ 4f N optical transitions in rare-earth-ion systems
aris b ecause the transition is only very weakly allowed (see Section 3.2.4) . Hence, the
excited state po sess extrem ely long lifetimes . The resultant photon emission rate is
10 3

-

10 4 t imes less than for emitt rs such as trapped ions or the NV centre in diamond .

Combining this low emission rate with non-ideal collection and detection efficiencies yields
signals on the order of 10 - 100 counts p er second . This is similar to the level of noise
(dark counts) inh rent in many single photon resolving detectors.
Ther

are exan1ples where low ion-numb er optical detection has been investigat d.

Jaffe et al. p erforn1ed dilution line narrowing spectroscopy on p arts p er billion Eu 3 + doped
Si0 2 single 1node fibr es [304] observing evidence of emission from 0 (10) ions. Another
exa1nple is th work of R odrigues-Herzog et al. [305] who studied S1n 2+ :CaF 2, the material investigated earlier by Lange et al. [291 ]. However, in t hi. cas t he samples were 0.42
- 1.5 fLln thick films grown by molecular beam epitaxy [305]. The strong on-off blinking behaviour. and single-step photo-bleaching ob rved in regions tudied by confocal
n1icro copy. provided Yidence for single ion detection in an inorganic cry tal.
Barne et al. also observed blinking behaviour and 1nultiple discrete bright states in
Eu 3 +:Y 2 0

3

nanocrystals [306. 307]. The us of doped nanocrystals has continued to b e a

prevalent n1ethod to probe the single ion regime because of the high degree of spatial isolation it provides [95] . In 2002. B artko et al. imaged the dipolar emi ion p attern for single
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Eu 3+:Y 20 3 nanocrystals, which again provided evidence for single ion detection [308]. In
addition to the work done in Eu 3+:Y 20 3, Malyukin et al. have completed similar studies
with Pr 3+ :Y 2Si05 nanocrystals [309, 310].
Despite performing measurements in the single ion regime , these examples focus on
systems that are dramatically different to the focus of the current work. Divalent rareearth ions have allowed transitions [164] resulting in higher emission rates and significantly
broader transitions. Similarly, the homogeneous linewidths of ions in glasses and nanocrystals are several orders of magnitude greater than in high quality bulk crystals [102 , 209]. As
will be discussed in Section 7.2, these systems may allow optical detection of a single ion's
hyperfine state, but they are unsuitable for fulfilling the requirements for frequency-based
quantum computing.
To conclude this literature review, three recent results in single rare-earth-ion optical
detection are given particular attention. These are the detection of single praseodymium
ions in Y 3Al5 012 by Kolesov et al. [95], the single erbium study in silicon devices by
Yin et al. [273], and the optical detection of a single praseodymium dopant in Y 2Si0 5
nanocrystals at liquid helium temperatures by Utikal et al. [96]. This is followed by a
discussion regarding the progression from single ion optical detection to reading out the
hyperfine state of a single-ion qubit.

Optical detection of single praseodymium ions in Y 3Al5 012
In 2012 , the first definitive evidence of the detection of a single rare-earth ion was achieved
by Kolesov · et al. [95]. The critical factor in this achievement was the order of magnitude
increase in the photon emission rate via excited state absorption to the 4f 15d(2) state.
The resultant 0(1 MHz) emission rates allowed the single emitters to be observed in
nanocrystals and ion-implanted macroscopic crystals, despite the limitations of photon
collection. Thus , single ion optical detection was achieved via coupling the weak 4f 2 -+ 4f 2
transition to a much stronger resonator: the 4f 15d(l) -+ 4J 2 transition. An evaluation
of the up conversion technique in relation to the focus of the current work is presented in
Section 7.3.

Hybrid optical-electrical detection of single erbium ions in silicon
Recent work by Yin et al. highlights a novel hybrid technique that provides another
pathway for future rare-earth quantum hardware [273].

The combination of optical

excitation with electrical detection has allowed single erbium ions to be detected in
silicon. Erbium is implanted into- the channel region of a commercial FinFET ,2 which
is configured to be sensitive to the charge of a single electron. The charge modification
due to the removal or addition of a single electron is sufficient to cause a significant
2

A Field Effect Transistor whose architecture is based upon a thin 'fin ' of silicon.
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ch ange in the tunnelling current through the transistor.

Hence, optically ioni ing the

erbium centre produces the required single electron charge subtraction for the tunnelling
current to switch on. Photo-ionisation is achieved by exciting the 4 I 15 ; 2 -+ 4 I 13 ; 2 optical
transition at

~

1.5 µm. This transition is accessible in the silicon bandgap (1.1 eV) and

has the potential to be very narrow (0(100 Hz)) [311] . Notably, this t echnique was able
to resolve the hyperfine structure of a single

167

Er 3 + ion in small applied magnetic fields.

Several aspects of the results highlight the presence of a stable, single optical centre in this configuration.

Firstly, the well defined two-level current state observed

upon excitation of the erbium is not consistent with a system comprised of multiple
ions. Secondly, the S tatistical F ine Structure (SFS) [312] in the resonant frequenci s of
the transitions indicates that the signal is from a single emitter. That is , it is highly
improbable that two emitters would have degenerate transition energies , whilst large
spectral windows exist where there are an absence of resonant ions. SFS is again discussed
in relation to optical detection of trivalent rare-earth ions in Section 7.6.

Optic al d e tection of single praseodymium ions in Y 2Si05 at 4 K

In 2013 , Utikal et al. reported the optical detection of the 3 H 4 (1)

H

3

P 0 (1) transition in

Pr 3 + :Y 2 Si0 5 nanocrystals at 4 K [96]. The high frequency resolution t echnique allowed
the hyperfine structure of the transition to be resolved and state preparation was demonstrated. 3 In many respects, this technique is very similar to the approach taken in this
thesis. However , there are two critical differences. Firstly, in the work presented in thi
thesis , detection is attempted in a bulk crystal rather than a nano cryst al. Secondly, in th
current work the 3 H 4 (1)

H

1D

2 (1)

transition is prob ed rather than the 3 H4( l )

H

3

P a( l )

transition . The rationale behind these choices are pres nted in the following section , which
discusses the required homogeneous linewidth for high fidelity state-selective optical det ection.

From opt ical d etect ion to st at e readout

The concept for direct optical readout of a single rare-earth-ion qubit is shown in Figure 7.2. Th qubit tates IO) and 11) are two ground state hyp rfine levels and the readout
stat e Ir ) is a particular hyperfine lev 1 of the optical excited state. By applying an inverting pulse resonant with the 11)

Ir ) transition the ion will be excited to Ir) conditional
on the qubit state. If the qubit is initially in state 11), the excitation and consequent relaxation will produce a photon. Because the tran ition is cyclic, the ion relaxes to stat 11).
3

H

Because this t hesi was near co mpletion when t his result was mad e known only brief ref rences to this
work a re included.
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Direct readout with cyclic transition
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Figure 7.2: (upper panel) The concept for direct qubit-state readout via cyclic transitions. When a
qubit is in state 11) resonant excitation drives it to the excited state. Upon relaxation, the cyclicity
of the transition ensures the qubit returns to the init ial state. Repetitive optical excitation can
then be used to produced a sufficient number of photons for high fidelity state readout.
(lower panel) The mechanism for a controlled- JOT gate to allow direct detection to be used in a
designated readout configuration. Two cases are shown: the qubit (control) ion in state IO) and
in state 11). In both cases the readout (target) ion is initialised into the IO) state. Firstly, an
excitation pulse resonant with the IO) state is applied to the qubit (1toq). Three pulses are then
applied to the readout ion, which define a NOT gate. Once the NOT operation is co1npleted a
final 1toq pulse ensures the qubit is returned to its initial state. If the qubit ion was excited a
shift in the resonant frequency of the readout ion is produced due to the interaction between them
(see Section 2.2.1). In this case the NOT gate pulses have no effect. However, if these pulses are
resonant, the state of the readout ion will be inverted . Therefore, the state of a qubit ion can be
mapped onto the readout ion, which can then be used to produce fluorescence.
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This allows the optical transition to be cycled many times to produce a sufficient number
of photons for high fidelity state discri1nination. 4
The critical aspect of this protocol is the cyclicity of the optical transition. For example,
without cyclicity a qubit initially in the 11) state may fluoresce briefly but will b e optically
pumped into a non-resonant hyperfine state aft er only a few cycles . To date , rare-earthion materials that have been considered for frequency-based quantum computing do not
possess cyclic transitions [94, 181). As will b e discussed in Section 10.1.1 , the quadrupole
interaction in these materials introduces sufficient mixing b etween the nuclear spin states
such that the ion can relax from any of the excited state levels to any of the ground state
levels. As a consequence, to 1naintain a fluorescent signal the excitation to

I, ) must

be

resonant with all the ground state hyp erfine levels. Although this h as allowed single ion
optical detection [95 , 96) , fluorescence is no longer state selective.
The examples of single ion optical detection [95 , 96) are preliminary steps towards
state-selective readout. In particular , single ion optical detection demonstrates the ability
to distinguish b etween the fluorescent signal when a single ion is resonant and the system
noise when the ion is non-resonant. This is a ignificant achievement given t he 0 (10 kHz)
emission rates of rare-earth ion transitions. To transform single ion optical det ection into
direct state-selective optical readout requires a cyclic transition. This is the direction
pursued in this thesis. Alternatively, the optical detection of a designated readout ion
can b e applied as a fluor escent sensor for the state of neighbouring qubit ions [313 , 314).
This proto col is discussed b elow to allow a comparison to direct state readout.
The designated readout ion scheme proposed by vValther et al. [314) is shown
Figure 7.3.

The proposal harnesses t he short excited state lifetime of the 4f

H

111

5d

transition of a Ce 3 + ion to read out the state of Pr 3 + or Eu 3 + qubit ions in Y 2SiOs .
For a thorough description and analysis of thi

schem e, the reader is directed to

R eference [315).
Sensor ion readout is mediated by two separate electric dipole-dipole interactions (see
Section 2.2 .1) . These interactions allow logic operations (gates) to be p erfonned on th
states of the qubit and buffer ions . The state of a qubit ion dictate t he resonant condit ion
for a buffer ion . In the case shown, the qubit is in state IO), which allow the buffer ion
to b e resonant with the applied pulse

Kob·

Conversely, wh n the qubit is in state 11), t he

excitation of the qubit ion produces a shift on t he buffer ion via dipole-dipole coupling, and
the buffer ion will not be excited to state le) . If th qubit ion was excit d it is returned to it
original tate. whil t the information has been encoded onto the buffer ion. The readout
stage follows analogously. with the excitation of the buffer ion dictating the re onant
condition of the ceriun1 readout ion. The readout ion can be cycled repeatedly for the
excit d tate lifetime of the buffer ion. By using the buffer ion, t he pro cess can be rep eated
4

Throughout this thesis high fidelity refers to a proce that has a probability of error
for fault-tolerant quantum computing: E < 10 - 4 - 10 - 3 [29. 249].

E

below the limi t
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Figure 7.3: The designated sensor ion scheme for single-ion qubit readout proposed by Wesenberg et
al. [313] and extended by Walther et al. [314]. The qubit and buffer ions utilise the 4f N H
4f N transitions of Pr 3 + or Eu 3 + ions whereas readout is performed on the electric-dipole allowed
4f H 5d transition of Ce 3+. Interactions between the qubit and buffer, and the buffer and readout
allow the readout ion to fluorescence dependent on the state of the qubit (see text for further
detail). Importantly, the readout transition need not be cyclic and ideally the process can be
repeated many times without disturbing the qubit state.

until sufficient photons are collected for a high fidelity m easurement . If :fluorescence was
produced, the qubit was in state 11) whereas the absence of :fluorescence indicates that the
qubit was in state IO).
One advantage of the designated readout ion proposal is that the state of the qubit
ion can b e determined even if the hyp erfine state of the readout ion is not preserved
aft er an optical cycle. Therefore , it can b e employed in rare-earth systems that do not
possess cyclic transitions.

Another advantage of this proposal is that the readout ion

can b e a different element to the qubit ions. This allows the properties of t he qubit ions
and the properties of the readout ions to b e indep endently optimised. However , if cyclic
transitions can b e achieved there are two main advantages of the direct readout method.
Firstly the additional buffer qubit is not necessary, which reduces the resources required
for quantum computing. In addition , errors arising from two-qubit gates are decoupled
from the readout process . Secondly, direct energy transfer between the readout ion and
other qubit ions is avoided [94]. This interaction has been observed between Ce 3 + and
Pr 3 + ions in various m aterials, including Y 2 Si0 5 [316]. The consequences are quenching
of the readout ion :fluorescence and excitation of qubit ions to higher energy levels thereby
irreparably disrupting their state [316].
It is also noted that direct readout can still b e used to create a designated sensor for
-

qubit ions. For example, as shown in Figure 7.2 the application of a controlled-NOT gate
between the qubit and readout ion would b e sufficient to achieve readout whilst preserving
the state of the qubit ion. This would allow the :flexibility of the designated readout ion
scheme to be maintained without the additional errors due to direct energy transfer.
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Homogeneous broade ning limit for optical readout of a
s ingle -ion qubit

High fidelity single-ion qubit readout will require errors arising fro1n the excitation proc
to b e n1inimised. The focus of this section i on the error contribution in dir ct state
readout due to homogeneous broadening . Specifically, an upper bound on the ho1nogeneous linewidth is determined below which an error rate of less than 10- 3 can be achieved.

It is of little benefit if a readout scheme is achieved in a system that cannot off r
the necessary coherence times for high fidelity qubit gate operations. Therefore , the limits
imposed by the requirement of high fidelity gate operations defines the ideal rare-earth
material for single ion state-selective readout.
The gate operations for frequency-based rare-earth-ion qubits are detailed in numerous
references including R eferences [14], [22], [23], and [313]. The bound on the homogeneous
linewidth is determined by the ability to achieve gate error rates below the threshold value
for fault-tolerant quantum computing:

E

< 10- 3 [249]. This homogeneous linewidth limit

is determined by the same factor affecting the fid lity of the quantum memory scheme
as discussed in Section 6.1. These are the rate of off-resonant excitation of the inverting
pulse sequence and the level of decoherence during the appli d operation [17, 94 , 251].
The bound determined in Section 6.1 was

(7 .1)
where 6 is t he mini1num hyp erfine separation relevant to the qubit levels. In general , this
limit det ermines that the qubits must possess the maximum coherence ti1nes achieved to
dat e to allow fault-tolerant quantun1 computing . For example, a hyp erfin separation of

6

= 10 1 IHz bounds t he homogeneous linewidth rh to b elow 100 Hz: a coh rence time of

approxi1nately 3 111s.
As a consequence . the architecture and op erating regi1ne for frequency-based quantum
con1p uting is defined by the need for minimal homogen ous broadening. To date , the
n1ini1num homogeneou linewid ths for any particular rare-earth ion ( 100 Hz - 1 kHz) have
been achieved in high quality. single crys tal bulk amples below 4 K [1 3]. Therefore,
the focus of the remainder of thi thesis is to investigate hyp erfine tate-selective single
ion opt ical detection in bulk crystals at liquid helium temperature. The consequ nces of
attcn1pting ingle ion optical detection at low temp ratur

in a bulk crystal are di cus d

further in Sections 7.4 and 7.5.4.
Although readout 1nu t be achieved in a
quir ment for state-selectiv

yst em sati fying Equation 7.1 , the re-

readout are not as

triilg nt.

This is becau e it is only

the population component of the uperposition tate that is r ad out. Thu , it i not
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necessary to preserve the coherence between the states. In relation to the discussion in
Section 6.1 , the value Ttransfer/T2 is not an error-limit for readout.
To achieve maximum fidelity in the measurement of the hyperfine state of a single-ion
qubit the differentiation in the resultant fluorescent signal between the two states should b e
maximised. The approximation made here is that maximum differentiation occurs when
the readout process yields zero if the state is IO) and a maxin1um signal if the state is

11). Therefore , the bound on homogeneous broadening that allows high fidelity, single-ion
qubit readout is determined by off-resonant excitation. In a system where the hyperfine
splitting is narrower than the frequency separation between individual qubits , the limit
imposed by off-resonant excitation is equivalent to requiring the hyperfine states to be well
resolved during the readout process. If the hyperfine states are not well resolved , emission
will be detected if the state of the qubit is initially IO) thereby reducing the fidelity.
To 1naximise readout fidelity in the presence of noise sources, the optimu1n balance
must be achieved between 111aximising the ion 's fluorescence rate and the errors due to
off-resonant excitation. This is achieved for an excitation Rabi frequency D approximately
equal to the homogeneous linewidth

rh.

A lower Rabi frequency decreases the excitation

efficiency without significantly decreasing the error rate , which is limited by the homogeneous linewidth. A larger value of D beyond saturation only provides a s1nall increase in
the fluorescence rate and incurs greater errors due to off-resonant excitation: p ~ D 2/x2
(see Equation 6.3).
Considering the choice D/ 271

~

rh , the

upper bound on

rh

is detennined by the error

due to off-resonant excitation
(7 .2)

It is noted that Equation 7.2 in1plies that to achieve a readout with errors less than
ratio

rh / ~

E,

the

1nust be less than .jE.

As an exan1ple, the 3 H 4 (1) +-+

1

D 2(1) transition of Pr 3 + :Y 2Si0 5 is considered . The

readout transition is chosen , such that the minimum hyperfine splitting
splitting of the excited state [171]. Equation 7.2 detennines that

rh <

~

is the 4.8 1IHz

150 kHz (T2

> 2 µs)

for high fidelity readout.
If europiu1n systen1s are considered , such as
the n1ini1nun1

~

153

Eu 3 + :Y2Si0 5 or

153

E uCb · 6D 20,
is defined by the ground state splittings, which are approximately

90 MHz [178] and 75 NIHz [3 17] respectively.

These systems then allovv homogeneous

broadening over 2 MHz to be introduced during readout without falling below the error threshold for fault-tolerant quantum computing. Just as in the case considered for
quantum 1nen1ories (Sectio1~_6.1) systems with large hyperfine state splittings possess less
stringent requirements to achieve loVi error rate operations. Equivalently, given narrow hon1ogeneous broadening, systems with large

~

will achieve higher fidelity operation.

Single ion optical detection for hy p erfine state readout

192

As mentioned in Section 6.1 , the upper bound on homogeneous broadening d termin d
by off-resonant excitation may be relaxed via several factors. The first is the application of
sp ecifically designed pulse sequences to minimise off-resonant excitation whilst achieving
highly efficient resonant excitation [251]. The second is the possibility of. manipulating
the oscillator strengths of non-resonant transitions such that off-resonant transitions are
effectively disallowed (see Chapter 10).

However , the approximate limits determined

here give a suitable order of magnitude approximation to provide context for the current
study.
The readout transition can be different to that utilised for qubit operations but is
subject to the broadening limit for high fidelity readout discussed above. To minin1ise the
readout period, the readout transition excited state should have a short radiative lifetime
T 1 and a high fluorescence yield. Based on the bound on homogeneous broadening, an
optimum excited state lifetime T1 can be derived. Ideally, the transition linewidth should
be lifetime limited . The error due to off-resonant excitation th n provides a lower bound
on T1

(7.3)

The criteria for the ideal transition for producing high fidelity state-selective readout
can be summarised as follows.
• The lifetime of the readout transition excited state should satisfy the equality 1n
Equation 7.3 and have a unity fluorescence yield.
• The homog neous broadening of the readout transition should b e lifetime limit d.
• The maximurn ho111ogeneou broadening pern1itted is

JE!:::.., where E is the threshold

error- limit for fault-tol rant quantum computing, and 6. is the mini111um hyp erfine
state splitting of the re onant crystal field levels.
• The excited state of th readout transition should ideally possess hyp rfine splitting·
great r than those pr sent in the ground state. Becaus a fr quency-bas d qubit
utilises the extremely long coherence ti111es of th gro und tate crystal field level [14,
22]. the splitting between these levels d fines t he upp er bound on 6.. If the readout

transition xcited state possesses splittings les than those of the ground state th n
6. and hence. the lin1it on the readout p rformance will b reduced.

The n1aterial studied in this th is i. Pr 3 + :Y 2Si0 5 . which i a well characteri ed systen1 [93 . 94. 171. 172. 173. 31 ]. A such . it repres nts a suitable material for p rforming
proof-of-principle experiments in a new regime of m asurem nt: single-ion qubit optical
readout within a bulk crystal at 4 K. The only tran ition in Pr 3 + :Y 2Si0 5 that pos esses a
hon1ogeneous linewidth below the bound for high fid lity readout is the 3 H4( l)

B

1

D2(l)
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transition which has a linewidth of approximately 3 kHz . As noted in Section 6.1, this
linewidth is greater than the upp er bound required to achieve gate errors b elow the threshold value for fa ult-tolerant quantum computing . However, the techniques and pro cesses developed in Pr 3 + :Y 2Si0 5 can b e applied to sim ilar rare-earth systems such as Eu 3 + :Y2Si0 5
in which the homogeneous linewidths are sufficiently narrow.
From Equation 7.3, given a threshold error rate of

E

= 10- 3 the minimum allowable

lifetime for hyp erfine splittings on the order of 1 MHz is approximately 5 µs. In comparison , the lifetime of the 1 D 2(1) state is relatively long: T 1 = 164 µs . Therefore, an
error rate less than 10- 3 is feasible using this transition. The following section considers
an alternate concept: whether upconversion can b e used as a 1nethod to tune the excited
state lifetin1e to optimise a transition for a particular

E.

This is achieved by a review of

the up conversion technique that realised optical detection of a single praseo dymium ion
in Pr 3 + :YAG nano crystals [95).

7.3

Case study: single ion detection via upconversion

The definitive optical detection of a single rare-earth ion in a crystalline host via up conversion [95) was a remarkable achievement in the field of solid-state spectroscopy. Not only
do es it offer a new technique for examining the properties of this class of materials but
it also creates opportunities for extending the versatility of rare-earth crystals for laser ,
flourophor e, and quantum information applications [72 , 95). The purpose of this section
is to examine whether the technique demonstrated by Kolesov et al. [95) is suitable to
achieve direct state-selective readout of a single-ion qubit.
This requires an examination of t he up conversion dyn amics at 4 K: a temp erature
where rare-eart h ions possess sufficient ly long coherence t in1es for fault-tolerant quantum
computing (see Section 6.1). Therefore, t he up conversion technique in Pr 3+ :YAG is detailed , along wit h t he consequences of cooling t he sample to a temp erature where phonon
broadening is n1inimised. The coherence prop erties of t he relevant level are examined
relative to t he bound on homogeneous broadening established in the previous ection ,
v. hich

detern1ines wh ether it can achieve state- elective readout. The impact of the tech-

nique on t he ion:s homogeneous linewidth is also discussed in regards to the opportunitie
that the technique might offer . In completing thi case study, insights are also gained
as to wh ether t he 3 H 4 (1) +--+

1

D 2(1) transition in Pr 3 + :Y2Si0 5 might be enhanced for

state-selecti -e readout.

7.3.1

The upconvers ion technique in Pr 3 + :YAG

The critical component t h at determines the succe

of up conver ion for achieving single

rare-earth-ion optical detection is the coupling of the weakl
sition with a strongl

allowed 4J- +--+ 4f -_ 1 5d transition. B

allowed 4f

r

+--+ 4f N tran-

shortening the relaxation
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F igur 7.4: The energy level diagram for Pr 3 +: YAG showing the up conversion scherne given in
Reference [95] . Additional details have been included from Reference [319].

time- cale by an order of magnitude, a similar 10-fold increase can b e achieved in the
spontaneous emi sion rate.
The en rgy levels for th
wher

method used in R eference [95] are shown in Figure 7.4,

details have been added from R eference [319]. Upconversion was achiev d via a

two photon transition from the ground 3 H 4 state to the 4f 1 5d(2) excited stat . This is
possible via excited state absorption from the intermediat

3

P 1 vels. The ion decays non-

radiatively fron1 the 4f 1 5d(2) state to the 4f 1 5d( l ) tate , which th n decays radiativ ly.
This e111ission is predominantly to the 3 H 5 state [319] at a wav length of 314 nm. This
is followed by rapid phonon relaxation to the ground 3 H 4 state. The 4f

H

4fN - 1 5d

transition i parity allowed . and t he transition rate is subst antially increased compar cl
o the electric-dipole forb idden 4f

H

4f rv transitions [164]. For exarnpl , in Pr 3 +: YAG

lifetimes for t he 1 D2 and 3 P 0 excited . tates are 230 µ

( at 609 nm) [1 1] and

µ s ( at

4 7 nm) [319]. respectiv ly. In contrast, t he lifetim of th 4f 1 5d(l) 1 vel i 18 n [319].
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Upconversion can b e achieved via a single wavelength excit ation at 488 nn1 [95] .
Kolesov et al. excited ions ·w ith a 4.5 m vV beam at this wavelength focused to a

~

300 nm

focal spot (an intensity of 6.3 1/IW· cm- 2 ) . This produced an emission rate of approximately 10 6 photons/second. The observed emission rate is a significant enhance1nent
co1npared to the emission rate of the intermediate 3Pa state : 1.25 x 10 5 photons/second.
The detected signal (1.4 x 10 4 photons/second) dwarfed the 1najor noise source, which
·was background fluorescence at ~ 10 2 photons/second . Thus , the observed second-order
correlation data exhibited almost ideal anti-bunching characteristics . The up converted
signals showed the greatest enhancement within 32 nn1 dian1eter n anocrystals but a
slightly lower level of enhancement was also observed in bulk crystals [9 5].

7.3.2

Cons equences of 4 K operation on upconv ersion d y namics

Although readout do es not necessarily have to preserve the narrow linewidths required
for high fidelity gate operations the readout process must b e compatible with a bulk
crystal at liquid helium temperatures (see Section 7.2 ) . To date, the application of the
up conversion technique to achieve single ion detection has only b een applied at room
temperature [72 , 95]. As a part of the study into whether this technique could allow single
rare-earth-ion qubit readout the impact of operating at low temperature is exa1nined in
this section . The two main effects explored are the changes in the states and transitions
relevant to the up conversion process, and the appearance of long-lived dark states .
In ambient conditions the three lowest crystal field levels of the 3H 4 spin-orbit
1nultiplet are all thennally populated with approximately equal occupation [95]. Therefore, excitation can occur from the 3H4(f 3) , 3H 4 (f 1 ), and 3H 4 (f 4) levels . However , at
4 K only the lowest component (f 3) is populated. This determines t h at excitation can
only occur from this state. B ecause relaxation from any other excited states decays back
to t he 3H 4 (f 3) level , ia radiative or non-radiative decay, a single ground state is not
exp ected to ignificantly alter t he dyn amics of the technique.
The reason for considering the low temperature op eration of the upconversion technique is
to examine a regin1e where transit ions are free from phonon broadening. The minimisation
of phonon broadening dramaticall) narrows the 4J- B 4J-' transitions in Pr 3+ :YAG.
For example, the hon1ogeneous linewidth of the 3H 4 B 3P 0 transition was observed to
be approximately 500 GHz at room temperature [95]. In contrast , at 1.4 K Kroll et al.
observed t he homogeneous linewidth to be approximately 20 kHz [320]. Therefore, by
reducing t he phonon broadening contribut ion a reduction in ho1nogeneous linewidth of
over a factor of 10 7 results.
However , t he low temp er ature linewidth of the excited state absorption step
3Pa --+ 4f 1 5d(2) will onl

narrow negligibly in comparison [164, 321].

This is due

to the fact that the 5d electrons are not shielded as effectively as the 4f electron
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(see Section 3.1.2) and hence, are much more sensitive to perturbations. In particular ,
the 4f 1 5d(2) and 4f 1 5d(l) levels are much more strongly coupled to lattice phonons
compared to th 4f states [127]. The narrowest possible linewidth of th upconversion
step to the 4f 1 5d(2) is defined by the lifetime limit , which gives

rh

as approximately

300 NIHz , based on the work of References [321] and [322].

Ther fore , operating at cryogenic temperatures changes th
and narrows the relevant transitions for upconversion.

population distribution

One consequence of these

effects is that the single wavelength excitation scheme utilised in Reference [95] may no
longer provide the optimum emission rate. However , the absorption on both the initial
and

econdary excitations can be optimised by independently selecting the excitation

It is noted here that there are examples
of low temperature two-photon excitation to the 4f 1 5d stat s, such as the studi s of

frequency and intensity for each transition.

photon-gated hole-burning at 1.4 K by Macfarlane and Wittmann [323].
The other major consequence of operating the upconversion technique at low t mperature is that there will exist long-lived dark states that were absent at room
temperature. For example, the narrow transition linewidths determine that the ground
state hyperfine structure can be resolved.

This determines that it is possible for the

ion to be optically pumped into a non-resonant hyperfine level after relaxation from the

4f 1 5d(l) state. Because the ground state levels can possess second long lifetimes at low
temperature [323], such a dark state would prohibit the gains in emission possible with
the up conversion technique.
Optical pumping to a dark state due to the hyperfine structure can b e overcome by a
variety of methods. These include excitation Rabi frequencies that extend over the bandwidth of the total hyp erfine structure, cycling between the thr e zero-field resonant frequencies, or using rf to repopulate the state of interest. Pumping to long-lived dark stat s
can also be avoided by creating cyclic transitions, which is discussed at 1 ngth in Chapter 10. Thus , the resolved ground stat e hyp erfine structure should not present a fundamental barrier for creating large fluorescent signals via up conversion at low temperature.
However. the work by Ni acfarlane and Wittinann [323] on photon-gated hol -burning
highlighted another possibility for lon.g-lived dark states. Because the 4f 1 5d states ar
energetically clo e to th conduction band of YAG , it is possible for ionisation to occur via
h\·o-photon absorption.

Iacfarlane and Wittmann also studied the saturation b ehaviour

and the ten1perature depend nee of t he photon-gated hol -burning. Th res ults suggested
that not all prascodymiu1n dopant ite hav
and that the traps are relatively shallow .

acce sible traps for the ionised electrons
This indicates that th

ionisation is likely to be sn1all at room te1nperatur

impact of photo-

[95 , 324 , 325]. For site that have

access to trap-states, photo-ionisation will prohibit high emission rat s to b achi ved via
upconversion at low temperature . Therefore, the e ites will need to b avoided for the upconver ·ion technique to succeed in a regime that allows low error rat quantum computing.
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Therefore ; considering the consequences of cryogenic temperatures on the upconversion technique it is feasible that e1nission rate enhancen1ent can be achieved at these
temperatures. However , further research would be required to determine the optimum
excitation frequencies and to characterise the impact of photo-ionisation.

7.3.3

Low temperature homogeneous linewidths

In this section; t he homogeneous linewidt hs of t he transit ions ut ilised in the upconversion technique for single-ion readout are compared to the criterion developed in Section 7.2 . In doing so a judgen1ent can be made as to whether up conversion in Pr 3 +:YAG or
Pr 3 + :Y 2 Si0 5 could allow high fidelity hyp erfine state readout. The ability of the upconversion readout n1ethod to preserve narrow homogeneous linewidths is also discussed.
The defining factor for t he bound on homogeneous broadening for single-ion state
readout is the hyperfine splittings of t he relevant crystal field levels. As shown in Table 7.1 ,
the onl reported hyperfine splittings in Pr 3 + :YAG are those for the ground 3 H 4 ( r

3)

state

and the 1 D 2 (1) state [159]. As a conservative estimate; the mi_nimu1n hyperfine splitting
relevant to the upconversion process 6. is approximated as the n1.inimu1n observed value
for the 1 D 2 (1) level: 6.49 l-iIHz. This is a feasible upper bound for the hyp erfine structure
of the 3 P 0 (r

1)

state considering the splittings of the 3 P 0 states in other materials such

as Pr 3 + :Y 2 Si0 5 and P r 3 +:LaF 3 , which are also included in Table 7.1. In the absence
of an experi1nental basis for comparison, it is assumed that the hyp erfine splittings for
the

4f 1 5d

levels are greater than that of the

4f 2

states .5 Therefore, the case considered

i an upp er bound on the performance of upconversion in Pr 3+ :YAG for single-ion state
readout.
ith 6. set to 6.49 I\ IHz, Equation 7.2 gives the upper bound on ho1nogeneous
broadening to allow well resolved hyperfine states a approximately 200 kHz. Accordingl , the mini1num

alue of T 1 is approximatel} 0.8 µs (Equation 7.3) .

the maximwn ernission rate that preserve

the hyperfine

Therefore ,

tructure is approximately

(2T1 )- 1 ~ 6 x 10 5 photons/ second.
The life ime and coherence i1nes of the rele, ant le -el are also provided in Table 7 .1.
I i clear that the n1inimum le, el of broadening present on the transitions to the

4f 1 5d

ta es is at least an order of magnitude greater than the homogeneous broadening limit to
resolve the h rperfine structure of the intermediate state. Ba ed on the previou anal sis
in his chapter an upcon er ion technique u ing excited tate ab orption to either of the
5

The quadrupole term for the- 4f 1 5d state i likely to b e dominated b · the true quadrupole. This i
because the large crystal field plittings [127] would minimise the pseudo-quadrupole interaction. Therefore;
the hyperfine tate plit in.gs "-ill be de ermined by the electric field gradient due to the 4f and 5d electron .
To allow an illu trati ·e quail.ti ative anal si . the ob erved plitting of the 4f 2 tates are et a the defining
parameter.
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Hyperfine splittings

Lifetime

(MHz)

3H4(r3)

State

Reference

(µs )

rh
(kHz)

33.4 and 41.6

Ground state

-

[159)

1D2 (1)

6.49 and 8.29

230

16

[159)

3Po(r1)

-

8

20

[320)

4f 15d(l)

-

0.018

4f 15d(2)

-

Pr 3+:YAG

<5

X

10- 4

8.8
3

X

X

10 3 t
10 5 t

[319)
[319)

Pr 3+ :Y 2Si0 5
3Po(l)

5.4 and 2.9

1.95

86

[96)

0. 75 and 1.13

75

132

[183, 326)

Pr 3+ :LaF3
3Po(l)

Table 7.1: The published parameters for various tates in Pr 3 +: YAG for determining whether
the up conversion technique can be hyperfine state selective. Also included are the 3 P 0 (1) level
paranieters for Pr 3 +:Y 2 Si0 5 and Pr 3 +:LaF 3 to assist in estimating the hyperfine splitting of the
equivalent state in Pr 3 + :YAG. The values rnarked with at repr sent lower bounds.

4f 1 5d levels has a high probability of inducing hyperfine state transitions. Therefore
upconversion will not currently allow high fidelity readout of the initial 3H 4 (r3) state.
Further. if the ho1nogeneous broadening of the 4f 15d levels in Pr 3+:YAG ar characteristic of other rare-earth-ion 1naterials, achieving high fidelity state readout via upconversion to a parity allowed transition would be xtremely difficult. This is due to the fact
that the 1ninimum hyperfine splitting 6. would need to be at least 300 MHz to allow for
the broadening of the 4f 1 5d states . Hyperfine state splittings of this magnitud have yet
to be identified in n1at rials that possess the long coherence tim s r quired for quantu1n
con1puting [l 1).
How ver. as 1nentioned in Section 7.3.4 , ther may be opportunities for this technique
beyond the broadening approximation u ed her . For exampl , the u e of tailored pul e
sequences that minimise off-resonant xcitation [251] and th ability to decouple c rtain
transitions via 1nanipulating oscillator str ngth ( ee Chapter 10) may allow upconv rsion
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to achieve effective state readout . A brief description of the latter 1s included 1n the
following section.
As an aside, it is noted t h at given the approximated value of 6. , the

3

P 0 (1) state

has prop erties well suited to hyperfine state readout ·without up conversion. The homogeneous broadening is lifetime li1nited and an order of magnitude lower than the threshold
value for low error rate readout . Therefore, if t he 3H (f 3) +-+ 3P (f ) transition was
4

0

1

excited with the maximum R abi frequency p ermitted to preserve the hyperfine structure
(27T x 200 kHz ), 30% of t he lifetime limited emission rate could be achieved .

This

emphasises the b enefits of utilising levels ·wit h lifetime limited homogeneous broadening.

***

To conclude this section , the ability of the up conversion technique to preserve narrow
homogeneous linewidths at low temp er ature is examined in relation to optically detecting
a single ion without hyp erfine state preservation.

In the work of Kolesov et al. at

roon1 ternperature [95], the up conversion technique was able to preserve the linewidths
of the initial excitation step and readout the result via t he p arity allowed t ransit ion .
Howe, er for transitions with lifetin1e limited homogeneous linewidt hs at low te1nperature,
up conversion cannot simultaneous presen e the n arrow resonance and deliver an increased
emission rate .

Conceptually, the excited state absorption is effectively being used to

decrea e t he lifetime of t he intermediate state. As t he lifetime decreases , the hon1ogeneous
broadening n1ust increase accordingly.
As highlighted in Section 7.2, it is likely that a single wavelength scheme akin to
t hat used in R eference [95] is not possible due to the narrowing of the initial transit ion.

Therefore, this di cussion centres on a dual-wavelength excitation . The two
t ransit ion of interest are the 3H 4 (f 3) +-+ 3P o(f 1 ) tran ition excited at 488 nm , and the
3 P (f ) +-+ 4f 1 5d(2) t ransition excited at 453 n1n [95]. To preserve the linewidth of the
0
1
initial excitation step , the driving R abi frequency D 1 1nust b e sufficiently weak to avoid
significantl

pov\ er broadening the transition [327]. To achieve an increase in emission

rate the excited state absorption step must b e driven strongly with R abi frequency

D2.
To de cribe the up conversion process with a weak coupling b etween the 3 H 4 (f 3 ) and
3P o(f 1) state , and strong coupling betvveen the 3P o(f 1) and 4f 15d(2) tates ; a three-le el
Hamiltonian is required . Such de cript ions are commonl

derived for the in estigation
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Figure 7.5: The broadening of the 3 H 4 -+ 3 P 0 t ransition as the R abi frequency to drive the
3
P a -+ 4f 1 5d(2) transit ion (D 2 ) is increased. The dotted line illu tr ates the bulk homogeneous
broadening and the red line indicates the required R abi fr equency to achieve P2 = 5 MHz.

of phenomena such as electromagnetically induced transparency in multi-level quantum
systerns. Frorn R eference [328], the absorption of the initial excitation step is proportional
to

(7.4)
where the , are the lifetimes of the respective states, and th l:,. i are the detunings for
the first (i = 1) and second (i = 2) excitation steps . From Table 7.1, the lifetime of the
3

P o(f 1) state is 8 µsand the lifeti1ne of the

4f 1 5d(2)

Figure 7.5 shows the broadening of the 3 H 4 (f
on resonance ( l:i. 2

= 0). In th work of Kolesov

on the e111ission rate of the
on both transitions [95].

D2 ~ J211 P2f

h

=

3)

3P

0 (r 1 )

state is at most 500 p [319].

----+ 3 P 0 (f 1 ) tran ition as D2 is incr as d

et al. an order of magnitud

increase

state was achieved at a pumping rate of 5 MHz

To achieve a second st p excitation rate of P2

= 5 MHz ,

100 r-. IHz [327]. This driving R abi frequency is indicated in Figur 7.5 ,

which broadens th initial tep transition by approximately a factor of 40. Furth rmore
the at uration of the up conversion proc ss noted by Kol sov et al. [95] det ermine that
achieving photon yield enhancement greater than an order of magnitude incurs an
increasing penalty in p ctral r solution.
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Before moving onto the opportunities for upconvers1on for single rare-earth-ion state
readout , the n1aterial presented in this section is summarised . It was determined that the
up conversion method do es not p ermit a well resolved hyp erfine structure in Pr 3 + :YAG.
This is due to the large ho1nogeneous broadening present for the 4f 1 5d states compared
to the O (NIHz) hyp erfine splittings observed in the

4f 2

crystal field levels. In addition ,

it was shown that the upconversion t echnique is unable to preserve the line·width of the
3

H4 (r 3 )

rate.

H

3

P 0 (r 1 ) transition whilst providing a significant enhancement in the emission

However , the strength of the up conversion technique is that the homogeneous

linewidth and lifetime of the state are now tunable parameters . This is the fo cus of the
following section.

7.3. 4

Opportunities for upconversion

Although the up conversion technique demonstrated by Kolesov et al. [72 , 95] is extremely
effective for the detection of single rare-earth ions , coupling the 4 f N transitions to the
short-lived 4f N-l 5d levels is unlikely to preserve spin information (see Section 7.2) .
However, the b enefits of the up conversion concept n1ay still prove useful for achieving
state-selective readout in the single ion regime. These opportunities include, the identification of single emitters in bulk crystals, and the ability to tune the lifetimes of potential
readout states . This section elaborates on both of t hese possibilities .
As noted in the introductory con1n1ents to this ch apter , the first step to achieving
single-ion state-selective readout opt ically is to resolve the fluor escence of a single ion .
It has been proposed in Section 7.3.2 that the up conversion technique should still allow

increased fluorescence at 4 K . Therefor e, t he technique allows single ions to be identified
quickly and effectively at low ten1p erature.

The penalty for the increased single ion

emission rate is t he addit ional broadening. This determines t hat in bulk samples dop ed
with t he active ion , achieving single ion isolation will require extren1ely high spatial
resolution or low spectral density.

However , t he ability to tune the broadening by

decreasing t he coupling to the 4f - 1 5d states determines that a balance between a high
signal- to-noise ratio and sufficient spectral resolution can be achieved. Once an ion h as
been ident ified and the signal optin1ised state-selective readout could then be p erfonned
via the technique proposed in this thesis: direct detection utilising cyclic transitions (see
Chapter 10).
The up conversion process also offers the opp ortunity to decrease the lifetime of an
interm ediate state such as the 3 P 0 (r 1 ) level [95] or the 1 D 2 (1) level [329] in praseodymium
dop ed crystals. However , t he large homogeneous linewidths of the 4f 1 5d tates detennine
that without strong hyperfine-state selection rules this technique cannot be used for
optical detection of a single ion condit ional on its initial spin state. The significant mixing
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of the nuclear spin states by the quadrupole interaction determines that the required
pin election rules do not occur naturally in the rare-earth-ion materials of inter st for
quantum computing (see Section 3.2.1).
The proposal in Chapter 10 to induce strong selection rules by manipulating the hyperfine structure via 1nagnetic fields provides a significant opportunity in this regard. By only
allowing transitions between like hyperfine states, the probability of inducing a spin flip is
1nini1nised despite large homogeneous broadening . If successful, the con1bined technique
could allow a high fidelity readout state to be engineered. That is , the selection rules
decrease the probability of off-resonant excitation and upconversion allows the lifetime
of the readout state to be shortened, limited only by the saturation of the excited stat
absorption step . To verify this proposal requires significant experimental work beyond the
scop e of this thesis. However , it does present the very appealing prospect of fast , high
fidelity, optical readout of the hyperfine state of a single ion.

7.3.5

Conclusion

Although opportunities exist for upconversion it is not currently feasible to use this technique to perform single-ion qubit state readout. The broadening introduced in the realisation of emission rate enhancement is greater than the broadening limit for high fidelity
state readout. Accordingly, the focus of the remainder of thi chapter is to examine the
challenges and opportunities associated with achieving direct single-ion qubit readout in
a bulk crystal at 4 K.
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Requirements for single ion optical detection

A necessary condition for optical readout of the hyperfine state of a single ion is the ability
to optically detect the emission from that ion with a high signal-to-noise ratio. The task of
achieving optical detection of a single emitter in any system requires an imposing degree of
isolation, both in excitation and detection. Upon excitation, the emitter of interest must
be isolated within the illuminated volume, which in bulk systems can contain in excess of
10 6 fluorescent sites. Upon detection, the signal must be isolated from noise sources that

could obscure the single emitter of interest: that is , a sufficient signal-to-noise ratio must
be achieved on a practical time-scale. The following two sections examine some of the
challenges for achieving these two isolation requirements in a bulk Pr 3 +:Y 2SiOs crystal
at low temperature as a precursor for single ion qubit readout. The discussion here is
provided as a relatively high level introduction, whereas the detailed analysis is presented
in Chapter 9.

7 .4.1

Excitation isolation

Achieving sufficient isolation in single emitter experiments relies upon attaining one, and
only one, resonant ion in the excitation volume. Initially, the performance of a far-field
imaging system is considered. The upper bound on the spatial selectivity of such techniques, including confocal microscopy, which is detailed in Section 7.5, is determined by
the diffraction limit [231]. Thus, the minimum excitation volume for a wavelength Aex is
approximately (Aex) 3 .
For a single ion to be spatially isolated within this diffraction limited volume the
density required is 10 12 cm- 3 . For Pr 3 +:Y 2Si0 5 , this ion density is equivalent to a dopant
concentration of approximately 5 parts in 10 11 [179] . According to the recent work in
Reference [95], this ion density requirement can be met in high quality, nominally undoped
host crystals. For example, the praseodymium impurity density in a sample of high purity
YAG was determined to be approximately 6 x 10 11 cm- 3 [95]. In comparison, the samples
used in the current work, 0.005% or 0.05 % Pr 3 +:Y2Si0 5 , have approximately 10 5 and 10 6
ions respectively, within a (Aex )3 volume.
However, there are techniques that allow such a stringent concentration requirement
to be relaxed significantly. For the majority of single emitter optical detection studies ,
the excitation volume is defined by the sample itself rather than the resolution of the
excitation optics [270]. The ultimate example of this principle is the trapped atomic ion
experiments where the sample volume is defined by the single emitter itself. In solid-state
systems , sub-diffraction-limited sample volumes are commonly achieved in nanocrystals
and sub-micron thin films [270]. Although such architectures provide several orders of
magnitude improvement on the spatial selectivity of the experiment , in rare-earth-ion
materials this is accompanied by a significant increase in homogeneous broadening
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co1npared to bulk systen1s ( ee Sections 2.2.2 and 6.2). 6 The focus of the current work i
to achieve the spatial isolation of a single ion in a bulk crystal. This provides a suitable
platform to attain a homogeneous linewidth below the upp er bound for readout and
fault-tolerant quantum computing (see Section 7.2).
Sub-diffraction-li1nited excitation selectivity can b e achieved via super-resolution
n1ethods, which are suitable for isolating a single 10n in a bulk crystal: the focus of
Chapter 8. These techniques allow materials to b e probed on a nanometre-scale rather
than the micron-scale defined by the confocal microscop e. One option is to utilise nearfield 1nethods, which rely on nanometre-scale structures for enhancing emission rates and
photon collection [269 , 330] . The alternate option is to utilise far-field super-resolution
techniques, which typically rely on saturation effects or stochastic activation [277].
Because high collection efficiency is crucial for optimising the signal-to-noise ratio
(see Section 7.4 .2) many near-field techniques are unsuitable for high fidelity state
detection [3 31 ]. The near-field techniques that do offer high collection efficiencies are
based on plasmonic enhancem ent and as such they also introduce excess homogeneous
broadening by reducing the emitter lifetime [330]. Although there are opportunities for
tuning the lifetimes of states via plasmonic enhancement to the limiting homogeneous
broadening for readout, these are not explored in this thesis. Therefore , the work in this
thesis concentrates on achieving sub-diffraction-limited excitation isolation via far-fi ld
methods. Chapter 8 d tails two such proposals for achieving n anometre optical r solution
in rare-earth-ion n1aterials.
The other opportunity for isolating singl
spectral selectivity possibl
ratios at 4 K [63].

rare-earth ions is the

xtremely high

due to large inhomogeneous to homogeneou

broadening

The inhomogen ous broadening in Pr 3 + :Y 2Si0 5 crystals due to

variations in each ion 's individual nano-environment is 0 (1 GHz) [171, 172]. In contrast,
the ho1nogeneous linewidth

approach the lifetime limit and are thus 0(1 kHz) [172].

This provides an additional factor of 10 6 in selectivity in the centre of the inhomogeneous
line. The spectral density can b
to th

tuned to further enhance this s lectivity by moving

wings of the inhomogeneous line [271 ]. Therefor , the spectral selectivity for a

hon1ogeneous linewidth li1nited bandwidth allows the required resonant ion density to be
achieved in a confocal excitation volume even without super-re olution imaging.

7.4.2

Detection isolation

The v:eakly allowed 3 HL1(1)

H

1

D 2(1) transition in Pr 3 + :Y2Si 0 5 pose ses an excit d state

lifetin1e of 164 µ [172]. Thi det ermine that the mission rate i thr e to four orders of
6

To the b e t o f th e a u t hor· s knowled ge . a fund a m nt a l link b etween incr a.sed d epha.sing and thin film
a rchit ec ture has not bee n stabli hed to d a t e. Howev r. bulk coherence times hav not y t be n ob erv d
111 uch a sy t ern.
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magnitude less than electric dipole allowed transitions such as those in atomic systems [279]
or the NV centre [50]. Thus , isolating the ion emission from obscuring noise sources to
achieve a sufficient signal-to-noise ratio is extremely challenging.

Maximising signal level

One possibility to improve the signal level is to enhance the spontaneous emission rate of
the ion by coupling it to a strong resonant transition. This can be achieved via Purcell
enhancement in an optical cavity [332], the coupling of the ion to plasmonic reson ances
in nanoscopic metallic structures [333 , 334, 335], or via upconversion [95] . Section 7 .3 h as
examined the up conversion technique and determined that it fails to meet the broadening
requirement for state-selective readout. In contrast , Purcell or plasmonic enhancement
may offer opportunities for increasing the single-ion emission rate with greater control of
the induced broadening but these are not analysed in this thesis.
Particularly if em1ss1on rate enhancement cannot b e achieved for single rare-earth
ions , the collection efficiency of the spontaneously emitted mode is a crucial consideration
for optical detection. A t echnique that allows high collection efficiency is confocal microscopy (see Section 7.5.5) , which is ubiquitous in single emitter studies. The solid-state
rare-earth-ion system offers challenges and advantages for the efficient collection of
spontaneously emitted photons using this technique , which are discussed below.
To minimise phonon broadening , rare-earth crystals must b e m aintained at liquid
helium temperatures [161]. The requirement of cryogenic conditions presents limitations
on the objective lens and hence, the NA of the system. T ypically, objectives with NA ---+ 1
have working distances of O (100 µm). 7 However, to withstand the pressure differential
due to the vacuum inside the cryostat, windows are used that are significantly t hicker than
such working distances ( 0 (1 mm) ). Thus, 1nounting the objective outside the cryostat is
likely to incur the p enalty of a reduced NA due to the working distance requirement.
Although thinner cryostat windows can be achieved , it is at t he exp ense of t he window
area.
The possibility of 1nounting the lens within the cryostat to allow an increased NA is
also challenging. Firstly, the lens should ideally b e isolated from the cold stage to prevent
contr actions and expansions associated with repetitive thermal cycling.

Such stresses

are highly likely to introduce aberrations detrimental to the p erformance of the imaging
system or worse , irreparable damage to the exp ensive objective. It is also possible that
the vacuum ·w ithin the cryostat n1ay in itself b e sufficient to cause aberrations in finely
tuned , high NA objectives. Although challenging, several examples in the literature have
achieved high resolution im-a ging at cryogenic temperatures [336 , 337].

7

There are exceptions to this generalisation including lenses from Mitutoyo and Olympus possessing
NA > 0. 85 with millimetre working dista nces.
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The more elegant approach is to make use of a Solid Immersion Lens (SIL) (see
Section 7.5.5). A SIL overcomes the significant refractive index mis111atch between the
rare-earth ion sa1nple (ny 2 Si0 s

= 1.81) and the surrounding vacuum. Because of the

refraction that occurs at a dielectric interface, an objective has its effective NA reduced
by a factor of the refractive index n . As discussed in Section 7.5, this has implications for
both the resolution and collection efficiency of the system. A SIL can increase the effective
NA of the system, analogous to the use of index-matching oil immersion techniques for
room temperature experi1nents [231]. In addition, super-he1nispherical (or Weierstrass)
SIL geo1netries can achieve a high effective NA even if the NA of the collection optics
is significantly less than one [248].

This simplifies the achievement of high collection

efficiency with the sample maintained in cryogenic conditions.

Signal filtering
The extremely low spontaneous em1ss1011 rate of the

1

D 2(1) -+

3

H 4 (1) transition in

Pr 3 + :Y 2SiOs detennines that even given high collection efficiency, noise sources will have
to be minimised to allow single ion resolution. This can be achieved via spatial, spectral
and temporal filtering.
The confocal 1nicroscope provides an effective spatial filter , that eliminates emission
incident fro1n outside the focal region to a large extent [231] . However , as is exa1nined in
Section 7.5.4 , for millimetre thick samples, a substantial background signal results fro1n
the weak excitation over a region many orders of 1nagnitude larger than the focal region.
To enhance the spatial filter further , super-resolution techniques , such as those proposed
in Chapter 8, can be utilised.
Spectral filtering provides another means to further isolate the desired singl -ion
signal.

As discussed in Section 3.2.4 the branching ratio Y of the

1

D 2(1) -+

3

H 4 (1)

transition in Pr 3 + :Y 2Si0 5 is on the order of 1%. This det rmine that the majority
of the emission is Stokes shifted allowing it to b

separated from ·cattered

xcitation

photons. E1nission pr dominantly occurs via transitions to the higher crystal fi ld lev ls
within the ground

3

H 4 n1anifold. which are broadened due to phonon coupling (s e

Section 3.2.3). However, their sp ectral bandwidth is approxi1nately 1 nm (~ 1 THz ),
which is narrovv compared to the 10 nm ( ~
field levels then1selves.

In Pr 3 + :Y 2 Si0 5 , the

THz ) separation betw n the cry tal
3H

4 (1)

-+

1

D 2(1) transition is excited at

605.977 11111 (494.726 THz). and c1pproximately 90% of the ob erved emission occurs to

the 3 H 4 (3) level at a wavelength of 611.5 nm (49 0.257 THz) [172]. Thus, sp ectral filtering
is po sible with co1n1nercial interference filters.
It is also not d here that due to the narrow homogeneous linewidth of the transition
of interest. the intensity required to achieve aturation i very low [327]. For example it
is at least two order of magnitude 1 ss t han the intensity required to saturate common
organic 1nolecul s at liquid helium temperat ure

[292].

A

uch , the contribution of
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scattered excitation or fluor escence from centres other than the rare-earth ion of interest
is significantly reduced.
The temporal filtering of t he fluorescent signal under pulsed excitation provides another
source of discrimination. The 164 µ s optical excited state lifetime of praseodymium in
Y 2Si0 5 provides an additional filtering alternative that is more difficult to access for
strongly allowed transitions. In the temporal domain , the emission from the ions can
be separated from both t he excitation source and any other short lived excitations in
t he crystal. By gating the excitation source with an AOM, rise t imes less t han 100 ns
can be achieved [338). Given a 164 µ s lifetime, gating for this period represents less
than a 0.1 % reduction in the number of photons collected. This compares favourably
to the transmission properties of narrow band spectral filters, where 10% signal loss is
common.

Detection
Detectors for single emitter optical detection are required to resolve individual photons
and must meet stringent performance criteria . The two most critical detector propert ies required for single rare-earth-ion detection are efficiency and dark count rates. The
most common detector for visible wavelengths that fulfils t hese criteria is the silicon APD.
Commercially available units allow 65 - 70% quantum efficiency for wavelengths around
600 nm, in addition to dark count rates as low as 1 count per second [270 , 339]. Alternatively, -state-of-the-art superconducting nanowire and transition edge sensor technologies
operate at efficiencies greater than 90% [114, 340]. Also , CCD detectors possess efficiencies on the order of 40% with dark count rates of approximately 10- 4 counts per pixel
per second .8 Due to the long excited state lifetime of the transition of interest, other criteria for detector performance such as dead time, timing error, photon number resolving
capabilities, and high saturation intensities are less important in this case.

7.5

Confocal Microscopy

As has been established in the preceding sections , the aim of this work is to investigate
a technique for the high fidelity optical readout of a single praseodymium ion 's hyperfine
state in a bulk crystal of Y 2Si05 at 4 K. This allows the homogeneous broadening to
be below the bound for state-selective readout in a regime that is suitable for frequencybased quantum co1nputing . The prevalence of the confocal microscope within the field of
high resolution spectroscopy [231] and singJe e1nitter detection [341] indicates that this
apparatus is an excellent starting point for the current study.
8

For example, the Horiba Jobin Yvon Symphony range of CCD detectors.
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In this section the technical aspects of the resolution, optical sectioning ability, and
collection efficiency of the confocal microscope are presented . This serves to highlight
i1nportant aspects of high spatial resolution imaging , which is typically an unfa1niliar
regin1e for rare-earth-ion spectroscopy.

In particular , the discu sion on the

xtent to

which a thin section can be selectively probed within a large bulk sample establishes that
further spatial resolution beyond the confocal microscope is necessary for the current
tudy. This forms the foundation for the techniques proposed and investigated for ingle
ion detection in Chapters 8 and 9.
Despite its simplicity, the significant increase in optical resolution provided by confocal microscopy i only a relatively recent addition to the microscopist 's toolbox [342].
The pioneering work on the confocal microscope is typically attributed to Minsky who
was frustrated with the problem common to most condensed phase microscopy: low
spatial selectivity in a bulk sample [343]. The meaningless blur [343] that results unless
the resolution of the optical system can be confined to a thin plane , spurred him to
consider alternate optical configurations . Although imaging is not the focus of the current
investigation, the spatial selectivity of the confocal 1nicroscope can be applied to address
a small volume ·within a much larger crystal.
Confocal microscopy achieves the increase in spatial resolution by restricting aberrant
rays fron1 the sample [231 ]. Firstly, only a single point on the ample is illumined by
imaging a pinhole onto the object of interest . Thi remove all excitation ray not directed
at the desired focus. The ame principle is repeated in collection with the scattered or
e1nitted light from the sample imaged onto a second pinhole prior to detection. The term
confocal microscope, which was coined by Brakenhoff in the late 1970s, refers to the focus

within th sa1nple, which i common to both pinhole i1naging lenses [342] . As pointed
out by

Iinsky in his 1957 pat nt, the increase in resolution can also be achieved in an

epitaxial arrangem nt [343]. Such a set-up is shown in Figure 7.6.
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R esolut ion

Imaging t echniques are commonly described using normalised optical units under the
assumption of cylindrical symmetry. These units are [231]

r kn sin a

p

u
where k

(7.5)

2

z knsin a

= 21r / A and n sin a is the numerical aperture of the objective lens.

The intensity distribution illuminated or observed by a lens can be described by a
generalised point spread function , psf( u, p) at the relevant wavelength A. In the paraxial
approximation 9 [231]
psf(O , p)
(7.6)
psf( u, 0)

sin (u/4))
(
u/4

2

where J 1 () is the first order Bessel function of the first kind.
The significant advantage of the confocal microscope over a conventional wide-field
1nicroscope is illustrated by comparing the intensity distributions I conf( u, p) and I wf( u , p)
respectively

f conf( U, P)

psfilz( u, p) x psfdet (u, p)

(7.7)

fwf(U , p)

Using the expressions in Equation 7.7 the point source resolution of the two imaging
systems can b e compared.

Conventional Niicroscop e

Confocal Niicroscope

>-.
0.61NA

>-.
0.44NA

Radial resolution
Axial resolution

9

1.06

>-.

n-)n 2 -NA 2

0.76

(7.8)

>-.

n-)n 2 -NA 2

The paraxial approximation is commonly used in descriptions of imaging systems despite it requiring
small NA. However , the exact integrated sol ution (see Reference [231)) varies little from the approximation.
The minima of the true solution do not go to zero , as is the case in the approximation, and the width of
the approximate psf is less than 3% narrower than the integrated solution [231 ].
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Figure 7. 7: Comparison between the point pread functions of a confocal microscope and a widefield n1icroscope.

It should be noted that the resolution criteria used h re is defined by t he R ayleigh
criterion , which specifies the 111inimun1 separation between t he images of two point
,\

sources as

Trnin

= 0.61NA (see Figure 7.8). That is, the i111age of one point source, an

Airy function . is centred at the fir t n1inimu111 of the other.

This correspond

to an

approxin1ate 26 o/c dip at the centre of the cumulative intensity distribution. H nee , the
r solution of the conventional 111icroscope is pr cisely th R ayleigh criterion . Although

Iconr( l.L . p) shares the same 111inima positions a Iwr( u, p), it is 111ore sharply p aked
proYiding an enhancen1ent in resolution of~ y12. 10
The expr s1ons 111 Equation 7.

describe the performance of a confocal micro cop

under the assun1ption of ideal illu111ination . an infinitely s111all detection pinhole, and a
point-like 'an1ple. In an experimental r alisation of the confocal micro cop the validity
of uch a 'Sun1ption n1u t be characteri ed to en ure optimum re olution. The following
three ection exan1ine the impact of under-filling the micro cop

objective. th

ize of

the detection pinhole. and the finite background in thick amples .

10

It i al o worth noting that oft n resolution i defin d as the FvVH I of the micro cope intens ity
di · tribution. ,..-hi ch is a factor of~ 0 . .J le than that defined by the Rayl igh criterion .
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7.5.2

Under-filling the objective lens

Ideal illumination is defined as a flat intensity profile across the entrance pupil of the lens.
However , this is rarely achieved in practice. The impact of under-filling the objective lens
is considered via the application of a circular filter to the expression given in Equation 7.6.
The circular filter is described by the function [344]

Fcirc(P) = {
for

E

~

(7.9)
p>E

< 1. The psf is then modified to give the radial and axial profiles
psf(O , p , E)

(7.10)
psf ('U, 0 , E)

The circular filter function for

E

< 1 represents an under-filling of the objective lens

upon illumination. This significantly degrades the resolution of the confocal microscop e

Single ion optical detection for hyperfine state r adout

212

Axial resolution

Radial resolution
1

1

0.9

0.9

0.

0.

>-,
~

.......
en
~

-

0.7

Ideal illumination

~

~

"u

E

0.6

~

()
Q)
Q)

= 0.5

Annular aperture

Q)

~

0.7

Circular aperture

Q)

E

0.5

= 0.5

0.6
0.5

"u
"u
Q)

en
.......
.........

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

cu

s
r-.

0

z

0

0
-1

-0.5

0

0.5

1

-20

Radial position (µm)

10
Axial position (µm)
-10

0

20

Figure 7.9: The effect of under-filling the lens aperture. If the beam has a radius equal to half that
of the lens pupil radius, the radial and axial resolution is significantly degraded. Also shown is the
effect of using an annular aperture. In this case, the radial resolution can be slightly improved at
the expense of a s1nall degradation of the axial resolution.

particularly in the axial direction.

Compared to the values given 1n _Equation 7.8 the

circular aperture decreases th radial resolution by a factor of

E-

1

,

and by

E-

2

for the

axial case .
The circular filter represents an approximation to illumination with a Gaussian
bearn.

Because of the Gaussian profile, a significant d gree of over-filling is required

to approach a constant intensity across the objectiv pupil. The case for a collin1at d
Gaussian beam with waist w is discussed in Reference [231 ]. If the beam overfill the
objective apert ur such that w is twice the ap erture radius, there is negligible diff renc
frorn the ideal resolution (equivalent to
under-filling and

1nall

E

= 1 in Equation 7.10). How v r , for significant

A , the resolution power of the confocal microscop

can be

s verely affected [231 ].
In contrast to the circular ap erture. the annular aperture can partially enhance
the confo cal resolution [344]. The annular filter is defined by

Fan n(P) = {

~

E<p<l
p<E U p>l

for

E

< 1.

(7.11)

§7.5

Confocal Microscopy

213

The psf is then modified to give the radial and axial profiles

psf(O , p , E)
(7 .12)

psf(u , 0, E)

sin [(1
(
(1 -

-

2
E )u/

2
E

4] )

2

)u/ 4

Although the radial resolution can actually b e enhanced by a s1nall factor, the axial
resolution is consequently reduced from the ideal case by a factor of (1 -

2
1
E )- .

Thus,

there is a significant penalty for achieving higher radial resolut ion. However , in son1e
cases, such as in a thin film , it is advantageous to apply the annular filt er. The annular
filter is also applied in some techniques to achieve resolution b eyond the diffraction lin1it
imposed in the confocal case, which will b e discussed further in Chapter 8.

7.5.3

Pinhole diameter

Because the total confocal intensity distribution is a convolution of the illumination
and det ection point spread functions , the effect of a pinhole of finite size also impacts
the resolution.

This is presented in detail in the review article by Wilson [345].

To

discuss these results it is convenient to introduce Airy Units (AU) . An AU is defined
as the distance b etween the central mini1na of the Airy disc : l.22Aex/ NA. For pinhole
dia1neters less than 0.5 AU , the resolution, both radially and axially, remains close to the
ideal value. For pinhole diameters greater than 1 AU , the radial and axial resolutions
are decreased by approximately one third. The resolution then remains approxin1ately
constant for pinhole dian1eters as large as 3 AU .
Thus, for pinholes larger than 1 AU, the resolution of a confo cal microscope 1s not
significantly greater than a conventional wide-field microscope.

However, the optical

sectioning p erfonnance [345], also known as the depth of fo cus [231], of the confocal
imaging syste1n dra1natically outperforms that of the wide-field microscope. Whilst the
axial resolution describes the apparent depth of a measured point source in an otherwise
dark sample, t he opt ical sectioning describ es t he depth of t he focal slice within a thick
sample. Because the conventional microscope do es not selectively illuminate the sample,
e1nitters at all depths significantly contribute to t he collected light. In the confocal case,
a region within a t hick sample at a depth greater than three ti1nes the axial resolution is
effectiv ly dark and only contributes very weakly to the collected fluorescence [231] .
The optical sectioning performance of the confocal microscope also depends on the
pinhole dia1neter. For a pinh_?le diameter D (given in AU) , the depth of an optical section
is given by [345]

Optical Section Depth = 0. 8

n-

J

,\

n2

-NA

2

{/1

+ 1.47D 3

(7. 13)
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The i olation of a ingle rare-earth ion within a bulk sample is heavily reliant on the optical
sectioning ability of the 1nicroscope to achieve the required spatial selectivity. Hence, the
diameter of the pinhole should be chosen to allo-w close to opti1nu1n p erfonnance. However ,
the background contribution from ions throughout the bulk sample is a significant noise
source. The extent of this noise source is estimated in the following section.

7 .5 .4

Opt ical sectioning and the impact of a t hick sample

An additional challenge associated with single ion detection in bulk samples is highlighted
in Reference [95]. In this work, single praseodymiu1n ion detection was demonstrat d via
anti-bunching for both bulk and n anocrystalline Pr 3 + :YAG samples. However, the

g (2 )

correlation measurement for single ions within the bulk sample showed a 1nuch shallow r
anti-bunching dip compared to the nanocrystalline samples [346]. This was due to the
background fluorescence of out-of-focus i1npurities throughout the thick sample. A similar ch allenge will apply for the investigation into single ion optical detection in a bulk
Pr 3 + :Y 2Si0 5 crystal. The fluorescent contribution from ions outside the focus represents
a noise source that will degrade the signal-to-noise ratio of single ion emission experiments
and the fidelity of single ion state readout. Therefore, this section investigates the extent
of this noise source as a function of sample thickness.
Out-of-focus contributions can b e exa1nined by co1nparing the ratio of the signal from
within the focus , to the total collected fluorescence . H aving observed the suitability of
the Gaussian approxin1ation to the confo cal psf [230] in Chapter 5, it is again applied to
calculate this ratio.
Let th three-di1nensional confocal psf be approximated by

= exp

psf( z, r)
where a z and

O"r

2
[

2

2a 2 2

l [ l
exp

(7 .1 4)

r2

2ar 2

are the axial and radial Gaus ian para1neters. The e parameters ar

p ecified for laser or di k scanning confocal microscopes in the paraxial approximation in
R eference [230]. Therefore. the confocal intensity distribution I conf( z, r) is

I conr (z . r )

=

2

-

(

l [ l)

2

2

_r2

xp [ 2az2 exp 2ar2

(7.15)

If the illun1inat ion is ,Yi thin the linear excitation regi1n . and th re i a uniform di tribution
of ion within the ample. the ratio IR of th signal from the focus to the total ignal can
then b e calcula t ed according to

IR

=

J
J

Iconr(z . r ) dV

Focal \·o lume

a mp!

f co nf ( z . r )

vo lume

(7 .16 )

dV
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Figure 7.10 : The ratio IR of the foc al signal compared to the total signal for increasingly thick
samples. The curve shown assumes a sample radius (2 >> (J" r · The inset shows the position of the
axial psf in relation to t he sample surface.

The fo cal volume is approximated as the region with radius u r and depth u z , and the
sample radius and thickness are denoted by

(2

and ( . By setting t he peak of the axial psf

a distance uz/ 2 into the sample, Equation 7.16 yields

C) )

(1 - exp [- 1]) ( 2 Erf
I R = - - - -- - - - - - - -- - - - - - ( 1 - exp [

i]) ( C) + UJ )

The relationship b etween IR and ( / u z for

Erf

(2

>> u r

(7.17)

Erf

is illustrated in Figure 7 .10. Under these

assumptions, to significantly decrease the effect of b ackground fluorescence , t he sample
thickness ( must b e close to the axial resolution limit of the apparatus. To significantly
reduce the background contribution when examining a -y 2 Si0 5 sample (n

= 1. 81) with an

obj ective with NA= 0.7 , ( is required to be less than 20 µm.
The calculations above assume a uniform distribution of ions throughout t he sample.
However , by isolating an ion in the wings of the inhomogeneously broadened line, where
there is significantly less than one ion p er confocal volume on average , the ratio IR can
be enhanced to approach unity. The penalty for this sp ectral selectivity is the additional
time required to search for a resonant ion in frequency sp ace .
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As described in Section 6.2.3 , rare-earth-ion t hin filrns do not currently pos ess a
high enough quality to allow state readout of a single ion.

Therefor e, to reduc

this

noise contribut ion in a bulk crystal without having to sacrifice sp ectral density, spatial
r solution beyond the confocal microscope is necessary. One option that may prove useful
in future xperin1ents i to achieve a thin absorption region in a bulk sample via localised
stress shift ing (see Chapter 5) . However , the direction pursued in Chapters 8 and 9 is to
harness sup er-resolution selectivity to provide a ignificant increase in IR. As detailed in
Chapter 8, these techniques can operate in co1nmercially available samples and require
little additional infrastructure to a typical confocal microscop e apparatus.

Therefore,

they are app ealing for the initial investigations into optical hyp erfine state readout of
single rare-earth ions.

7. 5. 5

Collection efficiency

1 Iaximising the collection efficiency in single rare-earth-ion exp eriments is critical to allow the faint einission intensity to be distinguished from noise sources . The following
exa1n ines t he collection efficiency possible with a confo cal 1nicroscop e apparatus and the
enhancem nt that can be achieved via the use of SILs.
A single ion can be approxin1ated to emit as a point dipole with a radiation pattern

1(8')

ex sin 2 (8' ) where

81 is the standard p olar angle from the z-axis defined along the

dipole. The collection efficiency. TJc is defined by the solid angle of the collection optics
such that
TJC

= (

=)" l !!:--e lC!!:--e

3

f,+ Bsin 3 e' dB' d!p

c f, +e
2

(7 .1 )

2

8(9 sin 8 + sin 38)
7f

,vhere 8 is defined by the effective NA of the obj ctive lens: sin 8

= _ A ef 1 . B cause th

an1ple ·s refr actiYe index i greater than the urrounding air or vacuum . th effectiv
of the ~- t en1 i reduced by refraction at the ample surface. Thus. N Aef f
~A

A

= NA /n: where

i the nun1 rical ap erture of the microscop e objective lens and n i the refractive index

of the sa1nple.
Thi highlight the ignificant challenge when collecting emi sion from olid- tate ample , . "-here the refractive index n i typically greater than 1.5 [34 7). In addition . Equation 7.1::) neglec t the lo e , due to reflection. which only erve to furth r reduce th yield
fr on1 a ingle en1itt er. "\Yorking in ato1nic y t 1n wher

a ingl

atom or ion can b

trapped by n1agneto-optical trap in fr ee pace avoid thi dil mma and therefore make
u e of the entire aYailable

~ A.

Sin1ilarly. for room temperature exp riment an index

111a t ching oil ,vith refr activ ind x
n1atch [231 ).

n oi l

i often u ed to decre

th refractive index mi -
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Figure 7.11: Two SILs used for enhancing the effective NA of confocal systems. The hemispherical
SIL can produce a NA enhancement of n, whereas the super-hemispherical (or Weierstrass) SIL
provides enhancement of up to n 2 . The diagrams reflect index matching such that nsample
nsrL = n . Note that an increase of n in NA corresponds to approxin1ately a n 2 increase in
collection efficiency [351].

Working at liquid helium temperatures negates the use of oils but a similar enhancement can be achieved via a SIL [248, 348, 349 , 350]. If a hemispherical SIL is centred
on a single emitter every emitted ray exiting the SIL does so at normal incidence. This
can enhance T/C via two processes. Firstly, the absence of refraction determines that the
full extent of the objective lens can be utilised giving NAef f

= NA. This increases the

collecfion efficiency by approximately ns1L 2 [351]. The second process is the reduction of
reflection losses at the sample surface if nsrL

= n. Although, the collection angle of the

optical system can be significantly increased by choosing nsrL > n, any enhancement is
countered, and at worst negated, by the increased reflection losses.
The use of super-hemispherical (Weierstrass geometry) SILs can further enhance
T/C [248].

The Weierstrass geometry is such that the height of the SIL is a factor of

1
(1 + -n srL
- ) greater than the radius of the sphere . In this case, the enhancement of the sys-

tern NA can be up to a factor of nsrL 2 compared to nsrL for a hemispherical geometry [352].

However, the biggest advantage of the Weierstrass geometry is that the same collection
efficiency can be achieved as the hen1ispherical SIL with a greatly reduced objective NA,
which is advantageous for cryogenic spectroscopy (see discussion in Section 7.4.2).
In both cases , the maximum NA achievable with the SIL is equal to nsrL [353].
This also allows the resolution of the imaging system to be increased according to the
expressions in Equation 7.8 using the SIL-enhanced values of the NA.
The difference in collection efficiency with , and without an index-matched , hemispherical SIL is shown in Figure 7.12.
from ~ 7% to over 20%.

The use of a SIL improves the value of T/C

It is noted here that it is possible to further extend the
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NAef J == 0.7 /n ~ 0.39
r;c

~

0.07

NAef J == 0.7
r;c

~

0.22

Figure 7.12: The difference in collection efficiency without (left) and with (right) a hemispherical
SIL index-matched to a Y 2 Si0 5 sample (n = l. 1) . The I A of the objective is chosen to be 0.7.
The dipole radiation pattern for a point dipole (ex: sin 2 ( 6l)) is represented by the meshed surface.
Superimposed on thi is the effective collection numerical aperture, represented by the solid surface.

collection efficiency for a solid state emitter to above 95 o/c via engineering dielectric
antennae [354. 355]. These schemes are based on the induced modificat ions to the dipolar
emission pattern at the interface of two materials with a large refractive index contrast.
Ho\vever. the forn1ation of a dielectric antenna requires the growth of a sub-micron
thickness film . To date; rare-earth-ion thin films do not currently allow the required
coherence tin1es for hyperfine-state- elective readout (see Section 6.2.3) . Therefore; this
n1ethod is not con idered in thi thesis.
The aberration

introduced by a SIL due to imperfections in their geometry ar

explored in R eference [356]. [357]: and [35 ] . Such aberrations can significantly r due
the ideal resolution off red by the perfect SIL . However. this issue can be avoided if the
re olution of the ysten1 i determined by the sample size or super-resolution method .
In thi ca e. the presence of aberrations i a mall penalty for

ubstantial increase in

collection efficiency. In addition . the u e of deformable mirror to hape th wavefront of
the b an1 can correct n1any of the prominent aberration in SIL i1naging
For high fidelity

ingle ion n1ea uren1ent

terns [357. 35 ].

to be achie,-ed u ing minimal tim

r -

-ource . 111axin1un1 collection efficiency i required irre p ectiv of the ion · emi 10n ra

Ho,YeYer. a ,-.-ill be pre ented in Sect ion 9.6.5 ther are experimental complication in
u -ing a IL to increa e the collection efficiency. Therefore. the ,\-ork detailed in Chap er
and 9 ,,-a - con1pleted ,,-ithout a IL. A in,-e tigated in th follo\\-ing ection . thi deer ase
in collection efficiency i1npact on "-hich detection trategy i be t uited for d tecting a
-in a-le rare-earth ion.
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Single ion detection strategies for weak emitters

In this thesis, the readout technique to determine the hyperfine state of a single ion is
based on n1onitoring the intensity of fluorescence. This concept is thoroughly explored
in Appendix B, which investigates what technique is suited for determining the state of
frequency-based qubits consisting of small ensembles . However, the first stage of progressing to single ion state readout is to investigate the optical detection of a single ion.
Demonstrations of single emitter anti-bunching statistics have grown to be recognised
as the quintessential evidence of an isolated quantum system. However, in the overwhelming majority of cases, · the transitions of interest are electric-dipole allowed and possess
high emission rates [285, 293, 295, 359). In this section, the feasibility of demonstrating
characteristic single ion 9( 2) functions with a single praseodymium dopant in Y 2Si05 is
explored. This allows a comparison with intensity detection techniques that rely on SFS
to demonstrate single ion resolution.
The resultant second-order correlation function

g( 2)*

for a photon stream due to a

single emitter signal S and a significant noise background B is given by [295)

(7.19)
where p

= S / ( S + B) and

9( 2)

represents the correlation statistics of a single emitter

without random coincidences resulting from background noise. Here , S can be written as
the average detected photon number per second TJ /T1 and B as the average detected noise
counts per second. Equation 7.19 determines that for T = 0, g( 2)* = 1 - p 2. Therefore , to
detect this deviation from Poissonian statistics , the standard deviation of the n1easurement
u must be less than p 2.
9

The variance of the correlation function Var [g( 2)J can be approximated by [360, 361)
Var [ g

(2)] _

-

2

(7.20)

N(n)2 '

where N is the number of measurement repetitions and (n ) is the mean photon number
per integration time T. By rewriting N in terms of T and the total experiment time Texp,
and (n ) in terms of S , the total time required to achieve the resolution criterion above can
be written as
Texp

=

2
p4T(TJ / T1)2

(7.21)

Figure 7 .13 shows the rBlationship between Texp and the overall detection efficiency
TJ for Pr 3 + :Y 2Si05 (T1

= 164 µs). Two curves are shown , which represent an order of

magnitude difference in the background noise level B. One curve is consistent with the
dark count rate of the silicon APD used in Chapter 9 (B

=

32 Hz) and the other represents
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Figure 7.13: The total experiment time for unity signal-to-noise ratio measurements for 9(2 ) and
SFS measurements. Here B represents the background noise rate, which follows the notation used
in Reference [295]. The signal is assumed to be the emission rate of Pr 3 + :Y 2 Si0 5 (1/164 µs ~ 6
kHz). The shaded region highlights the range of detection efficiencies that should be experi1nentally
achievable without the use of a SIL.

the current dark count limit for commercially available APD t chnology ( B

= 1 Hz).

For con1parison , the total experiment time to achiev a unity signal-to-noise ratio for an
intensity n1easurement is included on the same axis. This assumes th only noi e sources
are the Poissonian fluctuations of th signal and dark counts respectively (see Appendix B
for further details). In both cases, the integration time T is s t to 10 µs.
As shown in the figure, the weak signal rate places stringent conditions on the overall detection efficiency for anti-bunching correlation to be d monstrated on a practical
ti111e-scale. For total efficiencie above 1%, non-classical behaviour could b verified with
approxi111ately five minute integration times for the higher noi e APD. Achieving r; > 0.01
is certainly feasibl giv n the collection efficiency discussed in Section 7.5.5 and the quantu1n fficiencie of con1mercial APDs (~ 0.65 at 600 nm). However, the practicality of uch
a 111easur n1ent rapidly reduces as r; decreases to 0.1 %. The spatial and frequency stability
required for integration times greater than one hour would be challenging, although not
in1possibl to achi ve.
\Vhen the additional time required to ov rco111e hole-burning processes are taken into
account ( e

ction 9.1.5). the overall effici ncy begin to approach the lower bounds for
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achieving anti-bunching correlations . In zero field, the ion can relax to any one of the
three hyperfine ground states. Thus, the laser must be cycled between three frequencies
to ensure that, on average, the ion remains resonant. This reduces 77 by at least a factor
of three, irrespective of what subset of zero field transitions are chosen.
The time-scale to investigate SFS using the variation in the measured intensity are
several orders of magnitude shorter than those required for performing g( 2 ) measurements.
Even factoring in the need to accumulate intensity measurements at many frequencies, SFS
methods are a significantly more time-efficient for demonstrating single ion resolution.
Considering this, the measurements detailed in Chapter 9 focus on the implementation of
demonstrating SFS for low ion numbers in a bulk Pr 3 + :Y 2 Si0 5 sample.

7.7

Summary

This chapter is the first of four chapters dedicated to investigating whether the current
inability to detect the hyperfine state of a single rare-earth ion can be overcome. This
would allow greater scalability in frequency-based quantum computing. As such, it establishes the framework for the following chapters. It began with a historical context for
the work in this thesis, including recent advances in single rare-earth-ion detection. The
following sections then defined the parameter space of the current study and the challenges
associated with achieving single-ion state readout in such a regime.
Firstly, the bound on homogeneous broadening to ·allow high fidelity state readout
was defined. This, along with the requirement of the readout technique to operate in a
regime where low error rate quantum computing is feasible, dictated the physical system
for study. Therefore, the current study focuses on the achievement of single ion optical
detection in bulk crystals at liquid helium temperatures. In addition, the 3 H 4 (1) +--+ 1 D 2 (1)
transition is the only transition that currently meets the homogeneous broadening criteria
for readout in the chosen material Pr 3 +: Y 2 Si O 5 .
Having defined the transition and regime of study, the upconversion technique used by
Kolesov et al. [95] to optically detect single ions in Pr 3 + :YAG was examined. The result
of the case study was that although opportunities may exist for upconversion if strong
selection rules can be created, it is not currently possible to achieve high fidelity readout
using this technique. This is predominantly due to the large homogeneous broadening of
the

4f 1 5d states.

This also determined that such a technique could not be used to reduce

the long lifetime of the chosen excited state for this study.
The excitation and detection isolation required for single ion detection were then introduced. This was followed by-specific details on the confocal microscope . The presentation
of the well defined properties of the confocal microscopy technique highlighted important
aspects. Firstly, despite enabling high spatial resolution , a large background signal remains when examining thick samples due to fluorescence from emitters outside the focus.

222
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This detern1ines that for high fidelity state readout, further sp atial electivity is desirable.
This is the topic of Chapter 8.
Secondly. the collection effi ciency of confocal microscopy without th use of a SIL limit the types of measurements t hat can be perfonned in systems ·with low emission rates.
This econd aspect was more closely explored in a comparison between the predicted time
required to perform correlation and SFS 1neasurements in Pr 3 + :Y2Si0 5 . Given the expected efficiency of the exp eri1nental app aratus , p erforming anti-bunching measurements
would be ignificantly 1nore challenging than intensity-based 1neasurements.
Therefore. the next two ch apters concentrate on developing a technique for single rar earth-ion optical detection, v. hich addresses these asp ects . The remaining elen1ent that is
required for high fidelity measurements of the ion :s hyp erfine state is a cyclic transition.
A proposal for achieving cyclicity in rare-earth-ion systems in Chapter 10 complete this
st udy.

Chapter 8
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A qubit readout protocol for quantum computing must operate in a regime in which
the conditions for fault-tolerant gate operations can be achieved . In the case of frequencybased quantum computing in rare-earth-ion systems, this requirernent places an upper
bound on the homogeneous linewidth of the optical transition (see Section 7.2). In currently available rare-earth-ion materials , homogeneous linewidths below this bound can
only be achieved in bulk single-crystal samples at or below 4 K. Isolating a single ion within
a bulk crystal is co1nplicated by fluorescence of other ions throughout the entire sample
volume. As discussed in Section 7.5.4 , this fluorescence cannot be completely eliminated
using the resolution of a confocal microscope.
223
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Therefore , a technique is required to achieve greater sp atial isolation than the confocal
111icroscope. Such a technique should s lectively detect fluor escence from a microscopic
volun1e within a bulk crystal, whil t satisfying the homogeneous broadening limit for high
fidelity readout. Designing and implementing a t echnique to achieve this is the focus of
this chapter.
The chapter begins with an overview of techniques that can resolve structur
srnaller than the resolution limits imposed by the diffraction of light.

This

urv ys

existing methods to reduce the contribution of background fluorescence in bulk samples.
Three technique are highlighted that h ave achieved nanoscopic resolution. Firstly, the
technique of STimulated Emission D epletion (STED ) imaging is presented. This technique allowed sub-diffraction-limited resolution of praseodymium dop ed nanocrystals via
up conversion [329]. Secondly, Ground Stat e Depletion ( GSD ) imaging is examined with
reference to the initial demonstration in an organic syst em [362] and its implementation in
a solid-state system: t he

V centre in diamond. Thirdly, the recent results of pointillistic

i111aging of a single praseo dymium ion in the m aterial of interest (Y 2 Si0
presented.

5)

[96] are bri fly

These examples emphasise the opportunities that rare-earth-ion material

present for achieving resolution b elow t he diffr action limit. In particular , their long-lived
hyp rfine ground state [68 : 171], and their sp ectral and spatial stability [363 , 364]
Having established t he opport unit ies for limit ing t he background fluor e cence in
bulk crystals. two proposals t hat harnes t hese opport unities are presented. The first is to
achi Ye super-re olution in rare-earth-ion materials through the application of t he GSD
technique. The i111aging resolution is simulated for low excitation powers in Pr 3 + :Y2 Si0.5
and Eu 3 -: Y 2Si 0 5 . The backgr ound rejection capabilit) of the GSD technique is then
exan1ined for cyclic and non-cyclic transit ions .

The cyclic regime is important for

achie\·ing single-ion qubit readout . wherea!: the non-cyclic regime i important for the
prelin1inary tep of ingle ion optical detection in current systems.
The econd proposal i an original technique developed in this work pecifically for
rare-earth-ion 111aterial . The proposed technique u e a patially sel ctive Stark shift to
n1aintain fluore cence for a ·mall \·olume and simultaneou ly minimi e any background
fluore cence in the bulk cry tal. Thi St ark activation techniqu is a ignificant departure
fron1 all-optical 111ethod for

uper-re olution . ).!any nano copic imaging method rely

on the photo-acti\·ation of locali ed region and hence. the gradient of an optical field to
achie\·e ub-diffraction-lin1it d re olution [277]. In contrast. the re olution of the Stark
actiYation 111ethod i defined by th applied electric field gradi nt .
Con1bined "·ith th

pectral re olution of the rare-earth 10n at low temperatur .

achie\·able electric field gradient
theoretical de cription of th

allo\\· extremely effective point-like

method i followed by a proof-of-principl

lectivity.

A

demon tration

"·here a 10 ~Ln1 thick ab orption region i created within a 1 mm thick ample. Th e
initial 111ea ure1nent are a precur or to the detailed characteri ation of tark activation
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for single ion detection presented in Chapter 9. The suitability of the Stark activation
method for state-selective optical readout with cyclic transitions, and single ion optical
detection in the absence of cyclic transitions is also discussed .
In addition to assisting the goal of single-ion qubit readout , sub-diffraction-lin1ited
resolution can allow rare-earth materials to be examined at close to the atomic scale.
The opportunities for using GSD or Stark activation to resolve structures beyond the
micron-scale spatial resolution achieved in Chapters 5 and 6 are also discussed.

8.1

The realisation of super-resolution

The challenge of isolating a single ion in a bulk crystal is analogous to increasing the
spatial resolution of imaging systems to the nanometre-scale [277] . Therefore, examining
the options for fluorescent imaging below the diffraction limit provides insights as to
what t echniques are best suited to the rare-earth-ion system. In the following sections
near-field , far-field , and dynamic techniques are briefly reviewed.
For a long time it was thought that the resolution of optical imaging was ultimately bounded by Abbe 's limit: >. / 2 [365].

Under the same assumption, the spatial

resolution of optical spectroscopy would also be li1nited by diffraction , and sub-wavelength
structures hidden.

Without the ability to resolve sub-micron structures, technological

innovation at this scale would be severely constrained. However , in the past two decades
tremendous advances have b een made in refining imaging techniques that extend optical
i1naging from n1icroscopy to nanoscopy.
In general, the tremendous advances in optical imaging have been driven by the field
of biology, where critical features have dimensions less than 200 n1n [366]. However, the
desire to overco1ne the diffraction limit extends b eyond this sphere into the semiconductor
industry, where imaging microelectronics is critical to increasing the density of classical
integrated devices [367]. The following is a brief overview of some of the myriad of techniques that resolve structure previously hidden by the diffraction limit. For further details
the reader is directed to R eferences [269], [277], [331], [341], [366], [368] , and [369].

8.1.1

Near-field techniques

The first sub-diffraction-limited optical technique ·was proposed in 1928 by Synge [370], and
realised for visible wavelengths in 1984 [371, 372]. The technique utilises a sub-wavelength
physical aperture to scan the sample to build up an image . This relies on the exponential
decay of evanescent fields and is therefore li1nited to the near-field. Similar techniques
include total-internal-reflection field microscopy, and the use of n anoscopic metal particles
or tips to enhance emission due to plasmonic resonances [330].

Although these near-
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field techniques provide 0 (10 nm ) re olution , only t he very surface can b e analysed ( ee
F igure 8.1) .
The plasn1onic sup er-resolution techniques rely on a reduction of the lifet i1ne of
the e1n itt ing state when in close proximity to t he prob e.

Thus, the emis ion yield

can be increased at t he exp ense of t he transit ion linewidt h.

In Section 7.3 .4 t he

us fulness of t he ability to t une t he excited state lifetime to locate emit t ers was discu sed in t he context of an up conversion technique [95]. In that case, t he life ti1ne is
t uned via coupling t he t ransit ion t o an energy level with a significantly shorter lifetime.
For plasmonic enhancement , the lifetime is t uned via proximity t o t he met al particl [330].
ear-fie ld techniques t hat ut ilise the rapid spatial decay of evanescent fields are an
effective way of reducing t he contribution of background fluorescence in larg samples .
The disadvantage of techniques such as near-field scanning opt ical micro copy is that t hey
po sess extrem ely low collection effi ciencies [373]. Therefore, t hese t echniques are not
suitable fo r high fidelity opt ical readout p art icularly if t he t r ansit ion of interest p ossesses
a low emission rate .
In cont rast, high collection effi ciencies can b e achieved for the near-field methods utilising coupling to plasmonic structures . Placing a metallic obj ect wit hin na nometres of an ion
1no difies t he radiative and non-radiative emission rat e [37 4] . Therefore, although opport unit ies exist fo r t uning t h lifet ime of the ion via plasmonic enhancement, t here is likely
to be ignificant excess hon1ogeneous broadening due to non-radiative proce ses. Whether
a ignificant increase in emission rate could b e achieved whilst satisfying t he bound on
hon1ogeneo us broadening required fo r state- elective readout is beyond t he scop e of t he
current work.
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Figure .1: \ -ariou near-field technique for ub-diffraction-limited optical imaging. (left) The
re olution of a near-field canning optical micro cope i bounded by the ize of the detection
aperture rather than the \Ya,·elength of the excitation radiation. By operating within nanon1etre
of the ample. re olution on the order of 50 nm can be achieved. (middle) Total internal reflection
imaging achie,·e ub-diffraction limited depth re olution ,-ia the u e of evane cent wave . which
decay exponentially a,,-ay from the ba e of the pri 1n. (right) P la n10nic field enhancem nt can be
achieYed \\·ith a Yariety of nano copic metallic tip . Thi technique increase both the coupling of
the light to the emitter. and the photon mi ion rate.
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Far-field techniques

Beginning in the early 1990s attempts to defeat the diffraction limit with far-field imaging
began to accelerate. The operating principles of several of these techniques are shown
in Figure 8.2.

Initially, far-field techniques focused on structured illumination of the

sample to create interference effects to resolve higher spatial frequencies.

In essence,

these techniques are the spatial equivalent of heterodyne detection for radio or optical
signal processing. These include standing wave fluorescence [375, 376], and Structured
Illumination Microscopy (SIJVI) [377] . Other techniques such as 4Pi microscopy [378]
utilise the higher effective numerical aperture possible if two opposing lenses are used.
Because opposing lens schemes such as 4Pi and I 5 NI [379] inherently require a thin sample
to achieve the numerical aperture enhancement they are not initially useful in terms of
the current project.
The next significant progression 1n reducing the resolution limit was to harness
the non-linear optical response of the fluorescent medium. In doing so, the resolution
limit was shifted from geometric factors , such as A, n and NA, to the saturation properties of the fluorescing transition [380] . For example, Saturated Structured Illumination
Microscopy (SSINI) [381] illustrates the increased resolution possible via saturating
the transition (see Figure 8.2). At low intensities , the SINI technique correlates signal
intensity ·w ith spatial position to reconstruct the object profile. However , at higher power,
saturation occurs, which determines that the spatial extent of the dark region effectively
narrows. This effect introduces higher spatial frequency harmonics into the illumination
structure. Hence, the reconstructed image possesses higher resolution.
The saturation effect is also critically important in STED imaging.

STED utilises

two beams: one beam to excite the confocal volume, and a patterned beam to deplete
the fluorescent signal via stimulated e1nission [382, 383, 384]. One common example for
the STED beam is the use of a doughnut mode that h as zero intensity along its axis . By
making such a mode very intense, all but an extremely small section at the centre of the
beam is depleted resulting in nanoscopic resolution. A similar result can be achieved in
the axial direction by a STEDz mode or by a slight radial shift in the standard doughnut
1node, which creates intensity maxima above and below the centre of the focus [385].
STED can be grouped with other similar techniques under the title of REversible
Saturable OpticaL Fluorescence Transition (RESOLFT ) imaging [380].

Another

technique in this grouping is GSD , where optical pumping to a metastable dark state
rather than stimulated emi-ssion provides an increase in resolution [263, 362]. Both of
these will be presented in 1nore detail in Sections 8.1.3 and 8.1. 4 respectively, due to
their relevance to rare-earth-ion materials and the Stark activation technique proposed in
Section 8.3.
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Figure .2: Variou far-field technique for optical in1aging, di cu sed in further detail in the text.
( top left ) Confocal micro copy with resolution defined by the diffraction limit ( ee Section 7.5 for
details). (top right) "1Pi microscopy achieves higher re olution by using two opposing high-NA
objecti\·e lense . (bottom left ) Structured illumination technique such as SL I and
I I allow the
resolution of higher patial fr equencie . As di cu ed in the text, the saturation effect determines
that the re olution become limited by the material propertie rather than the collection optics.
A , hmn1 . only the position where the intensity vanishe are dark . Hence, post proce ing is
required to reconstruct the image. (bottom right ) RESOLFT technique uch as TED and G D
commonly u e a depleting doughnut mode to i olate volume on the order of (10 nm) 3 .
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STED imaging of rare-earth-ion materials

Sub-diffraction limited imaging of rare-earth-ion crystals has not been a prominent part of
the extensive study into these materials. This is due to the fact that high spatial resolution
isolates small ensembles, which typically results in low signal levels (see Sections 3.2.4 and
5.1.2). However , the 50 nm radial resolution achieved by Kolesov et al. in Pr 3 + :YAG

nanocrystals [329] illustrated that this challenge could be overcome to achieve superresolution.
Although the upconversion super-resolution technique is extremely effective, it is
operating in a regime vastly different from the parameter space of interest in this thesis.
Specifically, in Section 7.3 it was determined that even the low temperature homogeneous
linewidth of the 4f 1 5d states was too large to allow the intermediate state hyperfine structure to be resolved. Therefore, upconversion is not suitable for state-selective readout.
However, the work of Kolesov et al. is reviewed here as an example of super-resolution
imaging in a rare-earth-ion material.
The sub-diffraction-limited resolution 1s achieved utilising a similar upconvers1on
process as that described in Section 7.3 and a variant on the STED technique.

The

distinction between the commonly used STED and the process used by Kolesov et

al. [329] was that the spatial selectivity was achieved by stimulated absorption rather
than stimulated emission.

The modified STED scheme is shown in Figure 8.3.

In

this roo1n temperature demonstration , upconversion was obtained by initially exciting
the Pr 3 + ion from the ground

A

=

609 nm.

3H

4

manifold to the

A further excitation pulse at A

short-lived 4f 1 5d(l) level (T1

=

1D

2 manifold via a laser pulse at
532 nm induces a transition to the

= 18 ns) , which emits photons at 314 nm.

The long optical lifetime of the

1

D 2 state (230 µs [181]) and the ability to satu-

rate the excited state absorption process allows the diffraction limit to be overcome. A

= 609 nrn was pulsed to excite the ions into the 1 D2 state. A
cw doughnut mode with power P doughnut with A = 532 nm acted as the depletion beam,
Gaussian b eam with A

exciting all but the ions at the centre of the mode into the 4f 1 5d(l) level. These ions
then decay back to the ground state. After a time long compared to T 1 of the 4f 1 5d(l)
state, a short readout Gaussian beam excites the remaining narrow spatial element .
The achieved resolution was proportional to

1/ J P doughnut

until the signal became

limited by the nanocrystal size of approximately 50 nm. This indicated that the technique
itself has a higher resolution capability [329] . Because of the photostability of Pr 3 +:YAG,
increases in the resolution c-an b e achieved by increasing the depletion beam power. In
contrast, a similar power regime for organic dyes would be accompanied by the onset of
photo-bleaching [362].
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Figure 8.3: The upconversion STED techniqu in Reference [329], used to image Pr 3 + :YAG
nanocrystals. A Gaussian beam at 609 nm populates the 1 D 2 state. A doughnut depletion beam
at 532 nm continuously depletes the population in 1 D 2 via excitation to the 4f5d(l) level. The
signal fron1 the remaining ub-diffraction-limited volume can then be read out via the upconv rs10n
technique with a Gau sian b eam.
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It is noted here that STED i1naging in rare-earth-ion m aterials need not utilise the
excited state absorption step. For example , the readout could b e p erfonned on the initial
excitation transition , which would allow the hyperfine structure to rem ain well resolved.
However, the p en alty for achieving higher spectral resolution is the time-scale of the
exp eriment.

That is , the rate of photon production fro1n the sub-diffraction-limited

volume would b e decreased by the ratio of the lifetimes of the

4f 1 5d(l)

and 1 D 2 states .

This is on the order of 10 4 .
Importantly, the ·work by Kolesov et al. [329] emphasises two properties of the
rare-earth-ion materials that can be exploited for super-resolution.

Firstly, the ions

are photo-stable such that no irreversible photo-bleaching is observed , which is a stark
contrast to molecular syste1ns [366] .

Secondly, the long-lived states compared to the

time taken to modify the relative populations of various levels , also allows opportunities
for achieving high spatial selectivity. Both these properties are further explored in the
following section.

8.1.4

Ground state depletion microscopy

The STED sup er-resolution i1naging of Pr 3+ :YAG [329] harnessed the long excited state
lifeti1nes available in 4f N +-+ 4JN transitions in rare-earth crystals. Ho-wever, rare-earth
ions also possess extremely long-lived hyp erfine ground state levels [68, 171].

These

levels are co1n1nonly used for optical shelving to facilitate m easure1nents such as holeburning [63], and applications such as quantum 1nemories [75 , 82]. Therefore, sup erresolution techniques that utilise long-lived 1netastable states should be applicable for
increasing sp atial resolution in rare-earth-ion crystals.
In 2007 , it was exp erin1entally de1nonstrated that the diffraction barrier could be broken by optically pumping sp atially selected regions of 1nolecules into long-lived metastable
dark states [277]. If T 1 of the dark state is 1nuch greater than that of the fluorescent
level, any re1naining 1nolecules in t he bright state can be isolated with increased resolution. Although t he psf shaping is identical to that used in STED , the technique has the
advantage that sub-diffraction limited resolution can b e achieved with relatively modest
intensit ies [263].
The fluorophore used , Atto532 , is excited fro1n the ground state singlet level So to the
excited state singlet level S 1 via irradiation with a laser b ea1n at 532 n1n. From S 1 the
system can decay back to the ground state directly or via a long lived triplet state T 1 .
Because of the long lifetime of the T 1 state, continuous excitation from S 0 results in a
population build up in t he triplet state . Hence , a depletion in the ground state singlet
level is formed.
Through the application of a doughnut-1node depletion bea1n, resolution b elow 100 nm
was achieved with intensities of 0 (10 1IW / n1 2 ) , a reduction of 5 - 7 orders of n1agnitude
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Figure 8.4: The concept of GSD as applied to an organic molecule [277] and the v - centre in
diamond ( (a) Reference [384] and (b) Reference [386]). In both ca es, the e1nitter is repetitively
cycled, using a doughnut mode beam, which populates the dark state. The same transition is then
excited with a Gaussian beam yielding the emission from the remaining sub-diffraction-limited
spatial region. In the case of the V centre in diamond , the dark state is typically the conversion
of the centre to the NV 0 . This can be effectively emptied via excitation at 4 73 nm [386].

comp ared to typical STED imaging [277] . Even at these reduced intensities , considerable
bleaching of the organic fluorophores was observed.
In contrast, the application of GSD to irnage individual Nitrogen-Vacancy (NV)
centres in dian1ond is free fron1 bleaching effects due to the photostability of the emitting
centre . This was first demonstrated in 2009 [3 4] following the sub-diffraction-limited
r solution imaging via STED microscopy [387]. In R eference [384], the dual modality of
GSD was highlighted. The tandard operation is that described above, where a doughnut
n1ode depletion beam optically pumps all but the central zero intensity region into a
dark state .

The nanometre-scale region can then be observed via excitation with a

Gaussian beam. The :negative· modality requires only a single beam. but incurs the cost
of post-proces ing to retrieve the image. By simply recording th

fluoresc nee from a

doughnut beam. single en1itters are imaged as nanoscopic dark spots.

By d convolv-

ing th resultant scan with the excitation psf, an imag of the object can then by obtained.
Rare-earth-ion cry tals

uch as Eu 3 + :Y 2 Si0.5 pos ess hyperfin

tin1es on the order of 20 days [6 ].

ground state life-

Ther fore. GSD is an appealing techniqu

in\-estigate for achieving sub-diffraction-limited

patial resolution in bulk samples.

to
In

doing so . it may b e pos ible to decreas the lev 1 of background fluor scence from ions
outside the region of intere t to allow higher fidelity tate-selective readout of a single ion.
The theoretical examination of rare-earth-ion GSD is pre nted in Section .2.
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Figure 8.5: The principle of pointillistic imaging methods such as PALNI and STORNI. A single
emitter within a confocal volume is stochastically photo-activated. The centroid of the single
emitters psf can then be determined with an accuracy dependent upon the number of detected
photons. Once the emitter photo-bleaches, another emitter is activated and the process repeated
to form an image.

8.1.5

Dynamic techniques

Having introduced both near-field and far-field super-resolution methods , there is one final
grouping of techniques for sub-diffraction-limited imaging based on dynamic processes.
This group is comprised of methods that utilise the ability to dynamically activate and
deactivate single fluorophores to achieve nanoscopic resolution [269].
Although the image of a single emitter is limited to the dimensions dictated by the
diffraction limit , Abbe's criteria does not restrict the accuracy to which the centroid of
the image can b e determined. Rather the limit is imposed by [277]
~ localisation

where

~psf

~psf

= v1"FJ ,

(8.1)

is the resolution of the imaging point spread function and N is the number of

photons collected.
By rando1nly photo-activating a sparse subset of emitters , the position of individual
e1nitters can be determined to arbitrary precision according to Equation 8.1. By bleaching
these emitters, or transferr-ing them to a dark state, the process can be repeated for
a different , randomly selected subset. Both Photo-A ctivated L ocalisation Microscopy
(PALM) and STochastic Optical R econstruction Microscopy (STORNI) operate on this
principle of time resolved emitter isolation [388 , 389 , 390].
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In general, because of t he low e1n ission rate of t he

4f N

H

4f N

t ransit ions in rare-

earth-ion n1aterials, it is difficult for t h se p oint illistic imaging processes to p rform at
the resolution achieved in organic systems. The low sp ontaneous emission rate fro1n t hese
weakly allowed transitions determine t hat achieving subst ant ial increases . in resolut ion
would be extre1nely t i1ne consuming. In addit ion , t he low cyclicity of rare-eart h-ion t ransitions det ermines t hat an ion , if activated opt ically wit h a single excitation frequency,
h as a non-negligible likelihood of relaxing to a different hyp erfine ground st at e. On average , this would occur b efore a sufficient number of photons are collected to accurat ely
det ermine t he ion 's posit ion.
Alt hough challenging, t he recent achievement of single ion optical detection by Utikal et

al. [96], who prob ed t he 3 H 4 (1)

H

3

P o( l ) transition in Pr 3 + :Y2Si0 5 , de1nonstrated t hat

nanometre localisation is p ossible for rare-earth ions. The isolat ed activation was p ossibl
by imaging 100 nm diamet er nanocryst als wit h 0 (10 kHz ) frequency resolut ion. To prevent t he ion b eing optically pumped into a dark st at e this t echnique utilised simultaneous
excitation out of all t hree ground stat e hyp erfine levels. In doing so, 5 nm resolut ion was
gained at t he exp ense of preserving the init ial spin st at e. It is also noted that t he 3.3 MHz
homogeneous linewidt h observed by Utikal et al. [96] is ab ove the limit to allow t he excited
state hyp erfine structure to b e resolved.
Although p oint illistic methods allow super-resolution imaging, t his is achieved by
fitt ing t he sp atial profile of t he observed sign al rather t h an removing sources of background noise . The observed emission rate in t he work of Utikal et al. was approximately
100 photons/ second on resonance, and t he background signal was approximately 30 photons/second . W ith t he ad ditional noise due to t he b ackground fluorescence fro1n a bulk
sample taken into consideration , t he integration t ime required to ut ilise t his technique in
a bulk cry tal 1nay be prohibit ive .
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Figure 8.6 : The proposed excitation schemes for GSD in Pr 3 + :Y 2Si0 5 and 153 Eu 3 + :Y 2Si0 5 using
the parameters from References [185] and [68], respectively. The energy level diagram has been
simplified to include only the relevant crystal field levels. Here, B represents the dark state.

8.2

Ground state depletion in rare-earth-ion materials

The research direction pursued in the current work concentrates on far-field techniques that
utilise depletion methods to minimise the contribution from background fluorescence. The
current section and Section 8.3 each propose a far-field technique to allow the background
noise from out-of-focus emission to be overcome.
In this section, the GSD technique introduced 1n Section 8.1.4 is extended to
Pr 3+ :Y2Si0 5 and 153 Eu 3+ :Y 2S i0 5 in zero field. Similarly to the NV centre in diamond [384, 386), rare-earth-ion materials are essentially free of photo-bleaching effects [329). In addition, the extremely long lifetimes of the hyperfine ground state levels
and narrow ho1nogeneous linewidths below 4 K are well suited for this technique. The
scheme for achieving super-resolution via GSD is presented along with the feasibility of
using this technique for single ion state-selective readout. This is followed by the proposal
of a new technique based on the activation of a localised region via the Stark shift in
Section 8.3.

8.2.1

Rate equations

The procedure follows analogously to the original proposal for GSD [263).

There are

effectively three energy levels involved in the GSD procedure: the ground state A , the
excited state E and the metastable state B. These states can b e chosen such that the
lifetime of states A and B are long compared to that of the excited state E. A diagram
of the relevant energy levels-is shovvn in Figure 8. 6.
For praseodymium A is chosen to be the I

= ±~ state of the 3H4(l) crystal field

level and Eis chosen to be the I =±~ state of the 1D 2 (1) level. In the case of europium,
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0 - 10 2

R1 (Hz)

0 - 10 3

R2 (Hz)

0.93
~ 5.7
164 µs

X

10 3

0.85
~ 4.5
1.9 ms

X

R3 (Hz)

0.07
~ 4.3
164 µs

X

10 2

0.15
1.9 ms

79

R4 (Hz)

1
~ 5
200 s

X

1
23 days

10- 3

~

~

5

X

10 2

10- 7

Table 8.1: The values for the parameters in Equation 8.2 from References [68], [171], and [1 5].

A is chosen to be the I

= ±;

state of the 7 F o level and E is chosen to be the I

= ±!

state of 5 Do level. These hyperfine states are chosen to provide the 1naximum cyclicity
of the signal transition: 0.93 for praseodymium [185] and 0.85 for europium [391]. Thi
ensures that the maximum fluorescence is achieved for each readout. In both cases B
represents the remaining two hyperfine ground state levels I = ±

! and I

=

± ~.

The following describes the dynamics of the depletion beam on resonance with the
relevant transitions .
NA= -R1NA

+ R2NE + R 4NB

NB= R 3NE - R 4NB
NE= R1NA - (R2

(8 .2)

+ R 3)NE

Herei R 1 is the rate of excitation due to the depletion b am from state A , R2 and R3
are the spontaneous emission rates to levels A and B respectively, and R4 r pre ents th
lifetime decay fron1 the nuclear hyperfine ground states in B .1 The values for R i are given
in Table 8.1.
The steady state solution of Equation 8.2 can be written as a function of the total
nun1b r of ions in the en e1nble N

= L i Ni for

NA

R4( R2

i E (A. B , E).

+ R3)

D

NB
JV

-

-

E

7V

R1R3
D
R1R4.
D

( .3)

This de cription of the technique i only \·a lid for R 1 < R 2 + R 3 where the lifetime is still the fastest
deca\ rate in the ystem. If the intensity of th depletion beam is increased significantly, off-resonant
excitation of tat B will creat a \ -sy tern. the dynamic of whi ch would need to be solved explicitly.
1
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Figure 8.7: Theoretical resolution of the GSD technique in Pr 3 + :Y 2 Si0 5 . The excitation powers
shown do not introduce significant power broadening and hence, preserve the bulk homogeneous
linewidth.

8.2.2

Spatial resolution

For the para1neters given in Table 8.1 , NA

<<

NE

<<

NB because R 4

<<

(R2; R3) ;:::::; R1.

Therefore , even for extremely low excitation rates, the bright state A is effectively emptied.
Figures 8. 7 and 8.8 show t he spatial variation of population remaining in state A for a
doughnut-mode depletion beam at different intensities. The optical system assumed in the
simulations is the same as that used for the investigations in Chapter 9. The lens NA is 0.7 ,
the refractive index of Y 2Si0 5 is 1.81; and the depletion wavelengths are 605 .977 nm [171]
and 579.88 nm [176] for Site 1 praseodymiun1 and europium ions ; respectively.
The results emphasise the effectiveness of this technique for rare-earth-ion materials
at low temperature. Radial spatial resolution less than 10 nm can be obtained with an
incident power of less than 1 nW. 2 In addition , the results shown in Figures 8.7 and 8.8
are for excitation R abi frequencies that preserve the narrow homogeneous linewidths observed in t hese materials (3 kHz for P r 3 + :Y 2Si0 5 [172] and 122 Hz for Eu 3 + :Y2Si05 [68]) .
Therefore, it is possible to extend the technique to provide even greater spatial resolution; whilst maintaining the_induced broadening below the upper limit for state-selective
readout.

2

Excitation with 1 n vV corresponds to a depletion beam intensity of approximately 350 vV ·m - 2 .

Optical nanoscopy in rare-earth-ion cry tals

238

1
0.9

-<
(1)

0.8

-

Depletion beam profile

-

10- 7
10- 5
10 - 3
10- 1

-

10 1 nW

µ

co

.µ

(fJ

.µ

0.7

....c:

b.O
;...,

.D
i:::

0.6

i:::
0

0.5

·-

·-cou

n'vV
n'vV
n'vV
n'vV

.µ

ct:

0.4

i:::
0

·-co
.µ

,........

0.3

;:j

0..
0

0..,

0.2
10-s 10- 6 10- 4 10- 2
0.1

10°

10 2

Incident Power ( n vV)

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Horizontal position offset (µm)

Figure 8.8: Theoretical resolution of the GSD technique in Eu 3 + :Y 2 Si0 5 for excitation power that
preserve the bulk hon1ogeneous linewid th.

8.2.3

Application of GSD for state-selective readout

To determine whether GSD is suitabl for single ion, state-selective, optical readout in bulk
crystals three considerations are examined. Thes are the extent to which the techniqu
reduce background fluorescenc , the ability to achieve a high signal-to-noi e ratio, and
the in1pact on qubit ions not being read out . Whether GSD can be used for single ion
isolation in the absence of a cyclic transition is al o examined .
The results of Section .2 .2 illustrate the high radial resolution that could be achieved
using GSD in rare- arth-ion n1aterials. Although not calculated here , R efer nee [385] establishes that depletion techniques can also achieve sub-diffraction-limited resolution in
the axial direction. For xample. simply using a radially off et Gaussian mod is suffici nt
to achieve enhancements in axial resolution beyond what i possibl in a confocal microscope [3 5] . Based on the axial re olution achieved in organic molecular y terns u ing
TED in1aging (200 nm [3 5]) it is expect that ub-micron axial selectivity could easily
be achieved in rare-earth-ion sy terns. This would significantly reduc

the background

fluorescence fron1 large crystal .
The work of I{lar et al. [3 5] highlight a limitation of the G D t chniqu for depl ting
background fluore c nee . Because the depletion beam will po

ss multiple zero-int n ity

lobes. 1nany s1nall r gions in a bulk crystal will remain on r sonanc for the r adout mode.
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Despite the existence of active ions in the crystal other than the single ion of interest,
a much greater volume will have been depleted . Therefore, the effective reduction in
density should b e sufficient for high fidelity measurement.
For the GSD technique to achieve a high signal-to-noise ratio upon single ion readout a cyclic transition is required . If such a transition is absent, the ion of interest will
b e optically pumped to a dark hyperfine level after approximately 15 excitations for
Pr 3 + :Y2Si0 5 and 7 excitations for Eu 3+ :Y2Si0 5 . 3 High fidelity is not possible given such
low photon counts.
Chapter 10 proposes a method to achieve high cyclicity via Zeeman manipulation of
the hyp erfine transition probabilities with a static magnetic field . The simulations 1n
Section 10 .4.1 indicate that 10 4 excitations may be possible before optical pumping to
a dark state occurs. The ability to achieve sufficient readout fidelity with this degree of
cyclici ty is further discussed in Section 10. 6 .1.
The strong selection rules required to realise a cyclic transition and hence, high signal
levels will impact the ability to achieve the depletion step . This is because depletion relies
on the ability to optically pump ions to non-resonant hyp erfine states. Because relaxation
to a non-resonant hyperfine state will occur with lower probability t his may increase the
duration of the depletion step. However , another option is to only applied the magnetic
field during the readout step. Switching the field would then allow fast depletion and
high cyclicity for readout.
The final consideration is the impact that the GSD readout rnethod would have on
surrounding qubits . Because the fr equency resolution of GSD readout is well below the
broadening limit for low error rate quantum computing (see Sections 6.1 and 7.2), there
would be negligible disruption to stored qubit states during readout due to off-resonant
excitation. In contrast, errors may occur due to t he applied field to achieve cyclicity. The
magnetic field direction required for high cyclicity may be different to the magnetic field
required for extending the ground state hyperfine coherence via the ZEro First Order
Zeeman (ZEFOZ) method [69]. In this ca e, achieving high cyclicit) for readout would
increase t he torage-error rate on other qubits. However, as discussed in Section 10.6.1 in
sites with a rotation axis of s -rrunetry both ZEFOZ and high cyclicity can be achieved
sin1ultaneousl .
Therefore, GSD satisfies all of the requirement

for single ion:

tate-selective read-

out if a c clic transit ion can be achieved. In the absence of thin rare-earth-ion films or
1nicron-scale absorption regions in larger crystal ( ee Section 5 .. 5) the GSD technique
pre ents a fea ible alternati~e for high fidelit - ingle-ion qubit readout .

3

The estimate for the number of excitations is based on the zero field transition probabilities from
R eferences (1 5] and (391] respecti el ·.
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In the absence of a cyclic transition, a preparatory step to achieving stat -selectiv
readout is to achieve single ion optical resolution in a regime that preserves the hyp erfin
structure. Thi requires excitation out of all three of the ground st ate hyp erfine level
to prevent optical pumping to a dark state . Because the sp atial isolation achieved in the
d pletion step of the GSD technique is only satisfied for readout from one of the three
hyperfine levels, excitation out of the other two ground states would b e accon1panied by
background fluorescence . In addition, excitation resonant with the two hyp erfine levels
defining · the GSD dark states optically pumps ions back into resonance with the bright
state hyperfine level. Therefore, the spatial resolution advantage of the GSD depletion step
cannot be achi ved with excitation out of all three ground state hyp erfine levels. Thus, a
proof-of-principle demonstration in the absence of a cyclic transition is not feasible.
In response to this shortfall , a second super-resolution t echnique that allows a high
signal-to-noise ratio for single ion detection both with and without cyclic transitions was
developed. This technique, based on Stark activation, is detailed in the following section .

8.3

Stark activation for super-resolution

Before detailing the concepts and implementation of the Stark activation t echnique, a
brief summary of the relevant work to this point is provided. To achieve single-ion qubit
state readout for frequency-based quantum computing in rare-earth-ion syst ms ther are
several requirements that rnust be fulfilled . Firstly, the homogeneous linewidth of th ions
need to be suitable for low error-rat e gates to allow fault-tolerant quantu1n computing (se
Section 7.2). Although the requirements on the ho1nogeneous linewidth for readout are
not as stringent (s e Section 7. 2), bulk crystals at low temperature ar the only systems
to dat

that allow this homogeneous broadening limit to be 1net. Therefore, the current

study focuses on achieving single-ion qubit readout in 1nacroscopic crystals at 4 K . The
consequence of this focus is that there is a significant background noise source that occurs
due to fluoresc nee fro1n outside t he region of interest (see Section 7. 5.4). To achieve high
fidelity readout thi noise source must b e mini1ni ed .
Far-field techniques that employ depletion methods , such as GSD , wer found to b
,Yell suited to the properties of the rare-earth ions ( ee Section

.2). However, in the

absence of a cyclic transition the GSD technique cannot realise high spatial
and n1aintain fluorescence.

lectivity

Therefore, the 1nethod proposed in the current section,

Stark activation. is designed to allow single ion isolation and detection in th

absenc

of c:vclicity. and high fidelity state-selective opti al readout if cyclic transition can be
achiev cl (see Chapter 10).
The eli1nination of background fluorescence in large sa1nples to isolate the em1s 10n
fron1 a single ion is a si1nilar problem to achieving super-resolution imaging . Achieving
resolution below the diffraction lin1it is restricted by the difficulty in defining the posit ion
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of individual emitters within an arbitrarily large , densely packed ensemble. These emitters
are excited at the same wavelength A and reside within /~n of one another . To achieve
super-resolution the desire is to assign an emitter 's position

Ti

with uncertainty less than

the diffraction limit. As highlighted in R eference [277], one concept is to cause all the
emitters in the sample to be in a dark state except the emitter situated at

Ti .

This is

precisely the initial condition required to eliminate noise due to background fluorescence.

If the single emitter, or in this case a single rare-earth ion , can b e isolated and optically
cycled rep eatedly, state-selective optical readout can b e achieved ·with high fidelity.
Currently, most methods to achieve the sub-diffraction-limited selectivity in

T

are

photo-activated: the bright or dark state is chosen depending on the intensity I (r) of
a p articular mode [277]. Niost commonly, bright states at

I (Ti)

=

Ti

are chosen by engineering

0. For example , I (Ti ) = 0 for the doughnut modes used for STED and GSD

imaging as describ ed in Section 8. 1.3 and 8.1. 4. Through the saturation effect due to the
non-linear response of the emitters, the volume centred on

Ti

can b e made arbitrarily

small.

8.3.1

General concept of Stark activation

The method proposed in this section defines Ti via the linear Stark shift experience by
a rare-earth ion due to an electric field. As will be established . this allows a confocal
I

microscope to be used without additional confinement of the optical mode . R ather , the
resolution is defined by the optical homogeneous linewidth of an individual ion

r h and

the gradient of the electric field , ·w hich is dependent on the electrode architecture used to
create it.
For clarity, the comparison 1s made with GSD (see Section 8.2), and attention is
restricted to praseodymium in a low symmetry host , although the principle is more
generally applicable to other rare-earth ion centres .
Let one of the doubly degenerate hyperfine ground states HF 1 b e defined as the bright
state A and (HF 2 , HF 3 ) define the dark state B. This is possible because the hyp erfine
levels are separated by 0 (1 NIHz) whereas
laser with a linewidth not more than

rh

can be as narrow as 0 (1 kHz ). Hence, a

r h t uned to the transition between A

and the optical

excited state will cause fluorescence if an ion is in A but not if the ion is in B.
The Stark interaction term is discussed in Section 3.2 .2.

In non-centros} mmetric

praseodyn1ium sites, the quadratic term is negligible [142] allowing the linear Stark coefficient

§

to be defined as follows

<5µ . E

6.f =

Ji
§

IEIcos8

where 8 is t he angle between the field and <5 µ.

( .4)
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Let the fields E BJ r) ( i E ( 2, 3) ) be defined such that an ion at position r will
experience a linear Stark shift 6. Bi , which is defin d as the frequency separation b etween
HF1 and HFi .
GS D is achieved via the application of a long, intense pulse (T

>> T1)

with E

= 0. At this

time all illuminated ions will b e in stat e B . The Stark shift is then utilised to selectively
repopulate A at r by illuminating the san1ple at low power and rep eat edly switching
between E Bi ( r) and E B 2 ( r). After time

T

>> T1 , only

ions at r will b e in A, where as at

all other positions the dark state is preserved .
The resolution of the Stark activation t echnique 1s limited by the homogeneous
linewidth of the optical transition, the electric field gradient, and by the stability of the
electrode voltage.

By depleting state A with an intense excitation, a broad sp ectral

region will b e left in the dark state. However , the repopulation can b e achieved with very
low intensity determining that the repopulated sp ectral region can b e as narrow as the
homogeneous linewidth. The resolution limit is set by the requirement for both E Bi (r)
and E B 2 (r) to shift the ion into resonance. Thus , a distance
to r such t h at the activation fields at r

+ or

or

can b e defined relative

will not repopulate A and ions will ren1ain

in t he dark state B.

8 .3.2

Sp ecific e lectrode configuration example

In this section, Stark activated imaging is considered for an electric field generated by a
thin, long wire . To simplify the calculations, the wire is assumed to be infinitely long.
The infinit ly long wire produces an lectric fi ld gradient proportional to r- 2 . It is noted
that higher spatial electric field gradients can be achi ved. For exan1ple, a point charge
create a field gradient proportional to r- 3 . However, as will be demonstrated , extrernely
high resolution can be achieved with this electrode geometry, which i simple to implement .
L t di tance d be the separation b etween the surface of the sample and the axi

of

a wire. The wire has a of radius a and a length that is far greater the confocal volume.
Therefore . the wire can be approximated as infinitely long compared to the volume of
interest. The wire electrode resides in vacuum with dielectric con. tant Eo, whereas the
di lectric constant of the crystal is

E.

For convenience, z is set to O at the surface and t h

two n1 dia are also a sun1ed to be large compared to the confocal volume and d.
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FiguTe .9: The configuration for Stark acti-.-ation n1icroscopy with a wire electrode. The rnethod
of in1age detern1ines that the electro tatic configma ions shown on the left and the right are
equi-.-alent.

The method of images [392) deterniines that the configuration described above is elecro a ically equivalent to a line charge separated fro1n the dielectric interface by distance
b

=

J d2 -

a 2 as sho\\rn in Figure

.9. The resultant field in the negative half plane can

hen be approx.ima ed b-.-

E (x . z < 0)

A

= 11(E+Eo)

(

x
- (b - z)
)
'>
') x +
'>
'> .z
(b - z) - +x(b - z) - +x-

( .5)

\\,h re A is he charge per unit length on the \\ire. To allo\\1 for a simple deri-.-ation of he
technique·

pa ial re olution . it is also a sumed that A x V "ith proportionality constant

o. .-±

By a u1mng hat the tatic dipole n1oment of the material bµ i aligned \\ith E (x . z <

0) for ome x and

7

(

etting 8 = 0 in Equation

.-J) the re ultant frequency hift can be

\\Titten
- §o. 1
6. f - - - - - - - - - - - -

- 11(E + Eo) ((b _ z)2 + x2)!

( .6)

-!The electro tatic olution for this configuration can be determined from the expre ion giYen in Reference [393). The approximation applied here i a limiting case of the exact olution. The con i tencY of
the approximation \\ith the finite-element modelling (Figure o.11 ) . and the ex-periment performed \\ithin
thi chapter . illustrate the uitability of thi implification.
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To exan1ine the resolution lirnits, a linear analysis is perfonned by considering the
86- 1 8 6-1
8 6-1
values
and av .

ax ' az

8 6-1

ox

-§aV

x

-1r(E+Eo)((b- z)2+ x2 )~

86.t

b- z

§aV

8Z

7r ( E

86. t

+ EQ)

( (b _

-§a

--

av

(8 .7)

z)2 + X 2) ~
1

7r(E+Eo)((b- z)2+ x2 )!

(8.8)

which gives

-x

86. j i

(8 .9a)

Bx = (HFi ) (b - z)2 + x2
86. Ji
oz

=

86. Ji

= (HF ·)~ .

av

(HFi )

'l

(b - z)
(b - z ) 2 + x 2

( .9b)
(8. 9c)

v

Equation 8.9 indicates that the gradients are maximised where b = 0 or quivalently where
a

= d. Note that the wire radius a do es not directly influ nee the gradient . However , as

a grows larger , x 111ust incr ase equivalently to allow the sample to be probed unimp ded

by the wire.
The sensitivity of the frequency shift to position 6.f p and voltage

6.fv can then b e

written

{, f P = (b

H)~i
2
- z +x

-Jx2( 5x )2 + (b -

z)2(5z)2

tf = HF · (tV) .
. V

'l

V

'

(8.10a)

( . lOb)

where 6x and 6z r present the x and z resolution resp ectively.
For laser excitation at a fix d fr equency. and a wire cycling betwe n 0, V1 and V2,
fluorescence is only produced where there is overlap between each Stark hifted frequ ncyregion and the laser. Figure .10 provide a vi ual repr sentation of the r ·olution crit ria.
In the diagram . t he laser frequency is presented from the reference fra111e of the ions . Thu ,
t hC' spatially varying electric field produces a p atial gradient in the laser frequency.
The excited bandwidth a t each voltage is d fined by the maximum of the homogeneous
broadening

r h . the laser linewidth f t, and 6.fv . In this example, 6 f v

don1inant mechanisn1. B cause 6f p

i a um d to be th

HF i the spatial gradient i gr at r for the larger of
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the two hyperfine splittings . Therefore j for HF2 > HF1 the criteria for the production of
fluorescence are
5fv/2>

6 12 -5fv/2 -HF2+6fp

5fv /2 <

6 12

+ 5fv /2 -

(8.11)

HF2 +5fp

which can be summarised b) the single expres ion
5fp < 5fv .

(8 .12)

Thus j the conditions on 5x and 5z are given by

5x
5z

5fv ((b - z) 2 + x 2 )

<

X
HF2
5fv ((b- z) 2 +x 2)
(b - z)
HF2

<

(8 .13)

To illustrate he re olution pos ible with t his technique) let x

= -lOz = l. This is the

coordina e for a point near the surface of the san1ple that is still accessible v. ithout the
exci a ion or ernis ion being obscured b) the wire itself. In this case ; the wire is resting on
he urface of the sample such tha d

= a gi -ing b = 0. Given Equation 8 .1 3; it is possible

o " rn e
5x <
6z <

5fv l
HF2
5f -(10 .l l)

( .14)

HF2

The grounds a eh rperfine splittings HFi are approxin1atelv 10 1 IHz for pra eodymium
ions in er

alline materials [1 1]. For the ideal resolution ca e: the frequency fluctua ion

due to , ol age in abili

l

r

are

et to

he homogeneou

linewidth:

::::::; 1 kHz.

Taking

= 50 µm . the re olu ion in the x and z direction are 5 nm and 50 nm re pectively. This

e ablishe a ba eline performance for he technique. A

his le el the required ,-oltage

tabili - i onlv on he order of 1 par in 104 .
However: eYeral order of magni ude impr0Yen1ent are possible.
For example .
153 Eu 3+ :Y Si0 ha a rh= 212 Hz at zero magne ic field : and the large t ground tate
2
5
h rperfine spli ing i 119 1IHz [66: 176]. B r depo iting a micro- tripline electrode on the
urface of he material: he sample could be probed "ith x = - z = l = l µm. In thi
case he re olution: bo h radiall

and axiall -: i le

than 10 pm. The required voltage

tabili - hen approache 1 2art in 10 6 .
Th

S ark ac 1 a 10n

echnique allo"r

be crea ed "-i hin a macro copic

a

ample .

ub-diffraction-limi ed ab orption region to
The advantage oYer other

uper-re olution
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rnethods is that all the ions outside this region on which the excitation optical mod 1s
incident are in a dark state and hence, will not fluoresce. Because the t echnique can theoretically achieve precision localisation on the nanometre-scale, a ' bright stat e nanocrystal'
can be formed within a bulk sarnple.

This provides the sp atial selectivity to p erforn1

low background fluorescence optical readout of single ions.

Notably high fidelity can

be achieved wit hout the excess broadening observed in physical nano crystals [102 , 394].
The following section continues on from the theoretical description presented here to
exp erimentally test the optical sectioning ability of the Stark activation technique.
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8.3 .3

Exp e rime ntal proof-of-principle

The purpose of the following experin1ent was to test whether the proposed techniqu could
isolate an optical section that was thin con1pared to the depth of the sample. Although
slightly different to the eventual method used for ingle ion detection in Chapter 9 the
underlying concept is the san1e. The apparatus used to demonstrate the principl of the
Stark activation imaging technique has the same basis as that used for the investigation
of stress· in Chapters 5 and 6. The optical set up , pulse sequence, and the orientation of
the Pr 3 + :Y 2 Si0 5 sample relative to the wire are shown in Figure 8.12.
Initially, the Stark shift produced by the wire needed to be measured and mapped as
a function of position to assist in determining the relative position and orientation of the
wire and the sample. The procedure used is shown in sequence a) of Figure 8.12. The
measurement involved creating a narrow anti-hole in a 4 MHz trench , and applying an
electric field to induce a Stark shift. The frequency shift was determined by monitoring
the emission as the laser was scanned over the 4 MHz trench.
Figures 8.13 and 8.14 show the Stark

hift splittings for a voltage of 6.25 V on th

w1re. Both the depth and horizontal position dependence are shown . In both cases,
each vertical slice represents a spectrum requiring approximately five minutes integration
time.
The fits are produced by rnodelling the el ctric field produced by the wire according to
Equation 8.5 . It is assumed that the sample and wire are aligned as shown in Figure 8.12 ,
and that the wire has a radius a

= 20

µm . The values for the anisotropic p ermittivity

of the sampl are as given in Reference [93]. By including the orientations of the static
dipole rnoments (see Section 4.1.2) , th linear Stark shift can then b e calculated based on
Equa tion 8.4. The distanc d was left as a free paramet er . The optin1um fit to the data
as shown in Figures 8.13 and 8.14 , yielded d

= 230 ± 20

µm . This was consist ent with

t he values obtained by confocally det ecting the reflect ed signal from th surface of the wire.
Having det ermined the electric field strength at the spatial position of th

confocal

focus, t he procedure was altered to achieve a thin optical absorption r gion. The sequence
fo r this demonstration is s quenc b ) of Figure 8.12 . Initially, a 4 MHz spectral trench
was formed by a high-p ower , continuous sweep using the AOM. Population initially
in t his region was op t ically pumped to one of the other hyp erfine ground

t at es B .

During t his stag

t he voltage on t he wire and hence, the electric field , was zero.

anti-hole (FWH I

~

the centr

1 ~IHz) was th n formed by sw eping the las r a t high power at

fr equency whilst switching the voltage on the wire. The voltages requir d

to attain a fr equency shift equal to t he hyp erfine splittings HF 1
HF 2

An

= - 10.2 MHz and

= 17.3 I\IHz were -26 V and 42. 5 V r sp ctively. The resultant feature wa th n

probed wit h a low int nsity scan produced by th

AOM. The procedure was r p eat d

1nany tin1e to allow integration of t he signal t o produce a cl ar trac of the created feature.
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Figure .12: The apparatus u ed for the experimental inve tigation of the Stark acti ·ation 1nethod.
A 40 f-Lm diaineter wire has been placed parallel to t he D 2 ax.is (inset) which i controlled b · a
function generator and a 50x amplifier. For detail on the other components ee Section 6.3.2 .
The two sequences a) and b) were used for t he Stark shift measure1nents and the Stark acti, ation
feature 1neasurements, resp ecti el ·.
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Figure 8.15: The ~ 10 µm thick absorption region produced by t he Stark activation method
within a 1 mm thick san1ple. The surface of t he crystal is at zero depth. As discussed in t he
text, the demonstrated depth resolut ion is in good agreement with t he predictions of the model.
Furthennore, by considering only a homogeneously broadened sp ectral region, the depth resolution
is predicted to be on the order of 10 nm.

Figure 8.15 shows the resultant feature created with t he Stark activation technique.

It clearly shows the optical sectioning advantage of the method as a 10 µm

(FWHNI) thickness absorpt ive feature is isolated in a 1 mm thick bulk crystal. Using the
resolution criteria derived in Section 8.3 .1 , t he predicted 5z can be calculated . Here, the
voltage instability is set to the frequency linewidt h of t he created anti-hole: 5f v
With x = 0, b;::::; 230 µm , and z = 5 µm , the calculated value of 5z is 13

=

l NIHz .

± 2 µm , which

is

in good agree1nent wit h t he observed depth FvVHM .
The results above can be extrapolated to a narrower depletion bandwidth .

For

example, an initial depletion frequency-region equal in width to the homogeneous
broadening (0 (1 kHz)) would increase the z resolution by a factor of 10 3 : 5z ;::::; 10 nm.
This requires the broadening due to the voltage instability and laser bandwidth to be
reduced to the level of

r h.

Therefore, even for d

= 230 µm , the Stark activation method

should allow resolution b eyond the diffraction limit .
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8.3 .4

A pplication of Stark activation for stat e-selective re adout

The application of the Stark activation technique to achieve tate-selective readout of a
single rar -earth-ion qubit is now exan1ined. Similarly to the discussion in Section

.2.3

regarding the usefulness of the GSD towards achieving this aim three asp ects ar considered : the extent to which t he technique reduces the limit of background fluor escence,
the ability to achieve a high signal-to-noi e ratio , and the impact on qubit ions not b eing
r ad out.

The Stark activation technique isolates a sub-diffraction-limited volume within a bulk
sample. Because only ions in this selected region are in the bright tate , background
fluorescence is almost con1pletely eliminated . The lower bound on the level of fluorescence
fron1 outside the Stark activated region is det ermined by the hyperfine state lifetime.
Ions pumped to the dark state hyp erfine levels can undergo spin transitions at a rate
d termined by the spin-lattice relaxation time of the crystal. Given that the hyp erfine
state lifetime can be as long as 200 s in Pr 3 + :Y 2 Si0 5 [171] this contribution will b
extren1ely small.

Therefore, the Stark activation technique provides a olution to the

background fluorescence in a thick sample that was highlighted in Section 7.5.4.
Just as in the ca e of the GSD technique , Stark activation can only achieve high
fidelity state readout if a transition exists that returns the ion to the same hyperfine
ground state after optical excitation .

This allows the spin state information to be

preserved whilst a sufficient numb er of photons are collected to determine the state with
a high signal- to-noise ratio. Although such tran itions are not po sibl in Pr 3 + :Y 2 Si0 5
in zero n1agnetic field , Chapter 10 demonstrates t hat they can be induced in the high
n1agn tic field limit. In contrast to t he GSD technique, Stark activation can liminate
the background fluorescence a nd maintain the fluorescence of a single ion without a cyclic
transition. This is because there is no need to change t he excitation frequency of the laser
to excite out of the three hyperfine ground state . This determines that Stark activation
is a suitable technique for resolving the fluor esc nee from a single ion in a bulk crystal.
\Yhich i a precursory

tep to stat -sel ctiv

readout in the ab nee of cyclicity.

The

equence for achieving ingle ion fluor escence detection is shown in Figure .16 .
For lo\Y background. state- lective readout of a single ion th Stark activation procedure \\·ould have to alter slightly. p articularly if cyclic transitions are created . The
t\\·o Stark activation procedures for high fidelity state- elective readout are shown in Figure

.16.

The fir t option i to directly readout the tate of a particular qubi . which

achieYes lightly lower patial re olution than pre ented in thi chapter. The econd option i · to u ' e tark actiYation on a dedicated readout qubit . th spatial i olation of which
then 1natches the theory in
In thi

chapter

ection

.3.2.

tark activation was achiev d by initiali ing the ion into a known

h~·perfine ' tat . Thi i po ibl

via Stark hifting he tran ition fron1 the other two

h~·perfine le\·el , into re onance \Yith the laser to optically pump the ion into the d ired
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Figure 8.16: The application of the Stark activation technique as detailed in the text. The upper
panel (a) illustrates t he sequence to achieve t he prelirninary step of single ion optical detection in
t he absence of a cyclic transit ion. The middle panel (b) shows how the Stark activation technique
could be used for direct single-ion qubit readout , alb eit at slightly reduced spatial resolution. The
lower panel (c) illustrates a sequence to achieve rnaximum spatial resolution and single-ion qubit
readout. To do so requires a designated readout ion and the enactment of a cont rolled- OT
(CN OT) gate.

state. Depletion of the background occurs simultaneously because the laser frequency does
not ch ange and only ions in the Stark activated region experience t he correct Stark shifts
to b e resonant at all three voltages (sequence (a) in Figure 8.16). Such initialisation does
not preserve an ion's initial hyperfine state and hence , cannot be included for direct state
readout. To achieve direct state readout a modified pro cedure (b) in Figure 8.16 could be
used. To deplete the fluorescence from the background region without disturbing the state
of the qubit ion to b e read out , the qubit ion is initially Stark shifted out of resonance
with the readout frequency. With the background depleted , t he Stark shift is t urned off
to readout the state.
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The disadvantage to this procedure is that the patial isolation will not be as high as
the Stark activation procedure (a) shown in Figure 8.16. For exan1ple, all the ions closer to
the el ctrode, which experience a larger Stark shift will also avoid depletion. B cause the
Stark activated region can be chosen arbitrarily close to the surface, the background due to
ions at gr ater depths can still be sufficiently reduced for high fid elity measurernents.
The second option is to use Stark activation and a dedicated readout qubit as hown
in sequence (c) of Figure 8.16. The readout qubit is initialised and depletion achieved
simultaneously by cycling the Stark shift voltage to optically pump the ion into state IO).
To do this in a magnetic field that induces high cyclicity would require all the transitions
to be resonant with the excited state that relaxes to state IO): lea) . It is noted that
achieving this initialisation step will take significantly longer than in zero n1agnetic field
becau e the background ions will also possess cyclic transitions. A controlled-NOT gate
(see Section 7.1.2) is then p erformed between the qubit ion to b e read out acting as
the control and the readout ion acting as the target . The readout ion is then continuously excited on the 11) ---+ lei) transition, which is Stark shifted to b e at the desired
readout frequency. This procedure then achieves the optimum spatial resolution possible for the Stark activation technique but at the cost of requiring a dedicated readout ion.
Finally, the impact of the Stark activation readout m ethod on other qubits is considered . The Stark shift acts on the crystal field levels and hence, do es not p erturb
the ground state hyperfine levels relative to one another. Therefore, storage-error rates
should not be increased by the application of electric fields . A di cussed in Section 8.2.3 ,
in son1e mat rials the magnetic fields required for high cyclicity and long hyperfine
coherence times will not coincide, which would then introduce additional storage- rrors.
However ; this can be avoided by working in a site that possesses a rotational axis of
sy1nmetry (see Section 10.6.1). To pr serve the state of the qubits other than the readout
qubit it must also be ensured that the combination of the optical readout frequency and
the Stark hifts do not bring any other qubit into r son ance. To achieve thi each qubit 's
Stark shift with the voltage applied for readout must be characterised, which then allows
suit able para1neters to be chosen for readout.

8. 4

Imaging a pplications for rare-earth-ion nanoscopy
techniques

The n1otivation for considering

up er-resolution imaging techniqu s i to allow

ingle

ion. state- ' electiYe readout in a bulk cry tal. The GSD and Stark activation techniqu
achie\·e the r quired isolation for high fid elity state readout becau e nanom tre preci ion
in1aging can be performed in three dim n ion .

Chapt rs 5 and 6 d mon trated the

additional information that can be gained by

xamining rare-earth-ion crystal

1nicron r olution. vYith an incr ase in resolution to th

1n

nanom tre- cal ev n greater
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insights into the properties of these materials can be achieved.
such imaging applications are briefly considered.
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In this section, two

Firstly, detailed studies could be

performed on distance-dependent interactions such as electric dipole-dipole coupling.
Secondly, nanoscopic resolution also allows growth defects in crystals to be examined
spectroscopically.
Both the GSD and Stark activation techniques allow the spatial location of a single ion to b e determined to within 1 nm. By creating a three dimensional map of the
locations of ions within a chosen volu1ne the interactions between these ions can then
be studied.

Interactions of interest for frequency-based quantum computation include

the electric dipole-dipole coupling [395], higher order terms in the electric multi pole
interaction [395], direct energy transfer [316], and exchange interactions [17, 396].
Analysis of these interactions at a single-ion level would provide unprecedented detail
and accuracy, which is impossible to achieve in inhomogeneously broadened ensemble
systems.

Because many of these interactions are critical to the operation of gates in

frequency-based quantun1 computing, enhanced knowledge may allow higher fidelity gates
to be designed and implemented.
Precise knovvledge of an ion 's spatial location can also assist in the study of interactions causing decoherence. For example, in Chapter 6 the proximity of an ensemble to
regions containing Two Level Systems (TLS) was discussed as a source of position and
frequency-dependent excess homogeneous broadening. Techniques providing nanoscopic
resolution could provide data to further investigate the coupling between the electronic
state and highly disordered crystal regions. Other interactions of interest that could be
studied include 1nagnetic interactions such as the frozen core effect [11 , 66, 69 , 159] and
coupling between rare-earth ions and phonons [102 , 394, 397].
The second specific study of interest would be to use the nanometre resolution to
study growth defects in crystals. With nanometre resolution, imaging dislocations and
point defects , becomes feasible. This would further extend the understanding of crystal
growth procedures and conditions to achieve minimum inhomogeneous broadening in such
n1aterials. As discussed in Chapter 2, the scalability of rare-earth-ion quantum hardware
can be significantly improved in macroscopic samples if inhomogeneous broadening can be
reduced. Therefore, enhanced in1aging capabilities provides a measurement technique to
further improve both single-ion and ensemble-based research directions for rare-earth-ion
quantum hardware .
Because of the low em1ss1on rates of the 4f N +--+ 4f

transitions in rare-earth-ion

crystals , the acquisition time to build up an image will be significantly longer than
for organic molecules with electric dipole allowed transitions.

However, assuming an

experimentally feasible overall detection efficiency of 0(10%) and realistic background
noise rates of 0 (10 Hz) , it should be possible to achieve high signal-to-noise ratio i1nages
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by dwelling for one second at each spatial voxel. For example; a single ion transition with
an excited stat lifet ime of 1 ms will ernit approximately 10 3 photons p er second. Given a
10% detection efficiency and a background rate of 10 Hz ; a signal-to-noise r atio of 10 can
b

achieved on a one second time-scale . In addition , the spatial resolution of both the

GS D and Stark activation techniques are tunabl , which determines that the size of an
individual voxel can be controlled . Given the work of the follovving chapter , it is feasible
to maint ain stability in a rare-earth-ion spectroscopy experiment for at least an hour .
Therefore, it is feasible to m ap a 60 µn1 x 60 µm area in micron resolution , or equival ntly
a 60 nm x 60 nm area in nanometre resolution. Furthermore, the higher spatial density of
rare-earth ions in stoichiometric materials such a EuCl3 · 6D20 [17] offers opportunitie
to reduce the dwell time to enhance the range of sub-micron resolution imaging.

8.5

Summary

This ch apter investigated the use of super-resolution imaging m ethods for eliminating
noise due to background fluorescence in bulk samples . This contributes to the aim of
realising a technique that will allow single ion , hyp erfine-stat e-selective optical readout
in macroscopic crystals . As such, it provides an important

len1ent in the progression

towards ren1oving one of the hardware limit ations that currently prevents scalability in
rare-earth-ion quantum computing.
The ch apter began by reviewing near-field, far-field , and dynamic methods for
sub-diffraction-limited in1aging . It was evident that far-field techniqu s that rely upon
depleting the population of resonant ion were well suited to the long hyp rfine lifetimes
that are possible in rare-earth materials. Therefore, these techniques were pursu d further.
Initially. the application of the GSD technique [263 , 362] in Pr 3+ :Y 2Si0 5 and Eu 3+ :Y2Si05
was exa111ined. This theoretical investigation demonstrated that GSD is a uitable technique to achieve single ion; state-selective readout if cyclic transitions can be achieved .
However. the elimination of background fluoresc nee and single ion r olut ion wa not
pos ible in the absence of cyclic transitions.
To allo-\Y an experin1ental study of single ion optical detection in the absenc of cyclic
transitions. a new technique was proposed . The Stark activation technique is based on the
initialisation of a s111all volun1e into a resonant state via the

tark shift . whilst creating

depletion of that resonant state in the remainder of the optical mode . The spatial gradient of the electric fi ld and the narrow homog neons linewidths in rare-earth-ion material
cletennines that thi , technique can achi ve sub-diffraction-limited optical resolution. A
proof-of-principle experi111ent demonstrated th optical ectioning capability of the Stark
activation 1nethod as a 10 µm thick volume was created within a millimetre thick ample. Stark acti\·ation was then hown to be uitable for state- el ctiv readout if cyclic
tran ·itions can be achi vcd.
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The application of both GSD and Stark activation to allow super-resolution optical
spectroscopy was also discussed. Although not the focus of the current work, there are
significant opportunities for detailed interaction studies at the nanometre-scale.
To complete this study the following chapter presents the characterisation of the Stark
activation method in terms of achieving single ion detection in the absence of a cyclic
transition. This identifies experimental shortfalls and allows a technique to be proposed
to achieve state-selective readout in a bulk crystal. The final challenge is to create cyclic
transitions . A proposal to achieve this final aim is presented in Chapter 10
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Tovvards low temperature ~ingle ion optical detection

Although there hav be n recent advance de1nonstrating single ion detection [72 95,
96. 273]. state-selective readout is yet to be achieved . One of the aims of this thesis is to
devise a method that allows state-selective readout of a single rare-earth ion and hence,
remove one of the main hardware limitations preventing scalable quantum computing.
The previous two chapters have established the foundations for achieving single ion , stateselective readout. As a result, the Stark activation technique was developed to achieve
qubit readout in a bulk cry tal at lovv temperature.
Stark activation can create a 'bright state nanocrystal ' within a much larger sample
1naintained in a non-resonant state . Importantly, the Stark activation technique should
allow the fluorescence of a single ion to be detected without the noise due to background-ion
emission . The focu of this chapter is to experin1entally characterise the Stark activation
technique. This technique is used to probe small ensembles in a bulk Pr 3 + :Y 2Si0 5 crystal
at 4 K. The investigation of single ion optical detection represents a precursory step to
achieving state-selective readout.
The apparatus and the relevant alignment procedures for the Stark activation method
are described in detail. Following from the general introduction in Section 7.4, th requirements for achieving sufficient isolation for single ion detection are discussed. In particular ,
this discussion addresses the frequency and mechanical stability required for long integrations time . An investigation of the signal-to-noise ratio of the Stark activation technique
is also perforn1ed. This is followed by the examination of spectral scans in the regime of
low resonant ion d nsity for evidence of Statistical Fine Structure (SFS).
The concluding section details improvements to the existing method, which will significantly enhance the experimental imple1nentation of the Stark activation techniqu for
single ion optical detection.

9.1

Exp erime ntal m e thod for Stark activation spectroscopy

3
2(1) tran ition in Pr + :Y2Si 0 5. the
detection trategy employed was to search for evidence of SFS. This follows the analysis in

Due to the low en1ission rate of the

3H

4 (1) H

1D

Section 7.6. which illustrates that although anti-bunching demonstrations ar feasibl . the
integration tin1 to achieve a high signal-to-noise ratio is ignificantly reduced for intensity
detection con1pared to correlation measurements. Given the high frequency electivity
offered in rare-earth-ion sy terns.

pectral SFS can be inve tigat d by monitoring th

fluorescence int en it:- for Yarying excitation frequ ncies.
The ideal -ingl -ion FS ignal consi ts of an i olated fluore cence 1naximum in frequency
space ,,-it h a ,Yiclth characteri tic of the ion ·s homogen ou linewidth. Based on a stochastic
eloping proce , . the probability of having two ions resonant at identical fr quencies, at
the -an1e spatial location. with no re onant ions in the urrounding frequency pace i
cxtre1nel)- in1probable. Based on Poi onian stati tic . for an av rage of 0.1 ion re onant in
the ,·olun1e of intere t. the probability of finding two ion at the ame frequency i 5 x 10- 3 .
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For an even lower spectral density of 0.01 resonant ions per volume, the likelihood of finding
two indistinguishable ions is 5 x 10- 5 . Examples of SFS signals for single rare-earth-ions
at low temperature can be found in References [96] and [273].
A clear indication of SFS relies on achieving a sufficient single ion signal-to-noise
ratio. As discussed in the introductory comments to Chapter 7, a single ion must be
repeatedly excited to produce the required 0(10 3 ) photons for measurement. Rare-earth
ions in Y 2SiOs possess the additional challenge that cyclic transitions are absent (see
Section 3.2.1). Hence, upon repeated optical excitation the ion will be pumped into a nonresonant hyperfine ground state. Therefore, to maintain emission in a scheme that offers
high frequency resolution, excitation must be cycled between the frequencies resonant with
all three zero-magnetic-field ground state hyperfine levels.

It is also desirable to minimise any noise contributions. For single ion detection in a
macroscopic crystal at low temperature, the noise is expected to be dominated by fluorescence due to background ions (see Section 7.5.4) and detector dark counts.
The technique investigated in this chapter is the Stark activation method proposed
in Section 8.3. This technique allows a single ion signal to be maintained upon repeated
excitation and the population of resonant ions outside the focal region to be depleted. This
depletion is achieved by maintaining a fixed laser frequency, which causes all resonant ions
to be optically pumped to a non-resonant hyperfine level. A volume within the crystal
can then be activated to fluoresce by Stark shifting the ions such that the laser is resonant
with one of the other hyperfine states. By cycling the applied electric field and hence,
Stark shift such that excitation occurs from the three zero-magnetic-field hyperfine states
this region will continue emitting. By choosing an electrode to ensure a spatial electric
field gradient, ions not in the region of interest will not experience the correct Stark shifts
to remain in the bright state. Therefore, ions outside the Stark activated region will be
maintained in a non-resonant hyperfine level, or dark state.
The spectral region probed by the laser is then varied to search for evidence of SFS.
In the Stark activation method , frequency tuning can be achieved by simply stepping
the laser frequency and repeating the process , or by adding an offset voltage to the
electrode to induce a Stark shift in the spatially selected region. The ideal SFS signal
described above is the limiting case of the characteristic indication of low ion numb er
statistics.

For small ensembles, the relationship between fluorescence and frequency

will be super-Poissonian compared to the nu1nber of detected photons NP. That is , the
fluctuations in the frequency-dependent intensity are greater than ~ - This provides
an indication that the distribution is dominated by the spectral density statistics of the
ions. In this case, fluctuations on the order of

v

Nions

x S em are expected , where S em is

the signal from a single ion.
The following sections describe the apparatus and system alignment , before investigating the excitation and detection isolation in Sections 9.3 and 9.4.
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9.1.1

Optical system

The optical set-up for this exp eriment builds on the app arat us developed in Chapters 5, 6,
and 8. Figure 9.1 illustrates t he complete apparatus for the Stark activation spectroscopy
t ,chnique.
The stability requirements for progressing towards single ion experiments deterrnined
t h at several additional con1ponents were added to the apparatus used in previous chapters .
These included a secondary frequency stabilisation scherne for long term stability, which
is det ailed in Section 9.2.1 , and a system to monitor the position of the cryostat relative
to the objective lens (see Section 9.2.2 ). A Horiba liquid nitrogen cooled Symphony CCD
camera was also added to allow long integration ti1nes and extr 1nely low dark count
rates. The signal could be switched b etween the APD and the CCD camera via a microelectromechanical switch. 1

9.1.2

Optical alignment procedure

The signal levels from the 3 H 4 (1)

H

1

D 2(1) transition (T1

= 164 µs) do not allow the

optical system to be precisely aligned by monitoring the emission from small ensembles .
To mini1nise losses in the overall detection efficiency due to misalignment , accura te optical
alignment was achieved using the following procedure.
The excitation laser was initially t uned to the predominant em1ss1on wavelength in
Pr 3 + :Y2Si05 of 611.5 nm (Aem) corresponding to the 1 D2(l)--+ 3 H4( 3) transition . Thi
was the main mission line detected in these exp eri1nents and hence, optimising alignment
at this wavelength n1inimised any chromatic a berrations in the system . The la er light
vvas coupled into the confo cal microscop e via Fl (see Figure 9.1), and the fibre coupler
adjusted such t h at the beam was collimated. This was tested via a Thorlabs hearing
interferon1eter.
The collimated beam was aligned onto the objective lens pupil , and coupled into a
ingle 111ode fibre in the spare arm of t h beam splitter (F2). The laser was th n input
into F2 and used to align the signal collection fibre (F4) through t he two SemRock narrow
bandpass filters . by n1aximising the coupled intensity into F4 . These filters are de igned to
1

block the xcitation ,Yavelength Aex at 605.977 nm (3 H4( l)

H

tuned to Acx and the inten ity tran mitted through the

emR ock filt rs was minimised

D2(l)) . The laser w

b~- adju ting the angle of the e interfer nee filters r lative to t he bean1.

Th

then

coupled

inten ity at Aem wa then verified to en ure that th change in angle had not reduced
the tran 111i ion at the en1i ion "·avelength . Thi achieve the alignment of t h confocal
111icroscope for the 'ignal detection.
1

Al though initial experiment wer perform d using th CCD camera. none of the ere ult are included
in thi the i .
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Figure 9.1: The apparatus used to characterise the Stark activation technique for single ion optical
detection. The 40 µm diameter wire electrode was placed on the surface of the crystal as shown
in the inset. The additions to the confocal microscope that are necessary for the single ion regime
include the intensity stabiliser (IS), quadrant detector system (QD), and the secondary frequency
stabilisation stage (FS2). As described in the text, FS2 was required to correct for long term
drifts in the frequency reference of the first stabilisation stage (FSl). An optical switch (OS) was
also added to allow switching between the APD and CCD camera for signal detection. The two
sequences a) and b) were used to align the Stark activated region with the confocal focus and for
the single ion experiments, respectively.
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The next stage is to align the confocal microscope for Aex, and to ensure it is confocal
with the collection optics for Aem · This could be achiev d by tuning the laser to 605.977 nm
and coupling light from F2 into F3 , via the reflection from the SemRock filters. Small
adj ustments to the coupling in both fibres could then be made once the yste1n was cold by
monitoring the respective detection signals . This was necessary to optimise the correction
collar setting on the objective lens to correct for the aberrations due to the cryostat
window. Finally, by performing depth scans similar to that shown in Section 5.3, the
confocality of the two 1nicroscopes could be verified .

9. 1.3

Stark activation s ystem

The Stark activation method utilised a similar electrode configuration to that discussed
in Chapter 8.

A 40 µm diameter wire was stretched acros

the sample and fixed to

the copper cold finger. In contrast, to the previous experi1nent ( ee Section 8.3.3) , the
wire was in contact with the surface of the crystal. This determined that the required
voltages to achieve Stark shifts at the crystal surface equal to the hyperfine splittings were
approxin1ately 5 - 10 V. The voltage fluctuations on the wire

oV

were on the order of

1 m V , which determines that the frequency fluctuations due to the applied voltage

ofv

are on the order of 2 kHz. To allow for the variation in the spatial position of the confocal
focus relative to the electrode fro1n run to run , fine adjustment was incorporated into the
voltage sources. This allowed precise tuning of the required voltages for Stark activation
at the surface.
For the exp eriments detailed in this chapter, the laser intensity was stabilised to provid
2 n \Y of power at the lens aperture. At thi intensity, hole-burning measurements akin
to tho e perforn1ed in Chapter 6 determined that the homogeneous linewidth was power
broad ned to approxin1ately 100 kHz. This level of broadening allows for the 0(30 kHz )
inhon1ogeneou broadening of th hyperfine levels (94, 172). whilst b eing below the limiting
\·alue to allo\v the hyperfine tructure of the 1 D 2 (1) tate to b e preserved (se Section 7.2 ).
A , a result. power broadening. rath r than

oJ, ·. determines

the limit on the techniqu

resolution.
The ize of the ,Yire electrod and the

~A

of the obj ctiv len define the minimu1n

-eparation beh..-een the edge of the wire and the microscope focu to allow unob tructed
excitation and collection . For a .JO µ1n dia1neter wire and a len

A of 0. 7. the minimum

'eparation is approxin1ately 50 ~Ln1. Ther fore. u ing the criteria detail d in ection .3.2.
for

.T

=

.-o /LD1 and ::. = 2 ~Ln1.

the resolution d termined by the 100 kHz pow r broad n1ng

i- --:!:50 11111 radiall.\· and 10 pn1 a.'<ially. Although on the a1ne order of magnitude as th
confocal 1nicro ' COP re olution . the

tark activation technique ffectively create a 10 µm

thick ,an1ple . The ion out ide the

tark activat d region are pumped to a non-re onant

ground tate h.\·perfine leYel and hence. do not fluore ce. Thi
background fluore cence noi e contribution.

ignificantl

reduce th

§9.1

9.1.4

Exp erimental method for Stark activation spectroscopy

265

System alignment

The Stark activation technique adds a further step to the alignment procedure.

The

region that experiences the correct Stark shifts to prevent optical pumping to a dark state
hyperfine level, is dep endent on the voltage level on the electrode and t he distance from
the electrode. To maximise the signal level, the overlap between the Stark activated region
and the confocal focus in the sample must b e maximised. The method for achieving this
was as follows.
The sample was positioned such that the wire was the minimum distance from the lens
focus without obstructing the incident beam (x ~ 50 µm). A Stark shift measurement
was then p erformed to determine the voltages required to achieve the desired frequency
shifts (see Section 8.3.3). In the previous chapter , the Stark activation selected three of
the nine hyp erfine transition subgroups available at zero magnetic field. This was achieved
by applying voltages to shift the frequency of the ions by the ground state hyperfine separations: -10.2 MHz and +17.3 MHz . For the experiments in the current chapter a single
hyperfine subgroup was isolated. The subgroup chosen was t he (±3/2 --+ ±3/ 2) transition. To achieve activation , voltages were applied to frequency shift the (±1/2 --+ ±1/2)
and (±5/2 --+ ±5/2) transitions into resonance with the laser. The frequency shifts required are -1 4.8 MHz and + 22.1 MHz respectively. The (±3/2· --+ ±3/ 2) transition is then
resonant with the electrode at O V.
To achieve alignment, the magnitude of the two non-zero Stark activation voltages

V1 and V2 were adjusted, with the ratio between them set to the ratio of the required
frequency shifts. The overlap between the confocal spot and the activation region was
t hen optimised by maximising the fluorescent signal.

9.1.5

Sequences for Stark activation spectroscopy

The sequence for the Stark activation spectroscopy of low ion number ensembles is shown
in Figure 9.1. The laser was maintained at a particular frequency whilst the voltage on the
electrode is cycled between 0, V1 and V2 . The voltage V1 Stark shifts the (±1 / 2 --+ ±1 / 2)
transition into resonance whereas V2 Stark shifts the (±5 / 2 --+ ±5/2) transition into resonance. The duration of each voltage in t he cycle was 1 ms , to ensure a high likelihood of
exciting out of each particular ground state .
Initially, the voltage levels were fixed and t he laser frequency stepped to build up
sp ectral statistics. However,- intensity stabilisation was found to b e more effective if the
frequency remained constant . Thus , an offset voltage was added to the electrode. This
resulted in a relative frequency shift between the ions activated in the selected region and
the applied laser.
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Stability requirements for single ion detection

9 .2

The general require1nents for singl en1itter optical detection are detailed in Section 7. 4.
However , to detect a single praseodymium i1npurity ion in Y 2Si05 there is an additional
complication . I ot only does the ion need be isolated in excitation and detection , but this
isolation needs to be 1naintained for m any minutes . Furthermore, to recover a homogeneously lin1ited fluorescence spectrum, the system would ideally re1nain stable for several
hours. The frequency and 111echanical stability of the systen1 are discus ed in the following
sections , along with the systems for 1nonitoring and stabilising these parameters. The
properties of the detectors used in the exp eri1nents are also included .

9.2.1

Fre quency stability

In this section , the frequency stability of the ion and the laser system are examined.
The long integration ti1nes required for single rare-earth ion detection determine t hat
the fr quency stability needs to b e considered over a time-scale range of many orders of
1nagnitude. Ultimately, it is desirable that the short term (microseconds) and long t erm
(hour ) stability of the laser syste1n relative to the ion , do not exceed the ho1nogeneous
linewidth of the transition of interest :

rh ~

3 kHz for the 3 H 4 (1)

H

1

D 2(1) tran ition in

Pr 3 + :Y 2Si05.
However. these initial experiments op erat

at approxi1nately 100 kHz resolut ion by

increa ing the la er power to broaden the transition . Therefor , frequency stability such
that short-term and long-tenn flu ctuations are less t h an 100 kHz are n ces ary.
In general. the

p ectral stability of rare-earth ion

1 extremely high .

P articularly

in n1aterials such as Y 2 Si0 5 ,;vher spectral diffusion is largely eliminated. rare-earth-ion
dopants off r an extren1ely goo d frequency reference . For example. frequency stabilisation
at a le,,-el of 6 x 10hole-burninff [363].

16

on a 10 s time-scale has been achieved in Eu 3 + :Y2Si0 5 via pectral
Although praseodyn1iun1 is more susc ptibl

to environmental

p erturbation [1 1]. the hole-burning exp eri1nent p erforn1ed in Section 6.5.1 how that
there i no ignificant pectral diffusion on a 1

tim - cale. 2

The long t ern1 ten1pera ure tability of the sample pro, ide a p o ible sourc of an
ion frequency hift. Thi i aYoided by stabili ing th temperature of the ample tage in
the LT3-0).I to ,Yithin 20 1111{. For exa1nple . th ten1perature en itivity of Eu 3 :Y2 iO.s
ha ~ b een n1ea ured to b e 6.6 kHz/ K at 4.2 K [364]. A urning that the en i i, it
Pr:3-

:\ - 2

of

i0.5 i not n1ore than an order of magnitude greater than that of europiu1n.

te1nperature-dep endent hift will be negligible in the e exp riment .
Gi,·en the frequency tability of the ion. the la er fr quenc · will det rm1n t he long- nn
:t a bilit)· of the ~)· ten1.
2

Although achie,·ing tability to 100 kHz i a ignificantl

Th e rece nt experime nt by Ctika l et al. hmY pec tra l t a bility on a tim - cal of 5 minut

[96).

1
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Figure 9.2: The relative frequency drift between the two ULE cavities. The blue trace shows the
drift monitored over a period of 4 hours, which illustrates the 0(100 kHz / hour) drift. The red and
black traces present the relative drift during an experimental run. The discrete steps are where
the signal to AOM2 compensates for a change in laser frequency to the experiment.

stringent requirement than the homogeneous limit of 3 kHz, the long term stability
remains a significant challenge. Short term stability is achieved by locking a Coherent
699-29 dye laser to a custom made ULE optical cavity with a linewidth of approximately 1
JVIHz and a free-spectral range of 300 MHz [259]. The Pound-Drever-Hall locking scheme
with feedback via the laser 's internal etalons, and an additional intra-cavity electro-optic
modulator allow sub-kHz linewidths to be achieved [259].
The long term stability of this lock is determined by many factors including cavity temperature, pressure , and ultirnately by the ageing of the ULE glass [398]. The ULE cavity
is temperature stabilised to 0(10 µK) via a monitoring resistor bridge and a set of heating
coils around the vacuu1n cavity outer can. The mirror spacer is constructed from Zerodur
with a thermal expansion of< 2 x 10- 8 K - 1 [399, 400]. Therefore , the long term temperature stability should approach 10 Hz. This locking system is labelled as FSl in Figure 9.1.
To verify the frequency stability, the relative drift between the custom made ULE
cavity and a second ULE cavity from Stable Laser Systems was measured. The relative
drift between the two cavities was observed to be on the order of 100 kHz p er hour. A
trace showing examples of the observed frequency drift is shown in Figure 9.2. Because
the two cavities are located in separate rooms , and independently temperature stabilised,
it is probable that the relative drift is dominated by the instability of one particular cavity.
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Figure 9.3: Detailed chematic of the secondary frequency stabilisation system (FS2) as described
in the text . The transmission through the Stable Laser Systems ULE cavity (ULEC) i detected
by a photodiode (DET) and used to generate a feed back signal for the frequency driving AOMl.

This was determined by n1onitoring t he relative drift whilst gentle heating was applied to
each cavity outer can . The relative drift increased dramatically when th te1nperatur
p erturbation was applied to the custom cavity in FSl, whereas there was little impact
when the same perturbation was applied to the Stable Laser System cavity. Therefore ,
the cavity in FSl was determined to be responsible for the larg r than expected drift
b etwe n the references.
During the single ion experiments describ din this chapter the caus of the cavity drift
could not be determined. In addition, it was inconvenient to simply swap the refer nee
for FS 1 to th

Stable Laser System ref rence cavity because this would have requir d

significant n1odifications to the locking electronics. Therefore , to negate the effects of the
frequency drift of the custo1n cavity in FSl , a second tage of stabilisation was mployed
(see Figure 9.3). The light was directed from th laser roo1n to the exp riment optical
table via a fibre and intensity stabilised using a Brockton LS-Pro module. The light was
then plit into two paths: the first pro ceeding to the exp ri1nent and the second to the
additional stabilisation stage (FS2 ). FS2 consists of a double pass AOM (AOM2) and the
second

LE cavity fro1n Stable Las r Sy terns.

The linewidth of the second reference cavity is approximately 100 kHz and it has a
frC'C'

spectral range of 1.5 GHz. AO I2 was used to modulate the frequency of the light

b)· a di crete jun1p of 10 kHz. The transmission through the cavity was us d to g nerat
a sin1ple integrated differential ignal. which was pro ces d by an Arduino Duemilanove

111icro-controller board and f d back to AOI\Il. This maintain a constant frequency at
the experin1 nt. To step th

laser frequency to probe a different pectral r gion in the

sainple. AOT\I2 compen ate to maintain the lock to the r fer nee cavity.
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After the measurements described in this chapter were completed it was determined that
the frequency drift in the custom built cavity was due to a pressure leak via an electrical
feed-through.

The leak was measured to be approximately 1 x 10- 4 kPa/ hour.

had two impacts.

This

Firstly, the cavity became more susceptible to changes in ambient

temperature, which could fluctuate by several degrees over the course of a day. Secondly,
the gradual increase in pressure causes a refractive index change in the cavity which
continually shifts the resonant frequency. The change in refractive index caused by the
known leak rate of the cavity is consistent with the 100 kHz / hour frequency drift.
The long-term frequency stability of the single ion detection experiment was governed by the second locking stage. J\!Ieasurements performed after the cause of the custom
cavity drift was identified and repaired indicate that the drift due to the Stable Laser
Systems cavity is at most 10 kHz / hour.

9.2.2

Mechanical stability

To allow a high signal-to-noise ratio excitation spectrum of an isolated ion, the requirements on the mechanical stability of the apparatus are also stringent. The position of the
sample relative to the objective lens cannot drift by more than the confocal microscope
resolution on the time-scale of the measurement. Similarly, any n1ovement due to acoustic
frequency vibrations must also be within these bounds.
The main source of vibration was a turbopump, which was required to maintain the
pressure in the cryostat san1ple space at 10- 7 kPa. Pumping was required even when at
4 K due to a small vacuum leak. The cause of this leak was not determined but it is
likely that heliu1n is entering the cryostat vacuum space fro1n the tubes that supply liquid
helium to the sample stage. The extent of these vibrations could b e monitored via the
reflected signal from the sample surface at Aex . Sufficient damping of the pumping line
oscillations 1nitigated these vibrations to the extent where they were no longer observable
on the reflected signal ( < 100 nm). Other sources of vibration include the liquid helium
transfer line and exhaust gas outflow lines. However, these oscillations were also damped
to a sufficient level.
Similarly to the frequency stability, the more demanding criteria is to maintain the
same confocal volume over several hours. The dominant source of long term drift in the
relative position of the focus was fluctuations in the room te1nperature. The laboratory
temperature could vary by up to 6 K over the course of several hours. This resulted
in thermal expansion and contraction of the aluminium cryostat mount and confocal
optics.
To monitor this drift , an InGaAs quadrant detector was fitted to the front of the
cryostat. By focussing a 1.5 µm wavelength laser b eam onto its centre the position could
be measured with micron precision. It was found that the position in the xy plane of
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the san1ple surface varied less than 1 µm over the course of a 10 - 12 hour exp erimental
run. The drift in the z direction wa monitored via the reflected signal at Aex · The total
drift over an entir 12 hour run was on the order of 5 µn1 , which is the same scale as the
confocal 1nicroscope axial resolution. However, these axial drifts were corrected with the
piezoelectric actuator to en ure inve tigation of a con tant spatial region.

9 .3

Excitation isolation

With the systen1s described in the previous section de1nonstrating high apparatus stability
on at least an hour ti1ne-scale, the next consideration is the excitation isolation of a single
ion within the bulk sample. An approximation based on a density argument is pres nt d
along with so1ne brief co1nments on the role of the Stark activation technique.

9. 3 .1

Approximation of ion number

The number of resonant ions

Nions

in a volume V with the laser frequency tuned to the

centre of the inhon1ogeneous line in a doped Y 2 Si0 5 san1ple can b e approximated as
T

J\ions(V, V

_
-

_

0) -

p

C

~bw

(9 .1 )

V

rih

where p i th

density of yttriu1n ions in the crystal lattice, c i the concentration of

Site 1 praseody1niun1 ions .

~bw

is the san1pled frequency bandwidth, and

rih

is the in-

ho1nogeneous linewidth . As discussed in Section 3.2.5 , the profile of the inhon1ogeneou
line in rare-earth-ion materials cannot be represented by a si1nple Gaus ian or Lorentzian
function . Therefore. to determine the nun1ber of resonant ions at an offset frequency v
fron1 the centr of the line

ions (V. v)

requir s the profile of the line to be experimentally

detern1ined.
For clarity. each of the para1neter in Equation 9.1 are treated individually below to
cletern1ine

J\Tion

for the Stark activation apparatus used in this experi1nent .

• Den ity of yttriun1 ions in Y 2Si 0 5 -· p
The Cr)· tal structure for Y 2Si0 5 is given in Section 3.3.1. which determines a uni
cell \·olun1e of 54...l A3 [179). "\Yith eight fonnula unit per unit c 11. the d n ity of
\- in the cry tal i approxin1at ly 1. 7 x 10 2 m - 3 .
• Concentration of ite 1 praseodyn1ium ion - c
The concentrat ion c i giYen b)·
c =cop
,,·here co i the dopant concentration.

it

Fz F

Psite

i the probabilit) of an ion occup ing

ite 1. Fz i th fraction of Z e1nan ubgroup
t ark ~ubgroup

elect d.

(9.2)

el cted. and F i th fraction of
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The sample of interest has a praseodymium concentration of 0.05 % relative to yttrium. Of the two crystallographically inequivalent praseodymium sites in Y 2 Si0 5 ,
only Site 1 [171 , 172] is resonant. Absorption measurements of the two sites have
previously determined that Site 1 is preferentially occupied in Pr 3 + :Y 2 Si0 5 with a
likelihood of 0.87 [181].
The concentration is further decreased by the hyp erfine subgroup activation via the
Stark shift. As mentioned in Section 9.1.4, the experiment in this chapter selects
one of the nine hyp erfine subgroups for the optical transition (Fz

= 1/ 9).

In ad-

dition , only one of the four possible Stark subgroups (see Section 4.1.2) is selected

(Fs = 1/4) .
Thus , from Equation 9.2 , c ~ 1.2 x 10- 5 .
• Sampled frequency bandwidth ~ bw

~bw

for the current exp eriment is determined by the power broadening introduced to

allow for the inhomogeneity of the hyperfine state levels (see Section 9.1.3). Therefore,

~ bw

= 100 kHz.

• Inhomogeneous linewidth -

rih

The inho1nogeneous linewidth of the sample was measured to b e 7.1 GHz.

An

excitation sp ectrum of the inhomogeneous line taken at 20 K is shown in Figure 9.4.
• Volun1e of interest - V
Because the Stark activated region has a similar volume to the confocal resolution ,
the volu1ne Vis approximated as the volume of the confocal focus. The volume of the
confocal microscop e focus can be expressed according to the Gaussian approximation
of the psf [401 ]

V conf

where

O"r

and

O" z

are the

1/ e 2

=

(2Jr) ~O";
?

(9.3)

,

radii in the radial and axial directions resp ectively.

Given t he characterisation in Section 5.3 ,
Given these parameters ,

O" z

Nions(Vconfocal,

v

V conf

~ 1.6 x 10- 18 m - 3 .

= 0) for the Stark activation method is

approxi1nately 5 ions. Figure 9.4 shows an excitation spectrum of the 3 H 4 (1) +-+ 1 D 2 (1)
transition scaled to reflect the density calculation above . This 1neasurement was performed
at an elevated t emperature (see Section 5.2) to increase the level of fluorescence .3
The excitation spectrum also illustrates t he frequency offset required to achieve an
average of one resonant ion within t he confocal volume. Fro1n the data, the single ion
regime is expected to be attained at a frequency offset of approximately v

=

+6 GHz from

the centre of the inhomogeneous line.
3

0perating at 20 K avoids hole-b urning effects and increases the sp ectr al density without significantly
affecting the inhomogeneo us line. This is because the homogeneous broadening increases to approximately
20 l\lIH z.
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Figure 9.4: An excitation spectrurn of the 3 H 4 (1) -+ 1 D 2 (1) transition of 0.05 % Pr 3 + :Y 2 Si0 5 . The
spectrum was taken at an elevated te1nperature and with 1 µ vV of excitation power. The vertical
axis has been scaled to refl ect t he density calculations for the Stark activation technique p erformed
in t he text .

9.3.2

B e ne fit of Stark activation

As noted in th previous section ; the volume of th Stark activated region is slightly larger
than t hat of the confocal microscop e. However i the most significant b enefit of ideal Stark
activation is that background fluorescence is essentially eliminated .
Equivalently. the r a tio of detected photons from the foc al volume cornpar d to the
entire san1ple is increased significantly.

The calculations p rformed in Section 7.5.4

investigated the case where the radial extent of the sample was large compar d to
the radial resolution of t h

confocal micro cop e.

The maxirnum r atio that could be

achieved is approxirnately 0.65. even if t he san1ple was thin compared to the confocal
axial resolution. In contrast . t he Stark activation technique creates a fluorescent region
that ha::; reduced din1ensions both radially and axially. Any ion outside his region are
optically pu1np ed to a non-resonant hyperfine level and hence. do not produce emis ion .4
Thu . the ratio of detected photon fro1n the Stark activat d region comp ar d to the
entire an1ple approach

1

unity.

It i , noted that there \\·ill be a fiuor e cent signal du to hy p erfin r laxation into th re onant h p rfine
state. Hm\·ever. as discus d in
ct ion 9 ..J..3 this co ntribution is v ry small compared to detector dark
count '.
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Detection isolation

The next criterion for single ion optical detection is to differentiate the single ion emission
from any noise sources. To investigate the detection isolation aspect of the experiment
the fluorescence signal generated by the Stark activation technique and the total detection
efficiency are approximated. A brief statement on the noise characteristics of the single
photon detectors used is also included. Finally, an experimental investigation of the Stark
activation technique signal-to-noise ratio is presented.

9 .4.1

Estimate of signal level

The expected emission rate of a single ion resultant from the Stark activation method was
simulated with a simple model. As shown in Figure 9.5 the transition probability from
a particular 1 D2 (1) hyperfine state to a particular 3 H 4 (1) hyperfine state varies substantially [185] . The model used here takes these probabilities into account to determine the
average number of photons emitted per second as a function of the duration of the set
voltage

TV

(see Figure 9.1).

The simulation begins by assuming the voltage on the electrode Stark shifts the
(±3/2 ~ ±3/2) transition into resonance with the laser. In Section 6.4 the coherence
time of Pr 3 + :Y2Si0 5 at the operating temperature of the LT3-0M cryostat was found to
be approximately 18 µs. Therefore, after 30 ~ls of excitation at a Rabi frequency produc~

ing 100 kHz of povver broadening (D

250 kHz), the ion can be approximated to be in

a steady state with a 50% probability of being in the excited level [327]. Once excited to
the 1 D2 (1) state, the ion is assumed to relax in a time equal to T 1

= 164 µs. To represent

the likelihood of remaining in the excited state, the model assumes a photon is produced
with probability (1 - exp(-T1 /T1 ))

~

0.63. The resultant ground state hyperfine level is

simulated based on the values shown in Figure 9.5. If the ion relaxed to the ±3/2 level, the
excitation cycle is repeated with another photon being produced. If the ion relaxed to a
non-resonant hyperfine level, no further photons are produced whilst the voltage remains
at this level.
After a time

TV,

the voltage is switched to bring the (±1 / 2 ~ ±1 / 2) transition into

resonance. The analogous excitation cycle is repeated for relaxation from the ±1 / 2 hyperfine level. After a further time
transition into resonance.

TV

the voltage is switched to bring the (±5 / 2 ~ ±5 / 2)

Thus, a complete Stark activation cycle has a duration of

3Tv.
The simulation was run for a large number of complete sequences (1 x 10 5 ). The total
number of photons was then averaged to give the emitted photon number per second.
This was then repeated for various values of
ure 9.5.

TV,

the results of which are shown in Fig-
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Apparatus e lement

Efficiency

Collection efficiency (NA = 0. 7 / 1. 81)
Transmission through obj ective lens
Transmission through cryostat window
Transmission through beam splitter
Branching ratio to 3 H4(3)
Transmission through filters
Transmission through imaging lens
Fibre coupling efficiency
Detector efficiency
Reflection losses
Total

0.07
0.9
0.99 2 = 0.98
0.995
o.9t
2
0.8 = 0.64
0.996
0.5*
0.65
7
0.99 = 0.93
0.01

Table 9.1: Efficiency budget for the Stark activation apparatus.
* Conservative estimate based on the level achieved in the alignment procedure.
t An estimate based on the observed emission in Reference [171]. It does not take into account
any emission to higher lying crystal field levels corresponding to wavelengths >800 nm. The
discussion on the likely branching ratios from the 1 D 2 (1) level in Pr 3 + :Y 2 Si0 5 (see Section 10.5.2)
demonstrates the appropriateness of this approximation.

If the applied voltage is switched after 1 ms, the emission rate per ion is approximately
450 photons per second. A small gain ( ~ 10%) could be achieved by increasing the length
of the individual voltage levels to 2.5 ms. However , beyond this point , the fluorescence
yield decreases as the proportion of time the ion spends in a dark state increases. Thus ,
for a fixed

TV

=

l ms for all three voltages , a balance is achieved b etween maximising

fluorescence due to relaxation to the same ground hyperfine level and the duration spent
in a dark state.

Future work should also consider the possibility of lengthening the

excitation period for transitions with higher levels of cyclicity compared to the excitation
duration for transitions with little cyclicity.
To detennine the signal level, the relative efficiencies of collection and detection
need to be considered.

The efficiency budget for the confocal microscope shown in

Figure 9 .1 is given in Table 9 .1. Overall, the efficiency of the system is on the order of
1%.
Therefore , the detected signal per ion is exp ected to be approximately 4.5 photons per
second. In Section 9.3.1 it was calculated that approximately 5 ions would be isolated
by the Stark activation technique in the centre of the inhon1ogeneous line. Based on the
density calculation, and the simulation described in this section , at a frequency centred on
the inhomogeneous line the Stark activation 1nethod should yield approximately 23 signal
photons per second.

9. 4 .2

D etect or Noise -

With extremely low signal levels it is essential that the detection system provides a suitable
platform to distinguish signal counts from any other background sources. The ultimate
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lin1it on the signal-to-noise ratio will b e the finite dark counts frorn the detector itself.
In the current exp rirnent two detectors were utilised; which p erform well in t he low
fluorescence regi1ne .
The first is a P rkin Elmer fibre-coupled APD with a dark count rate of 32 Hz. The
efficiency of the silicon APD is approximately 65 % at the main emission wavelength of
the transition at 611.5 nm and the bandwidth of the detection sy tern is 4

1Hz. This

bandwidth is easily sufficient for low ion number ense1nbles in Pr 3 + :Y 2SiOs; where the
excited state lifetime is 164 µs .
The second option is the Horiba CCD camera; which can provide extremely low noise
operation . The dark count rate was measured at

~

1 count p er pixel per hour. However

j

the dominant noise source is due to the an alogue to digit al conversion process upon
readout. which contributes approximately

±

6 counts. This allows signals to be collected

on a 10 rninute tin1e-scale wit h a dark count contribution limited by the readout noise for
a 5 x 5 pixel array.
Based on the estin1ate of the signal level above, it is possible to determine t he integration ti1nes required to attain a signal- to-noise ratio of 10.

With the experiment

lin1ited by detector noise the integration t imes are on the order of one minute for th
AP D. and 10 seconds for th CCD camera re pectively.

9.4.3

Investigation of background signal

Ideally the progression towards singl ion optical detection would be enhanced by limiting
the experin1ental noi e to th le-.-el of the detector dark counts. To determine whether thi
i , achie\·able utilising the Stark acti\·ation method. an exp erimental inve tigation into the
s:'·sten1 noise \Ya performed. The sequence shown in Figure 9.1 was u ed to continually
excit e a 1nall en en1ble of ions. The fluor scence was detected on the APD and i plotted
for 32 p tin1e bin in Figure 9.6.
The trace ~ ho\Y a total of 10 n1inute integration. or equivalently. approximat ly 2 x 10·)
repetition of the three \·oltage cycle. Th Stark actiYation ignal i characteri ed by p ak
i1nn1ediately follo"'·ing the \·oltage "·itch. An exampl of uch a ignal i clearly evident
,,;hen the la er i tuned to the centre frequ ncy of the inhomogen ou line. Th fluore c nee
tht>n cleca:'· at a rate lightl~- lo,..-er than determined by the lifetime of the 1 D2 tate du
to the probability of relaxinrr to the re onant hyperfine tate. The integrated ignal 1 -.-el
i~ approxi1nat el_\· 20 photon per ,econd.

~

large con tant background i al o ob erv d in

the n1icldle of the line. the cau e of "'·hich i in\·e tigated in the following ection. Thi
background io-nal i on the order of 150 count per econd . approximately 120 coun

per

·C'concl n1ore than the detector dark count rate.
\Y hen the an1plifier i

"·itched off and the -.-oltage maintain d at O V. the ignal drop

to an a\·erage of approxin1ately 2 x 10- 3 per 32 µ

time bin. The reduction in ignal i
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Figure 9.6: The time-dependent fluorescence signal produced by the Stark activation method at
the centre of the inhomogeneous line. The signal peaks following the voltage switches at t = 0,
1, and 2 ms. The signal then decays as the resonant hyperfine level is depleted. Also shown are
the counts detected with the voltage on the wire maintained at a constant level of O V (amplifier
switched off) . The level of counts measured at a laser frequency offset of 200 GHz and the expected
level of counts from the dark counts of the APD are also included . In the figur e above a level of
10- 3 corresponds to a signal of approximately 30 counts per second.

due to the ions in the Stark activated volume being optically pumped to a non-resonant
hyperfine level. This signal level in the absence of Stark activation is a factor of two
greater than the expected signal for the detector dark counts. Figure 9.6 also shows the
Stark activated signal for a laser frequency detuned from the centre of the inhomogeneous
line by 200 GHz. The detected signal in this case approaches the detector dark counts.
To determine whether the large background during Stark activation and the
smaller background ·when the amplifier was turned off were due to ion fluorescence, the
dependence of these backgrounds on the excitation frequency was measured. The Stark
activated signal and the signal when the amplifier was turned off (electrode held at
0 V) were examined for 10 minute integration periods. These were performed at several
frequencies progressing away from the centre of the inhomogeneously broadened line.
The results are shown in Figure 9.7. Both data sets correlate extremely well with the
inhomogeneous lineshape, which verifies that this noise source is due to the fluorescence
of praseodymium ions in the sample.

Towards lov.· temperature single ion optical detection

278

0.2

-

Inhomogeneous excitation pectrum

O.P -

-I

•

Time independent component of
the Stark activation ignal

•

~ o cycling

0.1-! -

j

0.12 -

I

0.16 -

.,..-.....

:::
....,

....._.,
~

.~
,-;

J.

0.1

.--'-'

~

__,

-

~

0.08 -

~

:...,

::

z

0.06 0.0-1 0.02 0 -10

0

10

20

-10

30

50

Frequency offset ( GHz)
Figure 9. 7: The norn1alised fluorescent signal levels for the tv. o background signal ob erved: the
time independent component of the Stark acti\·ation ignal. and the background for a fixed voltage
(0 Y ). Thi data i uper-in1po ed on an excitation pectrum to illu trate their dependence on the
ion spectral density.

To test the tin1e-scale of the larger background signal pre ent during the Stark activation. the rate of cycling ,-:a

lo\\·ed to a \·oltage duration of

T\/

= 10 m . In doing o. no

reduction or decay of the background \\·a ob en:ed. Thi indicate that optical pumping
is not depleting thi ion fluore cence . \Yhich ugge t

that there i a competing proc .

repopulating the re onant hyperfine tate. A di cu ion on the e ob ervation i provid d
in the follo"-·ing ection.

Discu s 1on

The si(J"nal le\·el of the peak produced by the

tark acti\·ation technique in the middle of

the inhon1oueneou line i con i tent \\·i th the predicted ignal le\·el for thi

ampl of 23

count ~ per econcl ( ee ection 9.-J.1 ) . The lightly lo\\·er ignal ob en:ed can be accounted
for b~- a -liuhtly r duced oYerall detection efficiency. The ob en·ed d tection noi
(1

floor

10- 3 count , per time bin ) correlate well ·w ith the mea ured dark count rate of the

--\PD ( 32 count per ,econd ). Ho\\·e\·er. th mea ured ignal

hown in Figure 9.6 highlight

the pre ·ence of a ~i(J"nificant back~ound . particularly when the Yoltage are cycling.
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In theory, the only source of background fluorescence is the signal due to the
spin-lattice relaxation repopulating the resonant hyperfine ground states. vVhen all the
Zeeman and Stark subgroups are considered there are approximately 180 ions within the
confocal volume that possess a resonant transition in the centre of the inhomogeneous
line. Given the 30 s lifetime of these states at 4.2 K [171], this larger ensemble should
contribute a background of less than 0.1 photons per second.

However , the observed

background is substantially greater than this and is dependent on whether the voltage is
held at O V or cycled . This suggests that there are two additional contributions.
The most likely cause of the large background observed when the amplifier is on is
the direct excitation of the hyperfine transitions due to 0(10 lVIHz) current fluctuations
in the wire resulting from the amplifier. This continuously replenishes resonant ground
states for ions not activated via the Stark shift. _Although the intensity of this direct
rf excitation is spatially dependent , the resonant condition is not.

Hence , current

fluctuations in the electrode can reduce the depletion of the background ions.
The low background level observed when the amplifier is switched off is also thought to
be produced by electronic noise. In this case, noise on the rf signal driving the AO lVIs ,
which produces low power side bands on the laser frequency. Because such excitation is
weak and over a bandwidth of several lVIHz optical depletion does not occur.
Therefore, in the current apparatus, the hyperfine relaxation lifetime is not the
upp er bound on the background fluorescent rate.

Although this increases the noise

contribution in the centre of the inhomogeneous line by a factor of

\/'5,

the higher

background does not prevent single ion detection. This is due to the fact that to isolate
a single ion in the confocal volume, the frequency has to b e tuned to the wings of the
inhomogeneous line. Because the additional background sources are also proportional to
the ion density, working in the wings of the inhomogeneous line will also reduce these
contributions below the level of the detector dark counts .
The number of ions that contribute to the fluorescence that are activated by the resonant excitation of hyperfine transitions is a factor of 36 greater than the number of ions
selected by Stark activation: a factor of nine for the Zeem an subgroups and a factor of
four from the Stark subgroups. In the centre of the line, a background level of 100 photons
per second is produced by approximately 5 x 36 = 180 ions. Therefore , by working at a
laser frequency such that only a single ion was resonant from all the subgroups, this noise
source would be reduced to approximately 0.5 photons p er second. 5
The mechanisms producing the additional b ackground noise were not determined until after the experiments presented here ·were completed . However, both the additional
background sources discussed here should b e possible to eliminate in future experiments.
5

The disadvantage is that the probability of that ion being Stark activated is 0.028 and hence, a search
is required to produce the signal of interest .
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The direct excitation of hyperfine transitions can be prevented via the addition of bandstop filters centred on the ground state transition frequencies. Si1nilarly, the power pr sent
in frequency side bands on the excitation laser can be minimised by filtering the rf sign al
driving the AO f s.

9.5

Invest igat ing indications of finit e ion numb e r

As outlined at t he beginning of Section 9.1 , the current exp eriment fo cuses on observing
SFS as evidence of low ion number. When working at the single ion level, the characteristic
signal in the intensity measurement consists of an isolated fluorescence p eak in frequency
space. As the degree of sp ectral isolation increases, the probability of the fluorescence p eak
resulting from two degenerate ions b ecomes vanishingly small . In progressing towards thi
limit , the statistics of the observed counts can provide indications of the average number of
emitters within the confocal volume. In particular , super-Poissonian statistics in regards to
the nu1nb er of photons observed can b e attributed to the frequency-dep endent fluctuations
in the ion number [291]. In the following sections, a preliminary exp eri1nent in the low ion
number regime is presented.

9.5.1

Metho d su m m ary

The 1nethod used for the finite ion number experiment is d tailed in Sections 9.1.1 - 9.1.5.
The laser frequency was set to 494.73963 THz , an offset of approximately 14 GHz from t h
c ntre of t he inho1nogeneous line. According to the density calculation in Section 9.3.1 ,
it is exp ect ed that at this frequency there are on average 0.25 ions selected by the Stark
activation method. Integration of the fluorescence was performed for 10 minute int rvals
at each san1pled frequency. In total 17 samples were taken, with each frequency step qual
to 100 kHz.

9.5.2

Experimental results

The fluctuations in th det ect ed signal as the frequency was swept over a total range of

1.6 1IHz are shown in Figure 9.8. The background level with the amplifier off at thi
frequency offset fron1 the centre of t h inhomogeneous line was measured at approximately

2.15 x 10 4 counts over the 10 minute interval. Thi lev 1 correla tes well with the expected
contributions of the APD d ark counts (32x600

= 1.92 x 10 4 )

plus a small contribution

fro111 ,,·eak excitation a discuss d in Section 9.4.3. The variation in the observed signal
i , on the order of a few hundred photon . The exp ected difference in the fluoresc nee
signal on and off resona nce with a ingle ion can b calculated based on the ignal level in
the centre of the line as present d in Section 9.4.3. At a frequency offset of v

= 0 5 ion

contribut ed a signal of 20 photon p r second . Ther fore a ingle ion should contribut
approxin1ately 2400 photon on re onance over th integration p eriod of 10 minutes.
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Figure 9.8 : Initial search for SFS using the Stark activation technique . The graph shows the observed fluctuations in the fluorescence signal as the laser frequency is scanned over a 1.6 fHz bandwidth in 100 kHz steps. Here zero frequency offset corresponds to 494 .73963 THz , approxi1nately
14 GHz fr01n the centre of the inhon1ogeneous line . The statistics of this trial are investigated
further in Figure 9.9.

A statistical analysis of this small data set was also perfonned to co1npare the
observed fluctuations to the expected behaviour for differing ensen1ble sizes.

The

fluorescence data ·was binned into count intervals and co1npared to the distributions for
a photon limited Poissonian process , and the distributions due to an ion-number limited
signal. The distributions for an ensemble of 100 , 50 , and 10 ions were calculated, where
the detection efficiency was scaled to correlate with the observed signal rates. The data is
presented in Figure 9.9 and the values of the reduced chi squared

x: 0 2

[402] are included

in Table 9.2.
As shown in the figure , the photon limited Poissonian distribution is significantly narrower than the observed variations. According to the statistical analysis the probability of
the experimental data resulting fro1n a photon limited Poissonian distribution is less than

0.05 %. In contrast, the curv€s modelling the Poissonian distribution of ions demonstrate
larger fluctuations , which are more closely aligned to those of the exp erimental data. The
observed fluorescence data does not correlate particularly well with any of the shown distributions , although the spread of data is similar to the distribution for an ensemble of
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Reduced chi squared

Distribution

Probability P of

- 2
X-2 >
_ Xo

-2

Xo
.1
2.7
4

Poissonian photon stati tics
100 ion ensemble
50 ion ensemble

P < 0.05 %
6.1 % < P < 7.4%
1.8%

Table 9.2: Results of the statistical analysis performed on the data presented in Figure 9.9. The
reduced chi squared 2 i t he value of chi squared p er degree of freed01n in the statistical calculation.
In this case t here were two degrees of fr eedom : the total numb er of occurrences and the mean
photon number. The exp ected value of 2 is 1. The probability P is the likeliho od of obtaining a
2
value for · 2 greater or equal to the calculated value
assuming a particular distribution .
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Figure 9.9: Di tribution of the counts shown in Figur 9. along with several modelled distributions .
The orange line repre ents the expected variations based on P oissonian statistics limi ted by the
photon number. The other trace repre ent the di tribut ions due to a P oissonian ion-number
distribution for 100 , 50, and 10 ions respectively. For each modelled ensemble the overall efficiency
\Yas scaled to correlat e with the 1nean detected signal.

100 ions. Th statistical analy is indicat s that the probability of obtaining th ob rved

data gi\·en the distribution for 100 ions is on the order of 6o/c . Although a larger tatistical san1ple would be of great benefit to this study) t he long acqui ition times required
111akc t hi difficult to achieve. The significance of thes re ults ar discus ed furth r in the
follO\\·ing section.
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Analysis of ion number

The observed statistical fluctuations 1n the detected fluorescence level are superPoissonian. In these experiments it was not determined whether the fluctuations were
dominated by sampling the laser-frequency-dependent variations in the size of an emitting ensemble or technical variations. Both possibilities are discussed below along with
proposals for future experi1nents to clarify the source of the fluctuations.
If the observed fluctuations are attributed to the frequency-dependent statistical
variation in ensemble size, the data indicates that over 50 ions on average are contributing
to the signal. This is significantly larger than the predicted average ion number of O. 25
ions activated by the Stark method. It is also larger than the number of ions if all Zeeman
and Stark subgroups are taken into account ( a total of approximately 9 ions at this
laser frequency). Given the signal level and detection efficiency of the Stark activation
1nethod predicted in Section 9.4.1 and achieved in Section 9.4.3 , the Stark shift n1ediated
activation is not exciting an ensemble of 50 ions. Therefore, the observed fluctuations
are dominated by the combination of the two background noise sources highlighted in
Section 9.4 .3. That is, fluorescence due to the direct hyperfine transitions pumping ions
back onto resonance with the laser frequency and weak optical excitation due to low
po'Ner frequency side bands on the laser.
There are also technical variations present that could contribute the observed statistical fluctuations.

These include excitation intensity variations on the order of 1%,

the frequency sa1nples not being independent , and drifts on the ti1ne-scale of the overall
n1easuren1ent (4 hours total time).

In relation to the drifts in fr equency and spatial

location , although the average stability of the syste1n (see Section 9.2) should be sufficient
to allow the observation of SFS , any combinations of such drifts could cause significant
variations in the detected signal. Contributions from technical variations determine that
the observed fluctuations would indicate emission fro1n a larger ense1nble than is actually
on resonance.
Several exp eriments could be p erfonned to allow the frequency-dependent fluctuations fro1n sn1all ensen1bles to be distinguished from technical noise. Firstly, co1nparing
the fluctuations from trials at the same frequency to the fluctuations resultant from
scanning the frequency can allow the dominant contribut ion to be determined .

To

perform such a con1p arison the laser frequency stability 1nust be well characterised and
the trials at different frequencies 1nust be separated by a frequency large compared
to the excitation bandwidth.

Elimination of the background noise sources would also

simplify the anal) sis of the observed distributions. Finally, b) repeating the con1parison
at different frequencies within the inhomogeneous line would allow the ion-dependent
contributions to be identified.
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Improvements to allow single ion resolution

In the preceding sections t he system stability, excitation and det ection isolation , and
signal-to-noise ratio obtainable in t he current implementation of t he Stark activation
method were detailed. The dominant limitation a highlighted by Section 9. 4.3 , is t he
presence of high frequency noise on t he electrode fr om t he high voltage amplifier. Th se
current fl uctuations are cap able of resonant ly driving hyp erfine t ransit ions directly, which
provides· an addit ion al b ackground level cap able of obscuring single ion resonances . In
addition , t echnical fluctuations such as t he long-term st ability m ay also b e limit ing t he
p erformance of t he current apparat us.
To achieve high fidelity detection of a single 10n , direct hyp erfine transit ion excitation needs to b e prevented and sources of t echnical fluctuations eliminat ed. In addit ion ,
the knowledge gained t hroughout t he entirety of t his thesis provides other modificat ions
t h at could b e incorp orated t o enhance the current implem entation. In t his section , these
improvements are discussed , which should allow single ion det ection and sp ectroscopy to
b ecome more accessible.

9 .6.1

Ele ctrode g e ome try

It was highlight ed in Section 8.3.1 t hat by reducing t he size of t he Stark activation el ctrode, significant ly greater sp atial resolut ion is p ossible. Thus, by dep osit ing a microstripline onto t he sa1nple, a single ion could b e isolated in t he middle of t he inhomogeneous
line. Altering the electrode geometry may also allow more rapidly varying field gradients ,
again increasing resolut ion .
The p enalty for higher sp atial resolut ion is t hat t he system align1nent becom s more
ch allenging. However , this could b e overcome by deliberately broadening t he transition
during alignment . P ower broadening via increased laser intensit y, or modulation of the
applied voltage would both b e suitable. T he additional broadening could b e gradually
reduced until alignn1ent is obtained at high sp ectral resolut ion.
It is also noted here that sp ecific electrode design would also enhance the s arch for
single ions by suppres ing electronic noise. In particular , the elimination of 1 ctronic
fl uct uations capa ble of directly exciting hyp erfine transit ions would remov the significant
background sign al observed in these exp eriments.

9 .6.2

Laser stability

Laser fre quency tability is a key considera tion for atte1npting rare-earth-ion sp ectroscopy
in the single e1n itter regim . In the current xp eriment the r lative drift rat b twe n
two t 1n p rat ure tabilised ULE cavities was det ermined to b on the ord r of 100 kHz
per hour. Given the indep endence of thes cavities, it w

estimated th at the tability of

t he fre quency generat ed by t he second lo cking st age was approximat ly 10 kHz p r hour.
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Although in itself not negating observations of SFS, when combined with other small
variations, the combined result could be sufficient to mask characteristics of single ion
fluorescence.
Even at a drift rate of 100 kHz per day, the frequency stability offered would only allow
about 1 hour within a bandwidth defined by the homogeneous linewidth of praseodymium.
Therefore, several orders of magnitude improvement in stability would allow more thorough investigations of single ion properties. Two options that would allow such stability
enhancement are discussed here.
The first is to simply improve the reference cavity. Systems are available that offer
constant linear drift rates as low as 3.2 mHz/s, which is due to the ageing of the ULE
glass [398]. At this extremely low drift rate, the frequency could be maintained within an
ion's homogeneous bandwidth for a period of approximately 10 days.
The second possibility is that once at the level where a single ion can be detected, the
ion itself could be used as the reference. Although the feedback bandwidth of the frequency
locking would be very low, the corrections needed are themselves on a long time-scale. It
is noted here that the next generation of these experiments will ideally utilise both the
methods proposed. This is due to the fact that a combination of these two methods allows
detailed studies of spectral diffusion in these systems on the hour time-scale. Such a regime
is not possible without an excellent long term frequency reference.

9.6.3

Repeatable positioning

Experiments requiring high levels of stability are undone if one component fails the stability
criteria. Hence, the positional stability of the Stark activated region relative to the confocal
volume must also maintain the desired level of stability on a many-hour time-scale. The
Stark activated region itself is defined by the position of the wire relative to the sample
and the stability of the voltages applied. The more challenging requirement is to fix the
relative position of the confocal volume and the sample. An additional , but not essential,
requirement is to have an absolute position reference of the sample to allow the same
volume to be probe repeatedly on separate runs after thermal cycling.
It is noted here that in the work of U tikal et al. an interferometric scattering technique

was used to lock the spatial position onto a 0(100 nm) diameter nanocrystal [96]. Such
a technique provides the required stability and repeatable positioning desired for future
work. For work on bulk samples, the reference point would have to be a feature or defect
offset in position from the collection region. This ·would ensure the complicating effects
of stress induced frequency shifts and broadening could be minimised.
Similarly to achieving frequency stability, once a single ion is isolated, the signal
from the ion itself can act as a reference. However , care would need to be taken if both
frequency and positional feedback were reliant on the ion.
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9.6 .4

Lowe r t emp e rature operation

Ultin1ately the Stark activation t echnique will p erform to its optimu1n resolution when the
t rnperature of the sample is minimised. Not only do es this mini1nise the homogeneous
linewidth of the optical transition under study but also maximises the ground state hyperfine level lifetimes . As 1nentioned in Section 6.4, the crystal was not able to be maintained
at te1nperatures commonly achieved in bath cryostats, predominantly due to poor thermal
contact -b etween the copper sample mount and the sample itself.
Wiaintaining a stable temperature below 2 K on hour t ime-scales would provide an
excellent environn1ent for these studies. Although not feasible in continuous flow cryostats
such as the one used in the current apparatus, a liquid heliu1n bath cryostat should achiev
this regime. A modified bath cryostat allowing t he use of high NA lenses outside the sa1nple
space is currently under construction.

9 .6.5

Enhancing the signal-to-noise ratio

As outlined above , there are many improvements that can be made to enhance the stability
of the single ion spectroscopy apparat us. However, the demands on the stability are
reduced significantly if improvements in the signal-to-noise ratio can b e gained. The first
p oint to address is enhancing the signal level. In Section 7.3.4 the ability to tune th
excited state lifetime, via coupling to short-lived states was discussed. The ability to tune
the emission rate provides advantages in terms of identifying or locating singl ions and
proves useful for some aspects of spectroscopic investigation.
As discussed in Section 7.2, to achieve state-selective readout th re are limit

set

on the homogeneous broadening of a transition that are defined by the hyperfine tate
s paration. Upconversion do es not currently satisfy the homogeneous broadening limit
to resolve t he hyp erfine structure in the 1naterials of interest (see Section 7.3.3 ). Thus,
increases in the signal level must b e achieved via enhanced collection and det ection
effi cien cies .
The use of a Solid Immersion Lens (SIL ) would significantly increase the collection
efficiency via the reduction of reflection losses and the increase in solid angle (see Section 7.5.5 ). An excellent choice of SIL would be a he1nispherical architecture con tructed
fron1 Y 2S iO s. Thi then negat s any reflection losse b etween the sample and the 1 ns.
Additionally. becau e all excitation and emission p aths are p erp endicular to the surface
of the SIL. an anti-reflection coating can be applied to n gat losses at th SIL/vacuum
interface.

This increase in efficiency due to minimi ing refl ection lo ses increases the

signal level by a factor of 1.1 - 1.4.
The real advantage comes from the increase in olid angl allowed by the SIL. The
enhance1nent is approximately equal to t he square of the r fractive index of the SIL (n§ 1L)
which in the case of Y 2Si0 5 would be

~ 3.25 .

odest incr ases on this

nhancement
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(b)

(a)

Figure 9.10: Two designs to enable Stark activation with the use of a SIL. Bot h (a) and (b) ensure
t hat there can be a good contact between t he SIL and t he sample surface, which is essent ial to
achieve high collection efficiency. The first design (a) uses an embedded wire electrode slight ly
offset frorn the SIL focus. The second design (b) modifies the SIL such t hat a thin layer is removed
from t he base except for the central focal region. The ring electrode bonded to t he edges of t his
region provides a greater electric field gradient at the focus compared to the straight wire electrode.

could b e obtained through the use of higher refractive index glasses (for example Te0 2
or S-LAH79 with n

;=::j

2) . However , the increase would be almost con1pletely negated

by the reflection losses b etween t he SIL and sample.6 As the resolution of the i1naging
technique is defined by t he Stark activation rather t h an the optical NA , there is no
benefit in moving to higher refractive index materials if t he collection efficiency is reduced.
To 1nake t he Stark activation technique fully compatible ,vith the use of a SIL , it
would be desirable to have a modified SIL architecture as shown in Figure 9.10. This
avoids the issue of h aving a significant gap between the SIL and t he san1ple, which would
reintroduce losses into the systen1. It has b een shown that for systen1s vvith NA > 1, a
gap b etween the sample and SIL need only be on the order of A/ 5 to drastically reduce
the collection effici ency [351]. However , in the case considered here, the systen1 NA will
b e less t han 1, which allovvs sample-SIL separations on t he order of 5 µ1n with only a
hah ing of the collection efficiency [351].
Ulti1natel

to allow spatial

t udies of san1ples, spatial positioning of the SIL will

need to b e indep endent of the sample. 7 However , in preliminary experi1ne11ts SILs could
be £i.,-xed to the surface of the sample via adhesion or optical contacting. If the SIL is fixed
to t he sa111ple surface and t he thennal properties of t he SIL are different to that of the
sa111ple significant stress shifts on the tran ition will occur. The stress shifts observed
6

Utikal et al. utilise a Zr02 SIL with n = 2.15 [96]. The calculated collection efficiencies in R eference [96]
(54 - 78%) assume that the spontaneous emission radiation pattern is altered due to the relative refractive
indices of the SIL and contacted -Pr 3 + :Y 2Si0 5 nanocrystal. The calculations performed in this work do
not include this assumption.
7
It may also be desirable to incorporate the SIL and electrode into the one fixed device so that the
-oltages required for optimisation to the SIL focus can be kept fixed. Examples of such configuration are
shown in Figure 9 .10.
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Figure 9 .11: Stress hift induced by the thermal expansion mismatch of a S-LAH79 SIL bonded
to t he surface of a Pr 3 + :Y 2 Si0 5 sample. The emission intensity relative to fr equency and posit ion
was recorded as the focus was moved towards the centre of the SIL. The contrast of the pert urb ed
inhomogeneous line of ensen1bles beneath the SIL and the unp erturbed resonance of the ensen1ble
outside t he SIL edge (n1arked by the orange line) is similar to the behaviour observed around the
regions of surface dan1age in Chapters 5 and 6.

1n preli1ninary investigations of the use of a S-LAH79 he1nispherical lens are shown 1n
Figure 9.11 .
As noted 1n Chapter 5, the observed stress shifts could b e utilised to increase the
spectral isolation of an ion and hence, the signal-to-noise ratio of the Stark activa tion
method.

Stress

hifts could fr equency shift the ion of interest out of resonance with

t hose in t he bulk of the crystal. An ffective sample thickness of 10 µm could feasibly b
achieved . which would significantly r duce the noise contribution du to ions fro1n outsid
the confocal volume.
Considering t he case where no

tress shifts are introduced , the use of an appro-

priate SIL could enhance t he collection efficiency by approximately a factor of five. Thi
has major implications for the overall exp eri1nent b ecau e the same ignal-to-noise ratio
can be achieved with shorter integration times. For example, a 10 minute int gration
ti111e ,Yithout a SIL could be r duced to a 2 minut

integration tim

with the SIL to

achieve t he pres nt signal-to-noi e ratio. This would allow the tability criteria of th
system to b r lax d by a similar factor.
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In addition to increasing the collection efficiency, the signal-to-noise ratio can be
increased by decreasing the noise contributions in the system. The major noise sources
are excitation of ions via processes other than Stark activation, and detector dark counts.
In the experiments presented in this chapter, the direct excitation of hyp erfine transitions
and weak off-resonant excitation determined that the noise floor was many orders of
magnitude higher than that set by the spin-lattice relaxation time.

-egating electronic

fluctuations , particularly at the hyperfine transition frequencies, will allow the Stark
activation technique to achieve the noise floor set by the spin lifetime (~ 100 s) [171] .
In addition, this contribution can also be reduced by creating a thin sample via stress
or another technique, which reduces the nun1ber of ions on resonance with the optical
excitation frequenc . Thus , even allowing for emission events due to spin relaxation, the
background signal becomes anishingl small.
Hence , it is possible to foresee experimentally realisable conditions in which detector
dark counts become the limiting factor.

The minimum dark counts for commercially

available APDs are at the level of a single count per second. This determines a noise
source at the le el of

vt,

where t is the integration time.

Although results for the

a ailable CCD camera are not included in this chapter, the noi e performance is a
significant improvement to even the best AP D. The low dark count rates determine that
even for integration periods of 10 minutes, the noise is dominated by the readout process:

+ 6 counts.

-hen the slightl) lower detection efficienc of the CCD camera is considered,

he po sible in1pro -ement to the signal-to-noise ratio is a factor of 6 comp ared to the APD.
There a.re alterna.ti e detection options that possess dark noise characteristics similar o the CCD , without the disad antage of he readout noise [270]. Both transition edge
sensors [403, 404] and superconducting nanowire detectors [405] simultaneous! - allow high
de ec ion efficiencie and rnHz dark count ra es. Ho\\re" er, the significant disadvantage of
both echnologies at this stage is their expen e.

9.6.6

Cavity coupling methods

In concluding this ection,

ome brief remarks are made regarding one future research

direc ion for ingle rare-earth ion . The work in this chapter. and the work con ained in
R eference [96]. demonstrate that lov\

emperature optical detection of a single rare-earth

ion in a bulk cry tal i fea ible. Thi i the ca e e-.-en for transitions po e ing excited
tate life ime on he order of 200 µ . Thus. it i likely that similar technique could be
us d o de ect ransitions "ith longer excited tate lifetin1e

uch a europium or erbium.

Ho" e er, a rei erated hroughout thi the i . optically detecting a ingle ion i only the
ini ial

ep in o thi new regime. To fully harne

the potential of ingle ion de"ice , trong

coupling between the e ions and photons needs to be achieved .
alculated for a 5 x 5 pi,xel arra '·
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One of the n1ost promising schemes to achieve this next step is to couple a single ion
to th modes of an optical cavity [6 1]. The proposal to couple ions to high quality factor
whispering gallery mode resonators has been pursued by McAuslan et al. [105, 253 , 265]
and is also discussed in Appendix C.
Importantly, the optical detection of single emitters is a critical precursory achiev ment
to coupling an ion to a cavity.

Succ ssful techniques to resolve a single ion , provide

an alternate method to measure and characterise the system that is independent of the
cavity n1ode. Therefore, cavity and ion related effects may be distinguished , aiding the
progression towards strong coupling.
Even weakly coupled systems can provide significant benefits for single ion experiments. In coupled systems where the cavity decay rate

11,

is significantly greater than the

emission rate of the ion , Purcell enhancement can allow a larger fluorescence rate in the
cavity mode [332]. Because Purcell enhancement reduces the lifetime of the ion , achieving
higher signal levels for materials that possess close to lifetime limited broadening will
incr ase the transition linewidth. Therefore , the increased lifetime broadening would need
be below the bound discussed in Section 7.2 to allow state-selective readout. However,
higher levels of broadening and the corresponding increase in e1nission rates could be
extr mely useful for identifying single ions and optimising the detection apparatus.
Rather than simply increasing the photon emission rate , cavity-based systems also
offer opportunities for increasing the collection efficiency. Because the cavity influences
the density of states for spontaneous decay, the fraction of emitted photons that enters
the cavity mode can be increased [332]. The collection efficiency of the cavity syst m can
be r latively high compared to free space optics even if the increa
rate due to Purcell enhancement is mall [299].

in the overall emission

In fact, the Pr 3 +: Y2Si0 5 whispering

gallery mode resonators studied in R eference [1 05] are already in the regime where the
collection efficiency of the cavity should rival that of a confocal system without a SIL

(~ 10%). With highly efficient coupling possible betw en cavity modes and free space
optics and detectors [406], higher quality factor resonators provide an app aling alternate
collection strategy. Therefore, the increased e1nission rates and high coll ction effici ncies
that are feasible with weakly coupled systems may allow readout that i faster and can
achieve greater fid lity compared to confocal sy terns.
Finally. there is also the prospect of progr sing from the w akly coupled regime
to strongly coupled ion-cavity systen1s, which offers further benefits to rare- arth d vice
scaling.

Achieving strong coupling between a cavity and an o. cillator a weak as the

- J.J ·Y ~ 4.fs transition of a single rare-earth ion will be chall nging [105] . However,

the extren1ely high quality factors achieved in whispering gallery 1node re onators
( Q > 10 11 ) [4.07] and the extr 1nely small mod volum

achi vable in photonic crystal

cavities [40 ] provide opportunities for this research direction. The ben fits of r alising
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the strongly coupled regime include the possibility of p erforming state readout on the
ion by monitoring the cavity resonance [409], and deterministic state transfer between
remote ion-qubits [61 J. As such, there is potential for significant gains in both vertical
and horizontal scaling considerations.

Furthermore , this regime provides alternate

technologies for single photons on demand and quantum memories [62].
A significant research effort is still required to attain the advantages offered by
strongly coupled ion-cavity systems. Part of this effort is determining optimum materials for the creation of cavity systems that possess the necessary coupling strength. Appendix C presents the initial characterisation of a material that may potentially realise
this goal.

9.7

Summary

In this chapter , the suitability of the Stark activation technique proposed in Chapter 8 was
evaluated for achieving single rare-earth-ion optical detection in a bulk sample. Initially,
the tability of the technique was assessed in relation to the requirements of single ion
detection. The abilit} of the technique to isolate a single praseodymium ion was then
characterised.

Although excitation isolation could be successfully achieved , additional

background noise sources diminished the detection isolation of the technique.
The background sources were investigated in detail. It was determined that the dominant noise source

v\

as the replenishing of the resonant hyperfine state via mechanisms

other than the Stark activation. Such mechanisms included the direct excitation of hyperfine transitions due to noise on the electrode at resonant frequencies, and weak optical
excitation due to side-bands on the excitation laser. Both these noise sources can be mitigated in future exp eri1nents deternlining that spin-lattice rela..-"Xation should represent the
onl ion-dependent noise contribution.
Becau e the e additional noise sources were dependent on the ion density, attempts to
1neasure signals from small ensembles were attempted in the wings of the inhomogeneous
line. Super-Poi onian fluctuations were obser ed a the excitation frequenc} was scanned .
lthough it was not determined

v\

hether ion nu1nber statistics or echnical variations were

the dominant contribut ion , future experiment can achie e thi discrimination.
The ugge ed impro -emen s o the apparatus indica e that direct optical detection of
the 3 H4( l )-+ 1 D2 (l) transition of Pr 3 +:Y 2Si0 5 at 4 Kin a bulk er
The mos important impro -emen

tal can be achieved .

are as follo\\ .

• The fluore cence produced b direct excitation of hyperfine tran itions mu t be elimina ed .

•

SIL incorpora ing the S ark acti ation electrode is required to increase the collecion efficienc

of he apparatu . The recent re ult of

o hi argument.

ikal et al. [96) add weight
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The improvements above reduce the n cessary int gration times and hence, th spatial
and frequency stability requirements of the system. Further advantages can be gained
via improv n1ents to the stability of the apparatus, and reducing the sampl temperature
below 2 K.
Currently high fidelity direct optical readout conditional on the hyp erfine spin state
of the ion is not feasible due to the absence of a strongly cyclic transition. However , the
fo llowing chapter details a proposal to achieve cyclic transitions , which provides a direction
to realise state-selective readout.

Chapter 10

Zeeman enhanced cyclicity in
rare-earth-ion materials
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hyperfine state readout is not observed in rare-earth-ion materials [63]. However , in thi
chapter a technique is proposed to induce highly cyclic rare-earth-ion transitions via the
application of large,

tatic magnetic fields.

In doing so, Zeeman E nhanced C yclicity

(ZEC) provides the essential element for direct single-ion qubit readout.
The chapter begins by introducing the lack of cyclicity in rare-earth-ion

ystems.

It is then proposed that this shortfall can be overcome by manipulating the hyperfine
states of the ion 's electronic ground and excited states with a magnetic field. In addition
to direct relaxation from the optical excited state to the ground state, relaxation also
occurs via a n1yriad of indirect pathways involving intermediate crystals field levels . The
impact of these intennediate states on hyperfine transition probabilit ies is exa1nined as
one of the possible limitations on the achievement of ZEC.
The co1nplete derivation of the field directions for ZEC in a generic site is then present d. The equations that describe the required field directions can be aptly visualised
via the mathematics of conic sections. Exa1nples of ZEC field solutions for high symmetry
sites are then illustrated , which show the impact of symmetry on the form of the equations .
A ZEC analysis is then performed for the low sy1n1netry rare-earth ion site in Pr 3 + :Y 2SiOs.
In addition , the existing knowledge of the energy level structure of P r 3 + :Y 2SiOs allows
the p erformance of the technique to b e examined .
ZEC provides a m ethod via which cyclic transitions can be engineered in rar - arthion material . By discussing the li1nitations of the t echnique , rar -earth systems that are
esp cially suited to high ZEC p erformance are identified . In doing so, a new direction for
single rare-earth-ion quantum computing is established. Furthermore , the ability to tune
the oscillator strengths of optical tran itions b etween various hyp erfine states also offers
opportunitie in ensen1ble-based devices . Future exp erimental work and the applications
of ZEC are also briefly discus ed.

10.1
10.1.1

Formulating a solution for non-cyclic transitions
Cycli c ity

The state-selective optical readout of a ingle-ion qubit r quires that th initial ground
tate hyperfine level i preserved upon optical excitation and relaxation. This requir ment
of hyperfine state pre ervation is a weaker specification than r quiring strict cyclicity.
Strictly cyclic transitions are analogou

to a two level atom: t he ground and excited

state , are connected only through photon absorption and 111ission. Thi

trict cyclicity

doc not occur in the 4f i\/

For example

H

4f N transitions in rare-earth-ion m aterial

90% of the radiative relaxation fro1n the 1 D 2 (1) level in Pr 3 + :Y 2 Si0 5 decays o crystal
field levels above th ground tate [171. 172]. The ions then r turn to the ground tate
following rapid phonon decay.
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Relaxation pathways for 4f N +--+ 4f N transitions

ire)

- - 11Pe1)
l~e2)
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Desired relaxation pathways for a cyclic transition
l1Pe1)
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ir e)

~

l1Pi1)

l1Pi2)

1r i)

l~i3)

- - l1Pg1 )
l1Pg2)
·- - 1'1,l•g3)

Figure 10.1: The difference between he relaxation paths fo r existing 4f 1 +--+ 4f 1 t r ansit ions
(upp er ) and a C) clic t r ansit ion (lower) . 1r 9 ) and 1r e) represen t he gr ound and excited state
er ·stal field level , and 1r i) represents an intermediate crystal field level. The 11P) represent t he
hyp erfine ta es of t he resp ec i ·e electronic levels. The red arrows represent photon interactions
whereas t he black lines represent phonon decay. In t he upp er p anel, relaxation fr o1n Ir e) lwe 3 ) can
termina e in an) of h e ground state hyp erfine levels. In con rast , when t he t ransition i cyclic t he
ion return s t o 1r 9 ) l1P 9 3 ) irresp ec i, e of t he rela.,,cation path .

It is possible to achieve single-ion qubit readout indep endent of t he relaxation p ath
from the excited stat e if t he hyp erfine stat e is preserved once t h e ion returns to t he
ground state. In t his chapter , t he term cyclicity is defined as t he preservation of t he
hyp erfine state following opt ical excitation and decay.
C elicit

1s not observed in t he rare-ear t h-ion 1naterials t h at demonstrate t he most

app eal for quant um comput ing [l 3]. In t hese m aterials, t he quadrup ole term in t he
Haniilt onian int roduces significant mixing b etween t he state in t he hyperfine 1nanifold
(see Section 3.2 .1) . B ecause t he resultant states differ for t he opt ical gr ound and excited
sta es, optical t r ansit ions m a cause a ch ange in t he hyperfine state.
Alt hough sp ecific t ransit ions can b e selected in excitation based on t he applied
frequenc , upon relaxation t he ion can return to an
ground states (see Figure 10.1) . Thi allows ion

one of t he mult iple hyp erfine

o be opt icall} pump ed , or shelved :

·which has b een critical to m any advances in rare-earth-ion characterisation and
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application [73, 76, 82, 86,411]. In the majority of cases, this is the physical m chanis1n
that produces hole-burning in rare-earth-ion materials. However, this lack of cyclicity,
currently disallows optical readout of a single ion's hyperfine state.
The solution proposed in this chapter seeks to induce strongly cyclic transitions as
shown in Figure 10.1. The ion's spin state is then preserved despite many optical cycles.
This allows singl frequency excitation and the opportunity for high fidelity measure1nent.
To progress towards this accomplishment requires an understanding of the electronic and
hyperfine components of the ion's wavefunction, which are presented in the following
section.

10.1.2

Separating the wavefunction

The overall wavefunction of the rare-earth-ion

4f N

levels can be written as the product

of th electronic and nuclear wavefunctions [173]
(10.1)
where the

ri

and

t/Ji

represent the electronic and hyperfine components of th ground and

excited states respectively (see Figure 10.1) .
The application of the dipole moment operator µ · E can then be used to determine
the transition probability from le) to lg)
(10.2)
The first tern1 determines the overall dyna1nics of the optical transition as discussed in
Section 3.2.4 and is equal for any of the states in the hyperfine manifold. The relative spin
transition probabilities are given by the 1nagnetic component . This term is simply the
overlap between the ground and excited state spin levels. Therefor , this t nn controls
the level of spin cyclicity, which i dep ndent upon the relative 1nixing induced by th
ground and excited state quadrupole and linear Zee1nan tenns. This chapter focus es on
the ability to influenc

cyclicity by th 1nanipulation of the

(t/Jelt/J 9 )

term with applied

111agnetic fields. The following section examines this proposal in detail.
As an aside . it is noted that the transition dynamics of an optical transition can be
altered by 1nodifying the ion ·s Stark structure [199]. There are opportunities for modifying
the branching ratio and excited state lifetimes by p erturbing the crystal fi ld sufficiently
to alter the inter-configurational 1nixing that induces electric dipole allow d transitions.
In general. achieving a level energy shift on the order of the spin-orbit interaction is not
fca.':5iblc. Conver ely. through the application of stress fields it i possible to shift an n rgy
1c,\·el by an a1nount equal to the naturally occurring crystal field energy separation [199].
Therefore. by app lying larg stres fields it may be p-os ible to create higher branching
ratio · to the lowe t energy cry tal fi ld 1 vel of the ground tat 1nultiplet. Furth nnore
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it is feasible to consider the use of applied stress to engineer a transition with p articular
properties by lowering the sym1netry of an axial site . Although not pursued in this thesis;
the application of stress fields provides an avenue to analyse the extent to which the
dynamics of an optical transition can b e t uned.

10.1.3

Is manipulation of

('l/Jel 'l/J9 ) sufficient?

There are four stages to optical cycling; all of which need to b e considered to justify this
approach: excitation ; the duration in le) relaxation, and the duration in lg) b efor e reexcitation. The direct excitation of t he transition

Ir 9 ) IVJ 9 )

~

Ir e) IVJe) is controlled via

the applied laser fr equency. Because of t he n arrovv homogeneous linewidths of rare-earth

4f N

H

4f N transitions in t he 1naterials of interest; the hyp erfine levels are very well

resolved . Although there is a finite probability of off-resonant excitation to other

IVJi)

j

it is assumed that the R abi frequency can b e sufficiently decreased to all but eliminate
t his effect. Thus t he ion y\rill b e excited to t he chosen

IVJe) with an extremely lov\r error

rate.
The next consideration is whether there is any evolution of the ion 's spin state during
the optical excited state lifetime. At low te1nperature j the hyperfine n1anifolds are sufficiently decoupled from the lattice to possess lifetimes that are 1nany orders of n1agnitude
longer than the optical lifetin1es [68 , 171]. Therefore ; the hyperfine state of the ion is
preserved during this stage of the cycling pro cess.
Similarly; the impact of the ion:s duration 1n the optical ground state can be
considered. Considering that 1naxin1ising the photon emission rate requires 1ninin1ising
t he time sp ent in the ground state following relaxation ; t he duration of this stage is likely
to be on the same order of m agnitude as the excited state lifeti1ne. Thus; because t he
delay b etv\ een excitation pulses is short compared to the m easured lifeti1nes of the ground
state hyp erfine levels (100 econds - 20 days [127]), again the probability of a hyperfine
transition is vanishingly small.
The final consideration is t he possible perturbations to the hyperfine structure during the
relaxation process . Firstly, let t he direct relaxation p ath fro1n
considered. In the excited state

Ir e) IVJe)

~

Ir 9 ) IVJ9 n) be

Ir e) the state IVJe) is an eigenstate of the Hamiltonian
"'

HelVJe) = EelVJe)
v\ here E e is t he energy of the

He

(10 .3)

IVJe) hyperfine state.

Similar lyj t he hyperfine le_vels I , 9 n) of the ground state

r9

are determined by
(10.4)

where H 9 and E 9 n ar e the H anlil onian and energies for the ground state.
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vVhen the ion relaxes to a different electronic level, the hyperfine Hamiltonian changes
,,..._

,,..._

fron1 He to H 9 . The initial state

lwe) can

be expr ssed in the basis states of th ground

state Hamiltonian as
(10.5)
n

The tin1e evolution of the state can then b described by
(10.6)
n

where

Wn

= E 9 n/n. If a measurement is made after tin1e

T

to detennine the hyperfine

ground state, the relative probabilities Pr l'!/;e)--+l'!/; 9 n) are given by

m

(10. 7)

which is indep endent of the time

T.

However, as previously noted , the dominant relaxation path to the ground state is
a complex route through higher energy crystal field levels.

Therefore, let an indir ct

Jri)

be consid red. Analogous to

relaxation path through the intermediat electronic state
Equation 10.5 , th initial state
,,..._

lwe) can b e expressed in the basis states of the int

nnediate

state Hamiltonian Hi
(10. )
n

where the

Cin

=

\Win

lwe).

vVhile the ion re1nains in state

Jri)

the time evolution of the

state is giv n by
(10.9)
n

Where

Wn

is now g1ven by

E in /

n.

Aft r tin1e

Ti

the ion relaxes from

ri

to

rg.

The

pro babili tics Pr lti;e)--+ Jr ;)--+ l'!/;gn) are given by
(10.10)
m

If

Ti

<<

111ax (wm -

l ).

the pha ·e evolu t ion factors are negligible giving

m

(10.11)
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Ti

Formulating a solution for non-cyclic transitions

is appreciably long compared to the

Wm - l
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the phase evolution will

produce the probabilities

m

l ,m

(10.12)
The time spent in

1r i)

is determined by the incoherent spontaneous emission of photons

or phonons. The second t erm in Equation 10 .12 averaged over a random time

Ti

is zero.

Therefore, the relative hyperfine state transition probabilities are given by

m

(10 .13)
m

=

L

Pr 11,Ve) -+ l'l,Vim,)

x

Pr 1'l,Vim,) -+ l'l,Vgn)

m

Ir e) l1Pe) to Ir 9 ) is direct the transition probabilterm (1Pel1P 9 ) . This result is not altered by indirect

Thus, if relaxation from the excited state
ities can b e manipulated through the

relaxation through states with lifetimes short compared to the inverse of their respect ive hyp erfine splittings. This can b e considered as a diabatic passage [412]. However,
if the indirect relaxation passes through long-lived metastable states then the transition
probability is given by
Pr 11,Ve) ~ l'l,Vgn)

=

L

Pr 11,Ve) -+ l'l,Vi l m1) X Pr 1'l,Vi lm1 )-+ l'l,Vi2m2) ... Pr 1'l,Vikmk) -+ l'l,Vgn)

'

(10.14)

ml ,m2 ,··· ,mk

in ·which case rnanipulation of the term

(1Pel1P9 )

will not in general assist in achieving high

cyclicity.
The intern1ediate states t h at are likely to possess lifetin1es long enough such that
diabatic p assage does not occur can be identified from t he energy structure of the
particular rare-earth-ion systen1. After the init ial radiative decay fro1n the optical excited
state, relaxation is typically m ediated by multi-phonon decay [63]. The multi-phonon
rela.,-xation rate decreases exponentially as the energy separation b etween a level and the
next lowest state in energy increases [413]. The close proximity of the higher lying crystal
field levels within a p articular manifold determines that they are accessible to phonons
and hence, exhibit lifetimes typically on the order of ns [414] . However, due to the
relatively small p erturbation of the crystal field in comparison to the spin-orbit coupling
for rare-earth-ion systems , t]:ie lowest lying states can be sufficiently decoupled from
phonon n1odes to possess lifetimes that are significant compared to max (wm- 1 ) [63] .
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For each p art icular rare-eart h m aterial, t he 1net ast able stat es can usually b e identified
via the absorpt ion and e1nission sp ectra [63]. In doing so , t he decay paths t hat may
p erturb t he hyp erfine structure of the ion can also b e established.
In determining t he i1npact of indirect t ransitions, t he electronic structure need to b e
considered. For example, if th re are t wo relaxation paths from t he excited st at e a shown
in Figure 10 .1 t he relative hyp erfine t r ansit ion probabilities are given by Pr l'l/ie)~l'l/ign)
for t he direct p ath and Pr l'l/ie) ~ lr i) ~ l'l/ign) for the indirect p athway. The t otal probability
IPl'l/ie) ~ l'l/ign) is given by

Alt hough t he existence of indirect relaxation p aths i likely t o provide a limitation on
ZEC , t he branching ratios of the electronic transitions can 1nediat e the in1pact of these
rout es containing long-lived st at es . It is possible for the values of Y 1 for cryst al field levels
t hat produce relaxation pathways involving long-lived st at es to b e small. Therefore, the
probability of t he ion relaxing via a route that will p erturb the hyp erfine st at e would b e
negligible.
If favo urable branching ratios negat e the effect s due t o p erturbing relaxation pathway , it is justified to exan1ine t he ability to create cyclic transitions considering only t he
reson ant stat e Ha1niltonians. Huwever , this requires careful an alysis of each material to
det ermine sufficient information regarding t he number of n1et ast able intermediary states ,
their lifetin1 s, and branching ratios to t he st at es t hat init iat

pathway t hrough such

level .

1

);

ote that t he b ra n ching rat io Y i give n by

(10.16)
\\·here th

r mare a ll

the cry ta! fie ld level belO\\" r e.
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Enhancing cyclicity in non-Kramers ions

In this section, the requirements for a field inducing ZEC are derived under the assumption
that the spin selection rules upon relaxation are governed by the properties of the resonant
states. As discussed in the previous section, this assumption is valid as long as the branching ratio to intermediate crystal field levels is low or their lifetimes are sufficiently short.
Although the ZEC technique may be applicable to Kramers ions, the analysis provided
here is restricted to non-Kramers ions , with singlet ground and excited states.

10.2.1

Derivation of ZEC fields

For non-Kramers singlets the magnetic hyperfine Hamiltonian can be written in the form
(see Section 3.2)

ii = [B . z. BJ E + B. M. f + f. Q . f

(10.17)

The quadratic Zeeman tern1 is a common frequency shift for all hyperfine states
within a particular crystal field level and does not introduce any mixing between them.
Hence, it is not necessary to consider this term for the achievement of high cyclicity.
To calculate the overlap between the eigenvectors of the ground and excited states,
both Hamiltonians must be expressed 1n the same coordinate frame.

In general, the

principle axes of the ground and excited state spin Hamiltonian tensors do not share
com1non directions. Therefore, the Q and M tensors given in Equations 3.15 and 3.18
must be rotated to a common frame of reference. The form of the tensors in a common
coordinate frame Qi and Mi can be written as
~

Qi = RQi · Qi · RQi

T

(10.18)

where i represents either the ground or excited state, g and e respectively. The rotation
matrices are defined by Euler angles (a, /3, , ) [415], which in the general case can
be written as R(aNli , f3Nii, r Nli) for the Zeeman tensor and R(aQi, /3Qi, , Qi) for the
quadrupole tern1.
The ann 1s to detennine an applied magnetic field direction along which the true
field experienced by the rare-earth-ion nucleus is equivalent in the ground and excited
states. Upon the application of such a field , both the ground and excited state Zeeman
Hamiltonians in the form of Equation 10.18 could be transformed into a common basis

(xB , YB, zB) which diagonalises both terms.

Thus , in the high field limit , where the

quadrupole contribution is negligible compared to the Zeeman term , the transition will
approach perfect cyclicity. The following process allows the direction of the ZEC field to
be calculated even for the lowest symmetry site.
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Let Mg and M e be t he ground and excited state Zeem an Hamiltonian tenns represented in their r spective diagonal bases. To simplify the theoretical considerations t h
excited state t ensor is rewritten as M e in the basis which diagon alises IV[g - (x, y , z ).2
The two 1natrices Mg and M e are parametrised according to

Mg =

~

Me=

9x
0

0

0

9y

0

0

0

9z

T
R 1vrg • R 111Je

G1
G2
G3

·Me· R

G2
G4
Gs

(10.19)

T
111Je • R Nig

G3

Gs
G5

Another way of posing the question of cyclicity is to ask whether the two matric s

B · Mg · I and B · M e · I can b si1nultaneously diagon alised. If both m atrices can b
diagonalised in th same basis then the overlap between the eigenstat s (1/Jgi 11/Jej) is unity
for i

= j and zero otherwise . This represents a p erfectly cyclic transition. The theorem

b elow , which follows from R eference [416], provides t he necessary criteria :

Let A and B be diagonalisable, linear operators
on the finite-dimensional vector space V.

A and B are s imultaneously diagonalisable if and only if they commute.

Because B · Mg · I

and B · M e · I

are Hern1itian , the finit

p ectral theor m

guarantees that th y are diagonalisable on the finite-dimensional vector space spanned
by f::. (cJ: 17].

Thu . the ground and excited state Zeeman Ha1niltonian terms will b e

sin1ult aneo usly diagonalisable. if and only if B · Mg · I com1nutes with B · M e · I.
Therefore . the following is a requir 1nent for ZEC
(10.20)

2

E qui\·alently the calcu lat ion co uld be p erform ed in the basis that diagonali e M e. The solutions for
l he h\·o cases would be related by R ,\I 9 a nd R ,\I e .
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Upon expanding out the expression in Equation 10.20, the Ix 2 , Iy 2 and Iz 2 terms cancel
leaving only cross terms. Thus , the equality can be written

[I x, Iy ] (Bygyu - B xgxv)

+ [Ix , Iz ] (BzgzU -

B xgxw)

+ [Iy , Iz] (Bzgzv -

Bygyw) = 0 ,
(10.21)

where [Ji , Ij ] is the normal commutator operation and u, v, and w are given by

+ ByG2 + B zG3
V =BxG2 + ByG4 + B zGs
w =BxG3 + ByGs + B zG6
U =BxG1

(10.22)

Because

[Ix , Iy ] = in1z
[Ix , Iz] = - inly

(10.23)

[Iy , Iz ] = inlx ,
none of the three terms in square brackets on the left hand side of Equation 10.21 commute.
This determines that the condition for achieving ZEC can be reduced to three equations

Bygyu - B xgxv =0

(10.24a)

B zgzU - B xgxw =0

(10.24b)

B zgzv - Bygyw =0 ,

(10.24c)

or explicitly

+ ByG2 + B zG3) Bzgz (BxG1 + ByG2 + BzG3) Bzgz (BxG2 + ByG4 + BzGs) -

B ygy (BxG1

+ B yG4 + B zGs)
Bxgx (BxG3 + ByGs + BzG6)
Bygy (BxG3 + ByG5 + BzG6)

B xgx (BxG2

=0

(10.25a)

=0

(10.25b)

=0

(10.25c)

By solving the expression in Equation 10.25 , the field directions that simultaneously diagonalise the ground and excited state linear Zeeman Hamiltonians can be determined.
Because this condition is equivalent to achieving cyclic transitions , the solut ions represent
the ZEC fields.
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10 .2 .2

Solut ions for ZEC fie lds

In seeking solutions for the expressions in Equation 10.24, it is first noted that th systen1
of three equations is not linearly independent. For example, solving Equation 10.24a for
'Ll

and substituting into Equation 10.24b gives
(10.26)

which for B x, 9x

i-

0 im1nediately satisfies Equation 10 .24c. A similar result is possible

for any combination of two of the three expressions in Equation 10.24. Therefore , it is
sufficient to simultaneous solve any two expressions in Equation 10.24 noting that particular attention must b e paid to solutions of the form (0, By , B z ), (Bx, 0, B z), (Bx, By , 0).
Solutions in these forms must be checked in the remaining equation to verify whether it
is a solution for the entire system .
The explicit expressions in Equation 10 .25 can be written in the form
(10 .27)
or in matrix form

Bx
By
Bz

T

A

C D

C

B

D

Bx
By = 0 .

E
E F

(10.28)

Bz

Equations 10.27 and 10.28 can be recognised as conics in homogeneous coordinat s.
Thus, the family of solutions (Bx, By , B z) that solve the Equations 10.25a - 10.25c can
be investigated graphically by proj ecting the conics onto IR 2 .
to Equation 10.27 ar

Because the solutions

only fixed up to a constant , if (Bx, B y, B z) is a solution then

(a B .-c, a B y, a B z) for r al constant a . Hence, the only two proj ections that ne d to b
considered are the cases B z

=

1 or B z

=

0.

By inspecting the coeffici ents A - F the form of th

conic can be quickly deter-

1nincd . The determinant
6 1=

A C
C B

(10 .29 )

defines the general fonn of the conic. If a solution exists on IR 2 and 6
projection of the conic will be an ellip e. If 6
hyperbola. In th , case that 6

1

1

1

i positive, the

is negative, the proj ection will b e a

vanishes th proj ction of t he conic will b e a parabola.

Classification of the conic form can be further defined by examining the det nninant

A C

D

62= C

B

E

D

E

F

(10.30)

§10.3

Visualising ZEC fi.eld directions in high symmetry sites

305

If ~ 2 = 0 t hen the conic is said to be degenerate. In this case an ellipse reduces to
a point, a parabola reduces to two , possibly coinciding, parallel lines and a hyperbola
reduces to two intersecting lines .3
Re-examination of Equations 10.25a , 10.25b and 10.25c reveals some generalisations about the conic projections. Equation 10.25a will have the form of a hyperbola if gx
and gy have the same sign. However, if gx and gy have opposite signs then all three conic
forms are possible depending on the relative sizes of gx, gy, G1, G2, and G4. In contrast,
Equations 10.25b and 10.25c will always b e hyperbolas.
Hence, the solutions to the set of expressions 1n Equation 10.25 are represented
simply by t he common intersections of all three conic proj ections . There are 13 real
equivalence classes describing t he intersection of two conics, which are detailed in
Reference [418] .4 In general there can be at most four intersections between two conics
but there can also be no real intersections [419]. For the system of equations here there is
at least one real solution: the trivial solution B x

=

By

=

Bz

=

0. However, this will not

result in enhanced cyclicity and so is ignored .
The most general case of a C 1 site will be examined using the speci~c example of
Pr 3 +:Y2Si0

5

in Section 10.4. However, to illustrate t he form of t he solutions the next

section briefly examines ZEC field calculations for higher symmetry sites .

10.3

Visualising ZEC field directions in high symmetry sites

A greater understanding of the ZEC technique can be gained by exam1n1ng the field
directions for cyclic transitions in high symmetry sites . In this section both axial sites
and non-axial sites with a rotational symmetry axis are considered. The progression from
high to low symmetry is mirrored in the conic projections, which develop in complexity
towards the general case (see Section 10.4). To reflect the fact that the expressions in
Equation 10.25 are conics, from this point forward they will be referred in the notation
commonly used for conic sections: R , S, and T respectively.
The discussion begins by inspecting the form of the hyperfine Hamiltonian in the
high field li1nit. The ZEC field directions are then calculated for high symmetry sites in
Sections 10.3.2 and 10.3.3. The discussion concludes by considering the weak field limit
for high symmetry sites , which was examined by Longdell [94].

3

An important exception to these generalis ations is where all the homogeneous c~ordinate param et ers
vanish. In this case , the solution space is the entire x y pla ne.
4
There are 8 complex equivalence classes lab elled I - VIII. These are further subdivided to include
additional real equivalence classes Ia, lb , Ila, IIIa,VIa.
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10.3 .1

High field limit

In sites with a rotation axis of syn1metry, the symmetry axis n1ust be a principle direction
for the quadrupol and Zeeman Ha1niltonian tensor in both the ground and excited states.
Therefore , the tensors Q and M can be transfonned into a common coordinate fra1n via
a rotation about the axis of sy1nmetry. The required rotation matrix is then R(a NJi, 0, 0)
for the Zee1nan t nsor and R(aQi, 0, 0) for the quadrupole tenn .
In the high field limit, the linear Zeeman interaction dominates th quadrupole term.
Thus , the Hamiltonian in Equation 10.17 can be approximated by the linear Zeeman
tern1. The linear Zeeman term for a rare-earth ion in a site of rotation symmetry can b
xpressed in the I z basis as [259]

I~)

I!)

I-~)

I-~)

I-!)

I~)

19-)
2

5
B z9z
2

0

0

0

0

v5 b

I!)

0

1
B z9z
2

0

0

~b

v2b*

I-~)

0

0

3
--B z gz
2

v5b

v2b*

0

2

2

2

(10.31)

1-§_)
2

0

0

v5b*

5
--B
2 z9-

0

0

I-!)

0

3 b*
2

v2b

0

1
--B z gz
2

0

I~)

v5b*

v2b

0

0

0

3
-Bzgz
2

·where b

2

2

,<,

·,;._
,,., )J
= IBIsin 8B [ (gx + gy) e-iwB
+ (g x - gy) ei"( 2aAii+lf'B
.

4
defined b)- the spherical polar angles

eB.

Here (Bx, By , B 2 ) are

denoting the angle b etween B and the z axis ,

and o B . denoting the angle between the projection of B onto the xy plane and the x axi .

If the 111agnetic fi eld is applied parallel to the axis of rotation sym1n try (B x = B y = 0),
the off-diagonal n1atrix tenns in Equation 10.31 vanish.
sin1ultaneousl)- diagonalises bo h th

In this ca e. the I z basis

ground and excited tate hyperfin

Hamiltonian .

The orthogonalit)- of the I z states en ure that
for like-to-lik transitions and ,

(1 0.32 )

otherwi e.
Therefore . high C\clicit)- can be achieYed in the limit of large magnetic fi ld applied along
the axi , of rotation )-n1n1etry. Th following wo ection derive the ZEC field direction
for axial it e and ~it e with lo,Yer ym1netry defin d by a rotation. As hall be d mon.,tratcd. other ..'olution exi t that are not im1nediat 1 apparent via in pection.
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ZEC field directions for axial sites

In an axial site, the principle axes of the ground and excited state Zeeman tensors coincide
and the x and y axes are equivalent. Therefore, 9x = gy = g1_, G 1 = G 4 = G 1_ and

G2

=

G3

=

Gs

=

0. Thus, the parameters in Equation 10.22 can be written

u =BxG1(10.33)

v =ByG1_

w =BzG6 .
This determines that the solution space for Equation 10.25a (R) is the whole of IR 2 since
all the A - F are zero. The only non-zero parameters A - F for each of the remaining
equations are then

D = gzG 1_ - g1_G5
2
(10.34)
E = gzG1- - g1_G5
10.25c (T) :
2
Therefore, the determinants .6. 1 and .6.2 for both S and T vanish, giving solutions in the
form of single lines in IR2. In the general case, the two lines are simply x = 0 and y = 0
10.25b (S) :

and hence , result in a class of ZEC field solutions of the form (0 , 0, B z). This is to be
expected as solutions of this form are equivalent to setting b = ·o in Equation 10.31, which
diagonalises the linear Zeeman matrix. Solutions can also take the form (aBz, /3 B z, B z) if

g1_ = gzG 1_ /G5, where a and /3 are any real numbers.
There is another solution set that can be determined by setting B z

= 0. In this case

all the homogeneous coordinate parameters vanish determining that any field of the form

(Bx, By, 0) will also satisfy the ZEC criteria.

Solution:

(Bx, By, 0)

Solution:
(0, 0, Bz)

Figure 10.2: The projections of R (blue) , S (red) , and T (black) for an axial site. The intersection
R n S n T provides the field direction to achieve ZEC.
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10.3.3

ZEC fie ld dire ctions for sites with rotational symmetry

Lower syn11netry sites that are no longer axial but possess an axis of rotation symmetry
are now considered . In this cas , there are no restrictions on the ground tate Zeeman
coefficients.

However , because the ground and excited tate tensors share a comn1011

z-axis. G3 = G 5 = 0, which i1nplifies the ZEC criteria considerably from the general case .
The three homogeneous coordinate matrices representing the

xpress1ons 111 Equa-

tion 10.25 can be written as
-g X G?

~

10.25a (R) :

(gyG1 - gxG4) /2
0

(gyG1 - gxG4)/2
gyG2
0

0
0
0

(gzGl - gxG6) /2
(gzG2) /2
0

10.25b (S) :

0

(gzG2)/2
(gzG4 - gyG6)/2

(gzG4 - gyG6) / 2

0

0

10.25c (T) :

(10 .35)

As in the case of axial symn1 try, .6. 2 vanishes for all three equations determining that
the conics are d generate. Likewise , .6. 1 vanishes for the second two equations. For B 2

= 0,

the solution is heavily dependent on the detern1inant .6. 1 of R. B cau all the homogeneou
coordinate paran1eters vanish for the second two equations they are satisfied for the entire

:ry plane. Therefore. th solution for R will satisfy th general ZEC criteria.

If .6. 1 > 0 then the solution to the equation of interest is a point ellip

which gives only

the tri,-ial olution (0 . 0. 0) . However. if .6. 1 = 0. then the solution is a ingle line of the
forn1 By = mBx . Finally. if .6. 1 < 0 the conic proj ect d onto IR2 is two inters cting lines
of the fon11 By

= mBx. Th explicit fonn of m and m are hown in Figure 10.3.

The ca e "-here Bz

I

O al o need to b con ider d. The equation Sand Tar sati fied

,,-hen By = nii Bx ( i = 2 or 3). " -here the expre sions for the
The 'Olution for R are identical to the B z
Therefore. the inter ection of R.

mi

are hown in Figure 10.3.

= 0 case and hence. alwa s contain the origin.

. and T provide the intuitive olution di cu s d in

ection 10.3.1: (0. 0. Bz).
To conclude thi

ection . the re ult of th ZEC analy i in the

higher

mm tr

ite are

reiterated. In both a,-xial and non-axial rotationally ymmetric ite . olution of the forn1
(0. 0. Bz) are ob en-ed . Thi i con i t nt with th , -i ual in p c ion of the linear Ze man

Ha1niltonian 111atrix in

ection 10.3.1. The additional. extremel

g neral olution pace
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Solutions:
61 = 0: (B

x,

mB 0) m = gxG 4 - gyGi
x,
'
29y G 2

Solution:

(0,0, Bz)

F igure 10. 3: The projections of R (blue) , S (red) , and T (black) for a site with rotational symmetry.
The intersection Rn S n T provides the field direction to achieve ZEC.

for the axial case provides ZEC field in all directions p erpendicular to the first solut ion,
(B x , B y, 0). However, this solution space is reduced significantly for t he lower symmetry

sites . This reduction can b e to two lines (mBx, B x, 0) , to one line (mBx, B x, 0) , or to no
additional solutions.

10.3.4

Aside: zero field cyclicity in high symmetry sites

In sites that possess a rotation axis of symmetry a weaker form of cyclicity can be achieved
in the limit where the magnetic field vanishes. This weak field cyclicity was considered
in Reference [94] and is presented here for completeness . Such solutions do not occur for
low symmetry sites and hence, the ZEC technique represents a far more general method
to induce highly cyclic

4f N

+--+

4f N

transitions in rare-earth-ion systems.

In zero field, the hyperfine Hamiltonians for the ground and excited states (Equation
10.17) are reduced to the quadrupole term. These can be expressed in the Iz basis as

\~)

I!)

\-~)

\-~)

I-! )

\~)

\~)

--

lOD
3

v'lOEa

0

0

0

0

I!)

v'lOEa*

--

3v'2Ea

0

0

0

\-~)

0

3v'2Ea*

--

0

0

0

v'lOEa

8D
3

2D
3

(10.36)

\-~)

0

0

0

lOD
-3

I-!)

0

0

0

v'lOEa*

--

3v'2Ea

\~)

0

0

0

0

3v'2Ea*

--

8D
3

where a = e 2 ia.Qj and j represents t he ground or excited state .

0

2D
3
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Fron1 the forn1 of Equation 10.36 , cyclic transitions are possible in zero field if, and
only if. E

= 0. Cyclicity i rnade possible becaus the eigen tates of both the ground

and excited state hyperfine Han1iltonians are simply the elem nts of the I z basi , which
discussed in Section 10. 3 .1.
Theoretically, this criterion holds for axial ystems, which include sites with tetragonal
or higher syn1111etry.5 However , any i111perfections in the crystal structure that perturb
the syste111 fro111 ideal axial sy111111etry determine that perf ct cyclicity will not be
exp erin1entally observed. This is highlighted in the attainment of z ro field hole-burning
spectra fron1 axial site [63 , 134, 420] .
In the ca e of non-axial site sym111etry (E -/- 0) , cyclic transitions are not possible
111

zero field.

However , if a s111all 111agnetic field is applied, the remaining doublet

degeneracy can be lifted allowing two closed subsets of transitions to be formed. In the
limit of a weak Zeen1an interaction , the levels will be split but the overlap between the
hyperfine eigenstates (1/Je l'l/J9 ) will not be significantly altered.
In particular , Equation 10.36 is an exa111ple of a less stringent requirement than cyclicity, which can still be considered useful for hyperfine state-selective readout. If the don1inant ten11 in the spin Han1iltonian is blo ck diagonalisable, or the Ha111iltonian asymptotes
to that fon11. clo ed subsets of transitions are possible. As highlighted in R eference [94]

i

state-selective readout can be achieved under such conditions. This formulation holds in
the weak field lin1it : where Q is block diagonalisable. or the high field limit where M is
blo ck diagonalisable.

"' \"ote man:· praseodymium mat rial \\·ith axial ite ymmetry will po e non-Kram r doubl t ground
and excited ~ tates. In the case . analy i of th hyperfine H ami lton ian require ad dition a l term . HowC'\·er. there are se\·eral examp le of axial pras odymium y tern with inglet re onant tate . including
Pr:3 -: Y Lif 4 and Pr 3 - :YP0 4 ·63]. In addition. the electronic tructure of europium d t rmin e hat even
in a_-;:ial ire -. the a-round and excited tate \Yill be inglet .
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Following on from the previous section, ZEC analysis is now performed for a site with

C 1 symmetry: Pr 3 + :Y 2 Si0 5 , the material of interest in this thesis. The first aspect to
detennine is whether ZEC field directions can exist for such low sym1netry sites.
Table 10.1 details the parameters for the ground and excited state quadrupole and
linear Zeeman Hamiltonian parameters (see Equations 3.15 and 3.18) as determined
by Lovric et al. [186] . Following the theory outlined in Sections 10.2.1 and 10.2.2, the
feasibility of achieving high cyclicity in Pr 3 + :Y 2 Si0 5 is determined. Therefore, the ground
and excited state linear Zeeman tensors , Mg and Me respectively, can be written in the
basis that diagonalises Mg

26.57

0

0

0

31.01

0

0

0

113.08

Mg=

T

~

Me =

RJ\!Jg • RMe

r-v
r-v

·Me·

(10.37)

T
R Nie • R NJg

23.60

8.85

3.71

8.85

23.17

3.67

3.71

3.67

15.83

Forming the expressions given in Equation 10.25 for the case of B 2

i-

0, the three matrices

of homogeneous coordinate parameters can be approximately written as follows

10.25a (R) :

10.25b (S) :

10.25c (T) :

-235.17

58.16

-48.80

58.16

274.46

57.50

-48.80

57.50

0

-98.54

-48.80

1124.35

-48.80

0

500.42

1124.35

500.42

419.36

0

-57.50

500 .42

-57.50

-113.91

1064.70

500.42

1064.70

415.38

(10.38)

In the case of Pr 3 + :Y 2 Si0 5 , -inconsistencies remain regarding the ordering of the excited
state hyperfine levels in zero field. It was found in the course of this work that although
Lovric et al. [186] achieve excellent agreement with the experimentally observed oscillator
strengths [185], the parameters provided give the incorrect relative frequencies of these
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Excited state - 1 D 2

Ground state - 3 H 4

Value

Value

O"rna x

D

-4.4435 1IHz

0 .35 %

1.35679

IHz

0.46 o/c

E

-0.56253 1IHz

2.0 o/c

0.42192 1IHz

1.3o/c

O:Q

62.1 °

10

123.51 °

0 .6°

BQ

31. 10

0.23°

94 .69°

0.33°

,Q

93.94°

0.61 °

170 .56°

0.7°

O"rna x

9x

26.57

IHz/T

3.3 %

14.54 11Hz/ T

3.3 o/c

gy

31.01 T\IHz/ T

3.4%

14.30 1IHz/ T

2.1 %

9:::

113.0

T\IHz/ T

0.32%

33 .76 1IHz/ T

1.2o/c

Q _\[

112 .0°

-±. 70

44°

26°

3_\I

35.6 °

0.14°

63.91 °

0.3 °

_\I

101.5-1°

0.22°

30

0.4°

nc2

110.0°

3.5°

120°

70

3c2

1.57-1°

0.076°

1.65°

0.25°

Table 10.1:

trarritions.

pin H an1iltonian parameter for Pr 3 + :Y 2 iO-0 a mea ured by LmTic et al. (1 6].

The 1110 t likely explanation for thi di crepancy i a choice of fit for the

quadrupole ten or !vI [-1 21 ]. ,..-hich can only b

made correctly in lirrht of the o cillator

streno-tl1 data. Thi led to an incorrect detern1ination by Lonrrdell et al. in th original
characteri -at ion paper )39). "-hich preced ed the n1easurem ent p erformed bY :\'il on et
al. 125-.
The choices for the quadrupole fit are related by different configuration
tensor principle a., e - ~17: and clarification of the paramet er

of the

for Pr 3 - :Y 2 i0-5 i

111

prooT s -. Ho" -e, -er. to 111aintain con i t ency "-ith the publi hed literature in th ab enc
of any re..-i -ion at th

tin1e of '\'\Titinrr. the paran1eter

fron1 R efer nee [1 6] ar

u d.

Because thi - technique focu -e ~ on the linear Ze man t erm in the hirrh fi ld lirni . th
result :-=; pre - nted in thi - chapter are laro- ly indep ndent of anY futur di ambirruation of
th quadrupole paran1et r -.
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Figure 10.4: The t hree solut ions satisfying t he expressions in Equation 10.25 (ZEC field points)
for Pr 3 +: Y 2 Si0 5 , in t he basis which diagonalises M 9 .

The proj ections of R , S, Tonto lR.2 for B z

#-

0 are shown in Figures 10.4 and 10. 5. For

each pair of conics there are four points of intersection .6 Of these points, there are t hree
that satisfy R n S n T. Hence, ZEC field directions do exist , even for this low symmetry
site.
R ep eating the proj ections for the B z = 0 case yields only the trivial solution: B x =

By

=

Bz

=

0. Thus , there are no further solutions to add to the B z

#-

0 results. Therefore,

there exists three field directions in which highly cyclic transitions can be induced in
Pr 3 + :Y 2Si0 5 at high field.
These directions are plotted in t he commonly used (D 1 , D2, C2) coordinate frame in
Figure 10.6. Also included are t he directions of t he two-fold intersection points presented
in Figure 10 .5. It is interesting to note t h at the three ZEC field directions almost form
an orthogonal basis , which suggests a deeper underlying symmetry to this ZEC an alysis.
This would be an interesting subj ect of further study beyond this t hesis.

6

T he fourth point of intersection between S and T in beyond the range of the figures shown.
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Figure 10.5: An expanded view of t he solutions to Equation 10.25 around B x = B y = 0.
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10.4.1

Predicted performance of the ZEC technique

Having established t he exist ence and values of ZEC field directions for Pr 3 + :Y2 Si0 5 in
the previous section , the p erformance of the technique to realise high cyclicity is now
examined. Alt hough ZEC improves the feasibility of achieving single-ion, st at e-selective
readout , the rem aining probability of unwanted spin transitions determines a lower bound
on the error rat e of st at e det ermination. This is an important limit , considering t hat
the concept of creating cyclic transitions in rare-earth materials is largely mot ivated by
the aim of realising single ion , frequency-based quantum computing. However , as will b e
discussed in Section 10.6 , there are other applications for ZEC that rely on t he ability t o
tune relative transition probabilities rather than attaining near perfect cyclicity.
To investigat e the level of cyclicity induced bY. a large applied field in the directions det ermined by the analysis above , the transition probabilities
calculat ed.

I (

'lj; 9 l1PeJ

This is possible via the use of the p aramet ers in Table 10.1 [186].

2
1

are
The

hyp erfine Hamiltonian , including both quadrupole and linear Zeem an t erms, is calculated
for each m agnetic field value.

The eigenvalues and corresp onding eigenvalues of t he

Hamiltonian m atrix then det ermine the

l'lj;9 )

and

l7Pe),

and their associat ed energy levels.

The t ransition probability for each of the 36 ground-excited stat e combinations can t hen
b e det ermined.
To provide a reference for the ZEC field calculations, t he t ransit ion prob ability
matrix for Pr 3 + :Y2 Si0 5 in zero field is shown in Figure 10.7. Because t he quadrupole
significant ly mixes the pure I z stat es, t he hyp erfine structure is ident ified by t he labels
1 t hrough to 6: 1 b eing t he lowest energy level and 6 b eing t he highest . In zero field ,
levels (1 and 2), (3 and 4), and (5 and 6) are degenerate for b oth the ground and excited
state .
Figure 10. 7 illustrates t he mixing due to t he quadrupole term in t his material. For
example, t he t ransit ion probabilit ies amongst st ates 3 - 6 are to a large extent independent of t he levels involved. Despite t his, one t ransit ion exists in zero field t h at exceeds
90% likelihood: t he (1,2)g

H

(1,2)e . Although large compared to t he other zero-field

t ransit ions, t his level of cyclicity is insufficient for high fidelity readout schemes.
The introduction of Figure 10. 7 is concluded with a final aside.

As noted 1n Sec-

tion 10.5.2 , t here is an error in ch aracterisation p erformed by Lovric et al. [186], which is
highlighted by lab elling t he states by energy rather t han by t heir pseudo-I z basis label
(±1/ 2, ± 3/ 2, or ±5/2). From t he zer o-field exp erimental results of Nilsson et al. [185] the
strongly cyclic t ransit ions would be labelled by energy as (1,2)g
t hey appear in Figure 10.7: fl ,2)g

H

H

(5,6)e rather than as

(1,2)e. However , t his only significantly impacts on

the nature of the solut ion in t he regime where t he quadrup ole term is dominant . In t he
high field regime, t he impact of t he correct quadrup ole p arameters on the qu antitative
solutions will b e very small.
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Figure 10. 7: Transition probabilitie for Pr 3 + :Y 2 Si0 5 in zero field.

Th

impact of applying a large magnetic field along the ZEC field directions pr -

viously identified on the transition probabilities of Pr 3 + :Y 2Si0 5 is now investigated in
detail. Firstly, the discussion fo cuses on the solution that points predominantly along
the D 1 axis, which is referred to a direction (i). Figure 10 .8 illustrates the change in the
relative frequencies of the ground and excited state hyp erfine levels as the 1nagn tic field
is increased to 1 T along this field direction . In the plots of the hyp rfine structure, z ro
frequ ncy is defined by the lowest energy level at zero field in the ground and excited
states respectively. The non-linear behaviour at low field is due to the interaction b twe n
the quadrupole and the linear Zeeman t rms. However, as the field increases above 0 .5 T ,
the b haviour of all the hyperfine lev ls trends towards the linearity dictated by t h
don1inant Zcen1an term .
The evolution of the transition probabilities for the lik -to-like transitions as the field
strength is increased along direction (i) are shown in Figure 10.9 . Th like-to-like transitions are defined via the level energie . giving the l g

H

l e transition as the lowest-to-lowe t

transition. For v ry small fi Ids; the transition probabilitie change rapidly due to th introduction of the linear Zee1nan term . For this field direction, t hi is followed by r lativ ly
s1nooth progression through the regime of quadrupole-linear Zeeman interaction. Critically. above approxi1nately Q_5 T. the probabilitie of all the transition asymptotically
approach unity_ Thi de1non tr ate t he de ired ZEC effect for Pr 3+ :Y 2SiOs.
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Figure 10.8: Hyperfine level frequencies as field magnitude is increased along ZEC field (i).
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Zeeman enhanced cychcity in rare-earth-ion material

To further characterise the perfon11ance of the Zeeman enhancernent , calculation inYestigating the impact of field alignn1ent for field magnitudes b tween 1 and 10 T were
performed. The results for the best performing transition along direction (i) are included
as an inset in Figure 10.9. This inset plots the con1plin1ent to the main figure: 1 - Transition probability. This value represent the probability of an undesirable spin transition
occurring during a single optical cycle. For example , if the plotted value is 10- 3 , on averag the ion could be optically cycled 1000 times b efor e it relaxed to a different ground
state . If con idered in the context of ingle ion quanturn state readout , (1 - Transition
probability) represents a possible lower bound on the qubit readout error.
The inset shows the result for perfect alignment, and misalignment by 1° and 10°
resp ectively. The data for the aligned ystem shows that at a field strength of 10 T , the
probability of the ion relaxing to a different hyperfine state is 10- 4 . The cyclicity improves
rapidly bet-ween 1 and 3 T , after which the gains with increasing field decline steadily.
This pattern of fast initial increases followed by plateauing behaviour is exaggerated in
the data for field misalignment. In the case of misalignment by 1°, the probability of a
spin flip induced by an optical transition only decreases linearly with applied trength
above 3 T. However ; even at this level of alignment; the transition probability compliment
is 10- 3 . a significant improvement on the zero-field properties . For a 10° mi alignment of
the applied field . there are essentially no gains in cyclicity above 2 T. At 10 T , thi 1 vel
of misalignm nt pro\ ides a level of cyclicity for the six like-to-like transitions approximat ly equal to the be t perforn1ing zero-field transition: 1 - Transition probability~ 0.05.
To highlight the improvements offered by the ZEC technique . Figure 10.10 show
the co111plet e transition probability matrix for a 1 T field applied along direction (i). Thi ·
is a tark contra t to the zero-field probabilitie illustrated in Figure 10.7. The strong
selecti\-ity of the like-to-like transition is emphasised. as the diagonal element are all
clo e to unit\-. Int ere tingly. the highe t-to-highe t transition acquire a ·lightly greater
cyclicity than the lo"-e t-to-lowest transition . de pite the fact that the latter po sess
higher cyclicity in zero-field . The other main feature of thi figure i that the off-diagonal
elen1ent

are \-ani hingly mall. Thi ability to tune the tran ition probabilitie of the

opt ical tran ition b t,Yeen different hyperfine ·tate open up additional opportunities
for thi technique ( ee

ection 10.6).
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Excited state

Ground state

Figure 10.10: Transition Probabilities for ZEC field (i) at 1 Tesla.

Figures 10.11, 10.12, and 10.13 present the equivalent results for the ZEC field predominantly along the C2 axis: direction (ii). The overall cyclicity enhancement is similar
to the results for direction (i). However, there are three notable exceptions. Firstly, the
like-to-like transition probabilities shown in Figure 10.12 exhibit greater variation over the
1 T range compared to the smooth, gradual behaviour for the first direction. This includes
extremely rapid changes between 0.05 and 2 T, which reflects significant modification to
the state admixtures over small changes in the applied field.

However, at higher field

magnitudes the transition probabilities again asymptote to unity.
The inset in Figure 10.12 shows that for a field of 10 T along direction (ii) , the probability of an undesirable spin transition is less than 10- 4 . In general, impact of misalignment
follows the same behaviour as for direction (i). Ho-wever, this is not the case for a 10°
misalignment, which even at a field magnitude of 10 T performs worse than what can be
achieved in zero field.
Finally, the complete transition probability matrix at 1 T shown in Figure 10.13 indicates slightly different behaviour to that of direction (i). Here the lowest-to-lowest transitions achieve the best cyclicity, the opposite behaviour to the field applied predominantly
along the D 1 . This indicates that the ZEC technique can cater for specific protocols and
different choices of hyperfine states , according to the selection of the field direction.
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Figure 10.13: Transition Probabilities for ZEC field (ii) at 1 Tesla.

The final set of figures, Figures 10.14, 10.15, and 10.16, present the simulated results
for the third ZEC field direction. This field is predominantly along the D2 direction, and is
labelled as direction (iii) . The qualitative behaviour for this field direction is very similar
to the presented results for direction (ii) . However, quantitatively it is the worst performed
of the three identified ZEC field directions. This is true for both applied field magnitudes
of 1 and 10 T.
Another interesting feature is observed in the misalignment data in the inset of
Figure 10.15. Here the transition probabilities exhibit a behaviour not observed in the
previous calculations. As shown, the transition that achieves the best cyclicity perfectly
aligned at 10 T, performs ·worse compared to the cyclicity due to a 1° misalignment for
fields less than 4 T. This highlights that at a given field strength, the ZEC field direction
may not achieve the optimum cyclicity for a particular hyperfine transition. This has
implications for the experimental application of the technique. Careful analysis of the
transition probabilities at the available field magnitude will be required to determine the
optimum cyclicity of the desired transition.
Finally, the transition probability matrices at 1 T for the pair of two-fold intersection points are presented in Figures 10.17 and 10 .18. Although these field directions
do not achieve high cyclicity, there is a significant and structured modification of the spin
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selection rules . In both cases the transition probability matrices are strongly tridiagonal
with the diagonal elem ents the dominant terms. Although such a structure is not directly
useful for the aim of single ion hyperfine state m easurem ent , it demonstrates the potential
for extensions to the ZEC technique.
For example, t he ZEC an alysis has focussed on direct cyclicity between two levels .
However, as indicated in Section 10 .3 .4 , block diagonalisable structures also allow single
ion state-selective readout to be achieved. It is possible that such transition probability
matrices can also be achieved via the application of a large field in a particular direction.
Block diagonalisable schemes may also enhance the p erformance of cyclicity at lower field
1nagnitudes . In addition , more general schemes may h ave a sp ecific series of hyperfine
state dependent transition probabilities to optimise a p articular technique. This type of
Zeem an structuring may also be possible, which would offer increased flexibility for the
rare-earth-ion system.

Before progressing to discuss factors that represent p ossible limitations on the ZEC technique, the results of the performance analysis for Pr 3 + :Y 2 Si0 5 are briefly summarised .
The calculations based on the hyp erfine parameters of R eference [186] identified three
field directions that would allow cyclicity to be enhanced in the high field limit. Because
the ion resides in a C1 symmetric site, the ZEC technique is shown to succeed for even the
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lowest of symmetries. This, along with t he work in Sections 10.3.2 and 10.3.3, indicates
that the ZEC technique is appropriate for achieving high cyclicity for non-Kramers ions
with electronic singlet resonant states, irrespective of the site symmetry.
The quantitative performance of the achieved level of cyclicity was also examined. This
analysis showed that the probability of undesirable spin transitions was between 10- 3 and

10- 2 at 1 T , and approximately 10- 4 at 10 T. The field magnitude and alignment studies
demonstrated that over two orders of magnitude improvement in the cyclicity could be
achieved with physically achievable values.

Therefore, this technique is an appealing

prospect for progressing towards single ion , state-selective readout in this material.

10.5

Limitations on ZEC performance and possible
solutions

The simulated performance of the ZEC technique for Pr 3+ :Y 2 Si0

5

presented in the previ-

ous section , was calculated under the assumpt ion of an ideal transition. To provide a more
complete description of the physical ch allenges that may limit ZEC , this section provides
a discussion on three important mechanis1ns. These are the impact of indirect relaxation
routes on spin preservation, limitations in the applied field , and system inhomogeneity.
Although it is possible for these processes to diminish the gains in cyclicity provided by
the ZEC technique , solutions to overcome such effects are also provided . Therefore , this
section represents an overview of all the considerations necessary to design an exp erimental
implementation of this technique .

10.5.1

Indirect relaxation via metastable states

The presence of indirect relaxation pathways containing long-lived , metastable states
presents a limitation to the ZEC technique.

For son1e materials , such indirect decay

routes will be the dominant factor in determining the degree of cyclicity that can b e
achieved . In a low symmetry site, where several metastable intermediat e levels exist ,
the likelihood of undesirable spin transitions upon relaxation will b e significantly higher
than that calculated in Section 10.4.1. For example , consider a single metastable state
where the branching ratio to the relevant LSJ manifold is on the order of 0.1. Based
on the zero-field spin transition probabilities measured for the direct transition of various materials [141 , 186], the likelihood of a spin transition for any long-lived state ranges
from 10 - 50%. Therefore, cyclicity in such a syste1n will be li1nited to probabilities of
95 - 99%.

326

Zeeman enhanced cyclicity in rare-earth-ion 1naterials

It is likely that some rare-earth-ion materials will be unsuitable for the ZEC technique
due to their crystal field structure and optical branching ratios. 7

However, there ar

several categories of materials that should allow ZEC to overcome the indirect relaxation
dilemma. Fir tly, the electronic structure of europium seems suit d to the ZEC technique.
In general , the six intermediate LS J manifolds between the 5 Do excited state and 7 F 0
ground state all possess small energy separations between crystal field levels [184]. For
example , the energy eparation between the intennediate states in Eu 3 + :Y 2Si0 5 does not
exceed 21 THz [68, 178] compared to the maximum phonon energy of 29 THz. Thus, for
many materials there may b e an absence of metastable states, and hence, the probability
of spin transitions will be extremely low.

Similarly, erbium has no intermediate LS J

manifolds between the 4 I 15 ; 2(1) ground state and 4 I 13 ; 2 (1) excited state [184]. However ,
further analysis is required to determine whether the ZEC technique holds for Kramers
ions.
The alternate solution is to select a material where ZEC transitions are simultaneously
created between every pair of crystal field levels . Therefore, spin preservation would
be assured irrespective of the existence of metastable states, or the relative branching
ratios. This is not feasible in low symmetry sites due to the lack of restrictions on the
orientations of Q and M. However , by choosing 111aterials that possess sites with a rotation
symmetry axis this transition independent form of ZEC can be achieved. As discussed in
Section 10.3.1 , the axis of rotational symmetry must b e a principle direction for all tensors

Q and M. Therefor , al though previous discussions were restricted to the ground and
excited state , the achievement of a ZEC transition is a general result b etween any two
electronic levels if a large magnetic field is applied parallel to th axis of symmetry. As
a result , the relaxation through a particular state will either b sufficiently rapid not to
p erturb the hyp erfine spin , or highly spin preserving due to th transition independent
ZEC. This form of spin preservation that is ind pendent of relaxation pathway ensures
that t here exi ts rare-earth-ion materials in which high cyclicity can be achieved .

10.5 .2

Evaluat ion of Pr 3 + :Y 2 Si0 5

As a pecific case study on the impact on the ion's hyperfine state after indir ct relaxation
through metastable crystal fi eld levels , the Pr 3 + :Y 2Si0 5 system is xa111ined. Initially,
exp erimental evidenc from the literature is presented that indicate that indirect relaxation paths from the LD 2 (1) 1 vel to the 3 H 4 (1) level do ignificantly alt r the hyp erfine
state transition probabilities . Secondly, the observed relaxation b ehaviour is examined in
relation to th two categories of p athways based on the intennediate state lifetimes , which
were defined in Section 10 .1. 3.
7

The \\·ork in Chapters 4 and .5 highlighted a n opportun ity for manipulating the el ctronic str uct ure of
rare-earth-ion crystal Yi a the a ppli cat ion of st ress fields. Id eally. stres cou ld b ut ili ed to tun bra nching
ratios . or a lter the ene rgy separations b tw n crystal fi ld level to improve the ZEC p erformanc of a
particular material. Th e ab ili ty to manipulate the crystal field levels to t hi xtent is illustrat d by the
\\·ork of Turos-~ Iatysiak t aL. in Pr 3 ..L: YAG [199].
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Experimental evidence

Prior to this work, the factors that determine whether spin information is preserved upon
indirect relaxation routes through upper crystal field levels of Pr 3 + :Y 2SiOs in zero field
has not been well understood [171, 173]. However , there are two experimental studies that
demonstrate that the final hyperfine spin state upon relaxation is essentially determined
by the hyperfine structure of the resonant states.
The first is the work by Nilsson et al., who measured the hyperfine-state-dependent
oscillator strengths for the 1 D 2(1) +-+ 3 H4 (1) transition in zero field [185]. Subsequent
optical pumping 1neasurements demonstrated that the relaxation process from the excited
state was strongly selective in terms of the resultant ground spin state. In addition, the
behaviour was consistent with the relative oscillator strengths of the direct transition.
Finally, a comparison between high resolution hole-burning spectra and simulations
based on the measured hyperfine relaxation parameters showed excellent agreement. The
combination of these results provides strong evidence that indirect relaxation pathways
in Pr 3 + :Y 2Si0 5 do not significantly perturb the hyperfine state of the ion.
The other piece of supporting evidence is the hyperfine characterisation p erformed
by Lovric et al. [186]. By analysing magnetic field rotation patterns for both the ground
and excited states, the full hyperfine Hamiltonians for these states were determined. The
resultant wavefunctions could be used to predict the experimentally observed oscillator
strength ratios of optical transitions from the work of Nilsson et al. [185].
The1~efore, there is consistency between the effective spin selection rules derived via two
independent methods. In addition, the calculated selectivity has b een verified to a large
extent by Reference [185] through the similarity with experiments investigating indirect
relaxation paths.

Theoretical investigation

In light of the experimental evidence regarding spin preservation during indirect relaxation
in Pr 3 + :Y 2Si0 5 [185 , 186], the mechanism is examined in greater detail. Therefore, the
framework developed in Section 10.1.3 is used to investigate the indirect decay routes for
this n1aterial.
Firstly, the possible intermediary metastable states for the

1

D 2(1) ---+

3

H 4(1) tran-

sition are identified. Although a complete mapping of the crystal field levels between
the 3 H4 (1) and 1 D 2(1) states is not available in the literature, it is possible to deduce
candidates for long-lived intermediate levels. The emission spectroscopy performed in
References [171] and [172] , in addition to the complete crystal field ch aracterisations
of other similar praseodymium doped crystals [128 , 160, 422] highlight four levels: the
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of t he 1 G 4 3 F 3 3H 6 and 3H 5 n1anifolds. These cryst al field levels are
distinct from t he remaining levels due to t he relatively large energy separation to lower

lowest singl t

j

j

j

energy states (30 - 60 THz ) .
The next step in t he evalua tion 1s t o investigat e the lifetimes of t he e four st at es.
Although t here is a lack of experimental data for these lifetimes in Pr 3+ :Y 2Si0 5, the
required lifeti mes can b e approximated via a model based on multi-phonon relaxation
rate [423]. The applicability of the model to a particular transition is det ermined by the
minimum number of phonons p required to sp an the energy sep aration 6-E b etwe n the
level of interest and the next lowest energy st a t e

6-E = n[(p - l )wM + DJ, D <

W NJ

(10.39)

)

where WJ'vI is the m aximun1 phonon frequency of the crystalline m at erial. If p

< 4 then the

mult i-phonon relaxation model is consist ent with observed excited state decay rates [413 ,
414, 424, 425, 426]. For p > 4 radiative processes must also b e taken into account .

Pr 3+ :Y2Si05 possesses a large m aximu1n phonon frequency of 29 THz (970 cm -

1

)

[427 ,

428]. This determines that in general multi-phonon relaxa tion rat es will also b e large . In
comparison , t he 3F 3( l ), 3H 6 (1), and 3H 5 (1) states have 6-E ~ 30 THz (1000 cm - 1 ) .
The 1 G4( l ) state is more isolat ed with 6-E ~ 60 THz (2000 cm - 1 ) . Therefore, all t he

states under consideration possess energy sep arations appropriat e for the 1nulti-phonon
relaxation 1nodel.
T he mult i-phonon relaxation r at e W at low t emp erature can b e approximat ed by [413]

W = W o exp ( -a6.E ) ,

(10 .40)

where Wo and a are p aram et ers sp ecific to the vibrational prop erties of t he combined
ion-lattice system .
These p aramet ers are yet to b e determ ined fo r Pr 3+ :Y 2Si0 5 but t he lifetimes of t hese
states can b e stimated based on t he values for Er 3+ :Y 2Si0 5 [l 2] or Tb 3+ :Y 2SiO.s [429].
According to R eference [426], t he mult i-phonon relaxation rate increases for t he larg radii
ions such as praseodymium. Therefor , t he p arameter set yielding t he faster relaxation
rates (Er 3 + :Y 2Si0 .s) i used here. R eference [l 2] gives W 0 = 495 MHz and a = 2. 5 x
10- 3 cm . which gives t he fo llowing stat lifet imes.

3F 3( l )i 3H5( l )i and 3Hs( l )
1

G4( l )

25 ns

(10. 41)

300 ns

To det ern1ine whether the p assage through these lev 1 is likely to fulfil t he diabatic
requirement. the hyp erfine parameters must be considered. The hyp erfine p aramet r for
the :3F 3 (1) . 3 H 6 (1) . 3 H.5 (1) . and 1 G 4 (1) crystal fi eld level in Pr 3+ :Y 2Si0 5 are not available
in the litera ture to t he be t of the a ut hor ·s knowledge. However , t he appropriate analysis
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can be conducted based on the excited state parameters determined in other materials.
For example, the hyperfine splittings of the 1 G4 (1) state of Pr 3 + :YLiF 4 were determined
to be 2 MHz and 4 MHz [430]. This is the same order of magnitude as the wealth of 1 D 2(1)
and 3 P 0 (1) hyperfine splittings published for praseodymium systems [63, 127]. Therefore,
max(wm - l) for these levels is estimated to be on the order of 200 ns.
For relaxation through the intermediate states to be sufficiently rapid to satisfy the
diabatic criteria
1

T1i

<<

200 ns . Therefore, of the four possible metastable states, only the

G 4 ( 1) state is likely to possess a lifetime sufficiently long to have a high probability of

perturbing the ion's spin state. Hence, relaxation from the 1 D 2(1) state to any of the
nine crystal field levels in the 1 G 4 manifold results in a pathway that is likely to alter the
hyperfine transition probabilities. Conversely, from the estimates above , any relaxation
path not involving the 1 G 4 manifold has a high likelihood of returning to the hyperfine
2
ground state determined by l(?)Jel ?)J 9 )1 .
The final consideration is the relative branching ratios to each of the LS J manifolds. Both Holliday et al. and Equall et al. provide emission spectra for the relaxation
from the 1 D2(l) state to the 3 H 4 and 3 H 5 manifolds [171, 172]. However , emission to the
remaining LS J multiplets were either not measured or not observed. Of the observed
emission, approximately 90% occurs to the

3

H 4 (3) state, whilst the majority of the

remaining 10% is to the other crystal field levels in the

3

H 4 multiplet.

Emission to

higher lying multiplets is certainly observed in other praseodymium materials, including
glasses [431, 432, 433, 434] and single crystals [160, 430]. The branching ratio to these
multiplets is non-trivial to predict in the absence of observed emission spectra, which
determines that the impact of the 1 G 4 (1) level is difficult to predict. However, given the
experimental observations of Nilsson et al. [185] the total impact of any spin disruption
due to routes through the 1 G4 levels should not exceed a few percent.
***

It is evident that the requirements for the hyperfine state to be preserved after optical
cycling are best examined with the support of a thorough crystal field analysis of the
excited state decay paths. For example , to determine the unknown branching ratios in
Pr 3 + :Y2Si05 would require a complete emission spectra from the 1 D 2(1) state ranging from
approximately 606 nm through to 1.5 µm. However , as shown above for Pr 3 + :Y 2Si0 5,
much of the analysis is possible by applying the multi-phonon relaxation model to an
approximate crystal field level structure.

The examination of the estimated lifetimes

and hyperfine parameters of the relevant intermediate crystal field levels in Pr 3 + :Y 2Si0 5
indicates that the theoretical framework presented in Section 10.1.3 is consistent with the
experimentally observed evid~nce of spin preservation upon relaxation [185]. Of the four
possible metastable states , only emission to the

1

G 4 multiplet is considered to have a

significant probability of disturbing the ion 's hyperfine state.
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10.5.3

Limitations in the applied field

In systerns where any perturbations to the ion 's spin due to indirect relaxation pathways
are minimised, the degree to which ZEC can achieve a cyclic transition is determined by
the applied magnetic field . In this respect , there are three important considerations: th
n1agnitude, orientation, and homogeneity.
The simulated transition probabilities for Pr 3 + :Y 2Si0
field are shown in Figures 10.10 , 10.13 , and 10.16.

5

in an increasing magn t ic

This data highlights that rapid

gains in cyclicity can be made for field magnitudes up to approximately 3 T. Although
cyclicity continues to improve as the field strength is increased, the rate of increase
diminishes .
For optimum performance , the field magnitude along the ZEC direction should be
maximised . In this work, fields up to 10 T were considered, however commercially available superconducting magnet systems can attain approximately double this value [435].
The simulated transition probabilities also demonstrated the importance of the field
alignment. To achieve significant improvements from the cyclicity available at zero-fi ld ,
an alignment error of not more than 1° will be required. For optirnum perfonnance, any
rnisalignment of the field should be minimised .
Achieving high levels of align1nent in large magnetic fields is technically challenging.
Although three-dimensional vector magnet systems that operate up to magnitud s of
approximately 10 T are available [435], the majority of high field systems are uniaxial.
In the latter case, precision mechanical alignment of the sample within the cryostat is
r quired, although the use of small correction coils can assist this task. The recent success
of the ZEro First Order Zeeman (ZEFOZ ) technique in achieving long coherence tim s
in Eu 3 + :Y 2Si0 5 illustrated the ability to achieve a misalignment of 1 ss than 0.01 ° at
high fi eld [11]. This establishes that the requirem nts on field orientation can be met in
a suitable magnetic field.
The fin al property of the applied field that needs to be considered is the homogeneity over the

ample. In thi

regard the ZEC t echnique is much less sensitive to

field inho1nogeneities than the ZEFOZ technique because the latt r requires a specific
field n1agnitude.

T ypically field inhomogeneities are predominantly in the fi ld mag-

nitude. rather than the field ori ntation.

Current magnetic system can achiev

field

hon1ogeneities between 0.1 % and 1 pp1n [435]. This determines that the differenc s in
transition probabilities across a 1 cm long sample at high field would b negligible .

10.5.4

Hyperfine parameter variation

A final consideration in the factors that may limit the ZEC techniqu is the homogen ity
of the hyp erfine parameters. Du to ·patially-depend nt variations in the crystal field ,
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individual ions possess different quadrupole and linear Zee1nan properties. Equivalently,
in an ensemble of ions there will be inho1nogeneities in both the Q and M tensors. The
variations in the Q tensor will not alter the direction of the required ZEC field direction but
will modify the resultant transition probabilities. In contrast, variations in the M tensor
determine that each ion or sub-ensemble will possess a unique ZEC field direction.
The work by Zhong et al. in Eu 3 +:Y2Si0 5 has allowed the variations in both the Q and

M tensor parameters to be investigated [11]. The variation in the quadrupole paran1eters
was found to be on the order of 0.1 %, ·which was estimated from the zero-field hyperfinestate inho1nogeneous broadening. However, the inho1nogeneous linewidth of the ense1nble
was found to narrow at high field , indicating that the variation in the linear Zeeman
para1neters are very s1nall. Although requiring further investigation, the homogeneity of
the hyperfine parameters is likely to be sufficient to allow high cyclicity to be achieved
without the need for further experi1nental optimisation.
If the variation in the linear Zeeman parameters is significant for a particular material ,
additional optimisation of the field orientation 1nay be required. For single ion applications,
such an opti1nisation is possible by monitoring the change in fluorescence as the magnetic
field orientation is varied . To achieve a sufficiently high signal-to-noise ratio for rareearth ions , long integration times (many minutes) may be necessary for each field value.
Therefore , a periodic initialisation stage ,vould be required to account for undesirable spin
transitions. This initialisation could be perfonned optically, or via pu1nping the hyperfine
transitions directly.
For s1nall nu1nbers of interacting ions , such as in a s1nall quantu1n processor , it is
unlikely· that fields could b e specifically tailored for each ion. Therefore, the syste1n ,vould
be opti1nised for the greatest average cyclicity.
For large ense1nble processes, a subgroup with a transition probability above a set
thre hold can easil) be selected. By cycling the transition for a ti1ne determined by the
set threshold, the ions possessing lower cyclicity will be optically pump ed to non-resonant
hyperfine ground states. The ensen1ble remaining in the resonant ground state will possess
the desired cyclicity.

10.6

Applications of ZEC in rare-earth materials

The pri1nary 1notivation for proposing ZEC for rare-earth-ion systen1s is to achieve singleion state-selective readout. However, the ability to tune the transition probabilities via
magnetic fields has applications for 111an) protocols that invoh e lambda systems in rareearth-ion 1naterials.

These include both the Gradient Echo

!Iemory (GENI) [93] and

Ato1nic Frequency Con1b (AEC) [77 , 80 391] quantum 1nemory protocols. The example
provided in this section is the application of the ZEC technique to enhance another protocol reliant on the transition properties of a lan1bda system: the Rephased Amplified
Spontaneous Emission (RASE) non-classical light source. Achieving state-selective read-
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out and strengthening the p erfonnance of the RASE technique both contribute towards
the ultimate goal of increasingly the scalability of rare-earth quantum hardware.

10 .6.1

S ingle ion stat e- select ive readout

Definitive optical detection of a single rare-earth 10n has only recently

been

achieved [95, 96]. The ZEC technique extends the work contained in References [95] and
[96] , and the previous chapters of this work, by establishing a feasible method of achieving
state-selective readout at a single ion level. By increasing the cyclicity of the resonant
transition, the ion can be optically excited repeatedly . to provide sufficient fluorescence
for high fidelity detection whilst preserving the critical state information. Such a readout
scheme is a critical element for frequency-based , single-ion qubit quantum computing
proposals in rare-earth-ion systems .
An important question is whether the performance of the ZEC technique allows
sufficient state readout fidelity to be considered a feasible detection method. The general
consensus within the quantum information technology community is that the probability
of error introduced by the enacting of a quantum gate should not exceed 10- 3 for practical
quantum computing [249, 436] . Therefore , whether ZEC assisted optical detection can
achieve errors b elow the 10- 3 threshold value is discussed below , based on the previou
analysis carried out in this chapter.

It has been demonstrated that in the absence of undesirable spin transitions upon indirect relaxation , the ZEC techniqu allows transition probabilities on the order of 99.99 %.
Equivalently, on av rage the ion could be optically cycled 10 4 times b fore being pumped
into a dark state. For common rare-earth-ion excited state lifetimes (100 µs - 1 ms) , this
would result in th emission of 10 4 photons during a p eriod ranging between 1 - 10 s.
Th se photons mu t be collected and detected , which incurs losse . Although the experimental work in Chapter 9 operated at a total effici ncy of 1%, improvements to th
apparat us including the use of a SIL and higher performance filters , could increase thi
value to 10%. Th refore, a feasible number of detection events is 1000.
By assu1ning the only additional noise source is the dark counts on the detector allows
an approxin1ation of the achievable signal-to-noise ratio. The APD us d in Chapt r 9
posse ed a dark count rate of 32 counts p er second . Therefore, for integration ov r th
period where the ion remains cyclic. a signal-to-noise ratio of 25 - 30 could be achiev d.
Given the detail d analysis in Section B.1.1 (Appendix B ), this
is sufficient to provide a readout

rror of le s than 10-

10

,

ignal-to-nois

ratio

many orders of magnitude

below the generally accept d thr shold value of 10- 3 . Combining this result with th
optical detection n1ethods outlin d in this thesis . it i f asible that high fidelity ingl -ion
state readout can be achieved.

Ther fore. the ZEC t chnique repre nt

opp ortunity for incr asing the cale of rare-earth-ion quantum computing.

a significant
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A second i1nportant question is whether readout can be performed sufficiently fast
compared to the qubit coherence time.

It has been demonstrated that the nuclear

transitions that are used to define rare-earth-ion qubit states possess coherence times of
almost one minute in Pr 3+ :Y 2Si0 5 [71] and many hours in Eu 3+ :Y 2Si0 5 [11]. Thus, even
though optical readout requiring seconds is slow compared to qubit readout methods in
other systems, it is sufficiently fast to allow the states of the other qubits to be preserved.
Furthermore, there are opportunities to increase the readout speed by decreasing the
optical excited state lifetime via Purcell enhancement [332] in an optical cavity.
One 1naterial that is particularly promising for investigations of single-site, stateselective readout is Eu Cb· 6H20. This rare-earth crystal has recently undergone extensive
study in terms of its application to quantum computing [17, 74]. Thus , not only does
this stoichio1netric crystal provide an appealing architecture for achieving relatively large
frequency-qubit systems, it also possesses properties inherently suited to ZEC.
The symmetry of the europium site is C 2 ( a rotationally symmetric site) , which deter1nines that all electronic transitions can achieve high cyclicity for a single field direction.
This removes any error due to indirect relaxation paths via metastable states . In addition , the crystal possess extren1ely low disorder determining that crystal field mediated
variations in hyperfine parameters are extremely sn1all. However , the larger quadrupole
interaction and sn1aller linear Zee1nan coefficients determine that a larger magnetic field
strength would be required to achieve the same theoretical p erformance compared to the
praseodymiu1n system.
Another benefit of EuCb · 6H20 is that the site symmetry also determines that
long hyperfine coherence times and high cyclicity can be achieved with a single field
applied parallel to the C2 axis [153]. Therefore , the quantum state of one europium
qubit , which is held in the ground state hyperfine levels , is essentially decoupled from
the fluctuations that occur during the optical readout of another ion. Because the high
cyclicity condition would be satisfied for any non-Kramers ion ,8 the readout could be
perfonned on a europium ion or another rare-earth ion with a faster relaxation ti1ne. This
is an important developed that enhances the opportunities for a readout bus architecture
for single ion systems [313]. Thus , this 1naterial is an exciting prosp ect for rare-earth-ion
quantum co1nputing.
Further exp erimental work is required to detern1ine whether t his level of cyclicity,
and hence low readout error rate , can b e achieved for Pr 3+ :Y2Si0 , EuCl3 · 6H20 ,
5

and other rare-earth-ion 111aterials. However, it is feasible t h at both Pr 3+ :Y2Si0 5 and
EuCl3 · 6H20 can achieve the cyclicity required to achieve high fidelity single-ion state
readout. If realised, this provides exciting opportunities for dran1atically enh ancing the
scalability of rare-earth-ion frequenc) -based quantum co1nputers .

8

The same condition may also hold for Kramers ions but this is yet to be established.
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10.6.2

Improving RASE efficiency

The RASE protocol for non-classical state generation in rare-earth-ion materials is a
relatively recent developrnent in the field [12, 13 , 86].

However, the motivation for

realising a RASE sch 111e with high fidelity and efficiency is extr 111ely compelling. This
impetus stems from the fact that high perfonnance RASE is an enabling technology for
entangling ren1ote ensembles: a desirable element for quantum repeater protocols and
linear optics quantum computing.
The efficiency of current implementations of the RASE protocol is limited by the
inability to decouple the protocol 's efficiency from it 's fidelity [89, 90 , 109]. To improve
the

fficiency, or equivalently, enhance the probability of a RASE recall , high optical

depth is required. To realise high fidelity, the likelihood of achieving one and only one
ASE photon per optical mode must be close to unity. This is b st achieved in the limit
of low optical depth. Therefore , the efficiency and fidelity represent competing demands
linked through the absorption properties of the ensemble. Although an optimum zero-field
four level system can be selected to provide some differentiation between the Amplified
Spontaneous Emission (ASE) and RASE transitions, a compromise between fidelity and
efficiency is still required [108].
The manipulation of transition probabilities that is possible with the ZEC technique
offers a solution to this dilemma. By applying a field along a direction specified by the
ZEC technique, an extremely weak ASE transition can b e achieved simultaneously to
a strong RASE transition. This allows a significant improvement in the efficiency from
16% [89] to a possible 70 % [109], whilst maintaining the same fidelity. 9

In contrast to the discussions concerning th

single ion schemes, the enhancement

of RASE efficiency provided by the ZEC technique would be achieved irrespective of
the branching ratios to intennediary crystal field levels.
the

This is due to the fact that

fficiency only depends on the optical depth of the direct transition.

this proposal should allow

Therefore,

ignificant improv ments for RASE implen1entations in

Pr 3 + :Y 2SiOs . In turn, this increases the scalability of a linear optics quantum computer
based on on-chip. rar -earth-ion me111ories and sources .

9

Th c 70 7c limi t o n effi ciency is det ermin ed by re-a b orption proc sses that dominate as th RASE
opt ical depth is increased in t he regim wh ere the ASE optical depth is low. How ver , tev nson et al. also
pro po~Pd a meth od \·i a whi ch th e RASE effi ci ncy can b e extend d in thi r gime. By spatially tailoring
th e a bso rpti o n profile to m a t ch the required excita tion di stribution , the ffici ncy can approach unity for
s uffi cie ntl y hi g h optica l d epth [109].
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Summary

A technique t h at allovvs t he achievement of a high degree of cyclicity in rare-earth-ion
systems was prop osed based on t he m anipulation of t he ion 's hyperfine structure . The
proposal focussed on t he application of sp ecifically oriented m agnetic fi elds to alter t he
2
t ransit ion probabilit ies of t he direct t ransit ion: I('/fg l'lfe) 1. It was determined t h at for t his
approach to b e successful in general, t he prob ability of an ion decaying to t he gr ound
state via long-lived intermediate cryst al field levels must b e very lovv. This prevents t he
likelihoo d of undesirable spin t ransit ions b ecoming significant .
Following t his, a complete derivation of t he ZEC field directions was p erformed
for a general site symmetry and t he solut ions examined in terms of conic sections .
These solut ions have elegant gr aphic solut ions, which were presented for axial sites, sites
wit h rotational symmetry, and for t he sp ecific example of Pr 3 + :Y 2Si0 5 : a C 1 symmetric
site . For t he latter , a quantitative analysis was also p erformed , which determined t h at
cyclicity levels of 99 .99% could b e achieved at 10 T.
T he limitations t hat could p otent ially negate t he gains offered by t he ZEC technique
vvere t hen investigated in detail. These included t he presen ce of indirect relaxation p aths,
limitations in t he applied field , and variations in t h e hyperfine p ara1neters. T he material of
sp ecific interest in t his t hesis Pr 3 + :Y 2Si0 5 was examined in terms of t his condit ion in t h e
light of strong evidence of spin preservation up on indirect relaxation. Although it is likely
t hat t he deca} to t he 1 G 4 m anifold will not significant ly diminish t he performance of ZEC
in P r 3 + :Y2Si0 5 furt h er exp erimental verification is required . However, it was determined
t h at by _working in a site wit h rotation al symmetry, and wit h currently available cryogenic
magnet technology it is feasible t h at t he cyclicity required for high fidelity single-ion state
readout could be achieved.
F inall} t he application of this technique to single ion, state-selective readout and the
R ASE protocol for non-classical state generation was discussed . It vvas fo und that the
simulated level of cyclicity ZEC provides -would allow readout fidelities with error rates
less than 10- 10 . This is significant ly below the threshold typically considered sufficient
for quantum comput ing . In addit ion, significantly higher efficiency in the RASE protocol
can be achie ed b

using ZEC . Both these enhancements contribute towards extending

the calability of rare-earth-ion quantum hardware .
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Conclusion
Quantum systems exhibit behaviour that is fundamentally different to the behaviour of
classical systems. By harnessing quantum behaviour there are t echnological opportunities
that far exceed what is feasible ·when bounded by classical mechanics. One such technology
is the quantum computer i which has the potential to solve problems t hat are intractable
for classical computers. P articularly in the previous two decadesi a large research effort
has sought to experimentally realise a suitable physical system for quantum computing.
To datei all these efforts share a common asp ect : limitations arise that prevent a scalable quantum computer. Although quantum computers with a small number of qubits
exhibit fascinating b ehaviour ; their computation al power is a stark contrast to a scalable
implem entation.
The solid-state rare-earth-ion system is a suit able candidate in ·which to investigate
scalable quantum computing. The development of rare-earth materials; measurement
techniques, and applications over the last century provides a solid found ation from which
to engineer quantum technology.

However, two hardware limitations h ave prevented

rare-earth-ion systems from achieving their full potential for quantum computing. The
first limitation is the inability to miniaturise rare-earth-ion hardware and preserve t he
properties required for fault-tolerant quantum computing.

The second limitation is

the inability to p erform state readout of single r are-earth-ion qubits . Both li1nitations
currently prevent the achievement of a scalable quantum computer.
The work presented in this thesis has demonstrated that it is feasible to overcome
the two current hardware limitations in rare-earth-ion systems . This opens up future
directions for miniaturisation and single-ion qubit readout and hence , larger scale
rare-earth-ion quantum computers. Furthermore, the work in this t hesis increases the
in1p etus to explore other critical asp ects of scalability in rare-earth-ion systems that are
not examined in this document. These include investigating system-specific thresholds
for fault-tolerance, implementing error correction schemes i de igning specific computing
architectures , and the integration of devices .
The first focus of t his thesis was to investigate the inhomogeneous and homogeneous prop erties of ions within microns of t h e crystal surface and the impact of
residual stress on these prop erties .

This ch aracterisation was designed to determine

whether near-surface ions or the i1npact of fabrication placed fundamental limits on
rare-earth-ion h ardware miniaturisation. This study
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of waveguide-based rare-earth-ion hardware to achieve on-chip linear optics quantun1
cornputing.
A component of the miniaturisation feasibility study was the determination of the
piezospectroscopic tensor of the

3 H (1)
4

H

1

D2 (1) transition in Pr 3 + :Y 2Si05.

The

piezospectroscopic tensor describes the frequency shifts in rare-earth-ion transitions due
to changes in the surrounding crystal lattice. In this case, the frequency shift relative
to the magnitude of applied of stress was examined. The tensor characterisation yielded
piezospectroscopic tensor components of 50 - 220 kHz / kPa. The frequency shifts possible
via the stress interaction are large compared to the shifts induced by applying electric
or magnetic fields. Therefore, static and dynamic stress fields can be applied to further
engineer the properties of rare-earth-ion materials for applications in quantum computing.
The stress interaction is also an i1nportant mechanis1n that contributes to the energy
structure and dynamics of near-surface ions.
The knowledge of the piezospectroscopic tensor in Pr 3+ :Y 2Si0 5 was applied in an
analysis of ions near the crystal surface. The properties of the near-surface ions are the
primary factors that determine whether miniaturised rare-earth-ion quantum hardware is
feasible. The inhomogeneous and homogeneous linewidths of ions near the crystal surface
must satisfy the requirement for highly efficient and high fidelity quantum components
if miniaturised architectures are to offer increases in scalability. Previous investigations
of miniaturised architectures highlighted that both inhomogeneous and homogeneous
linewidths could be broadened significantly compared to bulk samples. To investigate the
prop erties of the near-surface ions in Pr 3+ :Y 2Si0 5, techniques based on the combination of
white light interferometric imaging and fluorescent confocal microscopy were used .
The inhomogeneous broadening of the 3 H4 (1)

1D

2 (1) transition within 10 µm of the
crystal surface exhibited a different profile to that of the bulk ions. The transition centre
H

frequency was shifted by up to 300 IVIHz , and an asymmetric increase in broadening of
approxin1ately 1 GHz was observed. R elative to the 4.6 GHz linewidth of the bulk ions
in this 1naterial, these effects represent a s1nall modification to the inhomogeneous line.
Calculations based on the characterisation of the piezospectroscopic tensor indicated that
these 111odifications were consistent with the level of residual stress due to 100 nm - 1 µm
deep polishing scratches at the crystal surface . Hence, the frequency shift and exces ·
broadening arc unlikely to be inherent prop erties of near-surface ions. The homogeneous
lincwiclths of ensen1bles within microns of the surface were also measured and found to
be consistent vvith t he bulk values. Therefor e, the prop erties of ions within microns of
the surface can n1aintain the prop erties of the bulk ions.
The in1pact of fabricating 111icron-scale waveguides is an i1nportant secondary factor thc1,t needs to be 1ninin1ised for increased scalability.

This was also studied in

Pr 3 -L :Y 2S iO.s using the techniques develop ed for the near-surface ion investigation. To
si1n nlate the residual stress that is an inevitable consequence of waveguide fabrication,
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micron-scale scratches were cut on the surface of the Pr 3 + :Y2Si05 sample.

In close

proximity to the scratch, near surface ensembles were subject to high residual stress fields.
As a consequence, the inhomogeneous line was frequency shifted up to 30 GHz from the
bulk centre frequency. Although regions of significant excess broadening were observed ,
frequency shifts larger than the bulk inhomogeneous linewidth of 4.6 GHz were produced
without any additional broadening. This result is important because it demonstrates
that large residual stress fields do not inherently produce static disorder. Thus , narrow
inhomogeneous linewidths can be preserved in waveguide architectures .
The study of the homogeneous linewidths of ions subject to high residual stress fields
indicated that excess broadening was present compared to the linewidth of bulk ions. This
excess broadening varied from 4 kHz in regions where excess static disorder was absent
to 5 1IHz in regions exhibiting significant excess static disorder . The large variation in
the 1nagnitude of the excess broadening was shown to be consistent with the proximity
to polycrystalline and plastically deformed regions produced during the cutting process.
This observation has important implications for waveguide manufacture. Broadening on
the order of 1 kHz is sufficient to prevent gate operations achieving error rates b elow
the threshold for fault-tolerant quantum computing. The results of this study indicate
that broadening on this scale can be produced via interactions with regions of dynamic
disorder that are on the order of microns away.
From the results of the miniaturisation feasibility study, three critical considerations for
the fabrication of waveguide-based rare-earth-ion hardware for quantum computing were
de, eloped. Firstly, surface damage must b e reduced to a characteristic scale less than

50 nm to ensure that inhomogeneous linewidths on the order of 10 fvIHz can b e achieved.
Secondly, to achieve narrow inhomogeneous linewidths the orientation of the residual
stress field and the spatial gradient of the stress-induced fr equency shift must also be considered. Thirdly, highly distorted

CI)

stal regions housing dynamic disorder modes must

be avoided , even if they are spatially separated from the volume housing the waveguide
mode. Given the existing techniques for waveguide 1nanufacture, it is feasible to achieve
rare-earth-ion waveguide ar chitectures t h at are suitable for imple1nenting these guidelines .
The second focus of this thesis was to address t he current inability to p erform
ingle-ion qubit s ate readout for frequency-based quantum computing. In particular ,
t he aim was to design a direct readout technique t h at could allow single ion optical
detection in the absence of a c clic transition and state-selective optical readout if a
c clic rare-ear h-ion transition could be achieved . A further aim was to realise a method
for creating c clic transitions in rare-earth-ion materials.
The init ial stage in designip.g a uitable state readout technique wa to review previous
methods for single rare-earth-ion optical detection. An important metric for the examination of pre ious work was the homogeneous linewidth of the transitions involved in the
readout process . An upper bound on homogeneous broadening was derived , below which
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readout errors can be achieved that are less than the threshold value for fault tol rant
quantum computing. The derived bound was

rh

< yE6. , where

E

is the threshold rror

ra te and 6. is the relevant hyperfine state frequency separation. Thi metric determined
that the upconversion technique imple1nented by Kolesov et al. [95] and the low temperature single ion detection achieved by Utikal [96] are currently unsuitable for high fidelity
direct state-selective readout.
In addition to considering the requirements for readout , the design process had
to incorporate the more stringent requirements for fault-tolerant quantum computing.
Bulk crystals at cryogenic temperatures are the most promising systems for achieving
fault-tolerant quantum computing.

However , isolating a single ion in a bulk crystal

is significantly more challenging than the recent demonstrations of single ion optical
detection in nanocrystals.

The background fluorescence of ions throughout the entire

sa1nple can mask the characteristic emission from a single ion. Even the spatial selectivity
of the confocal microscope is not sufficient to eliminate this noise source.
To eliminate background fluorescence in bulk samples the readout method ne ded
to achieve spatial resolution beyond the diffraction limit.

Hence , super-resolution

techniques were investigated to determine which methods were suited for rare-earth-ion
materials. The Ground State Depletion ( GSD) imaging technique previously implem nted
in organic systems and the Nitrogen-Vacancy (NV) centre in diamond , uses saturat d
optical depletion and long-lived non-resonant states to achieve nanoscopic resolution. The
investigation of this technique for super-resolution spatial selectivity in rare-earth-ion
materials demonstrated that it is suitable for achieving single-ion qubit readout if the
transition of int rest is cyclic. The isolation achieved in the GSD technique relies on th
presence of non-resonant ground state hyperfine levels. However , in non-cyclic syst m
it is necessary to excite out of th se hyperfine levels to maintain a signal. Thus , GSD
cannot achieve high background rejection for the preliminary step of single ion optical
detection .
To overco1n

this shortfall , a new technique was designed that was based on GSD

but allowed b ackground rejection both with and without cyclic transitions . The Stark
activation technique uses an electric field gradient to spatially s 1 ct a small volum in
which t he resonant condition for fluor escence is maintained via the Stark shift. Outside
this region. all other ions are optically pump ed to non-resonant ground states and h nc ,
do not fluoresce.

In theory. Stark activation can achieve sub-nanometre resolution in

rare-earth-ion 1na terials. A proof-of-principle exp eri1n nt in Pr 3 + :Y2S i0 5 with a simple
electrode showed t hat Stark activation could create a 10 µ1n thick absorption region within
a n1illin1etre thick san1ple.
thorough exp ri1nental characterisation of the Stark activation t chnique detail d
the s:vstcn1 rcquircn1ents to achieve single ion optical d tection in a bulk crystal.

In

this case . higher than exp ect d background fluor scene prevented ingle ion detection.
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This additional noise source was predominantly due to direct excitation of ground state
hyp erfine transitions via 0(10 :tv'I Hz) current fluctuations through the electrode. However ,
this noise source can be easily eliminated . Furthermore, by improving the stability of the
current experimental apparatus , increasing the collection efficiency with a solid immersion
lens , and using lower dark count detectors the signal-to-noise ratio of the Stark activation
technique should improve by a factor of 30.
The final and most critical aspect of the proposal to directly p erfonn qubit state
optical readout is the creation of highly cyclic rare-earth-ion transitions. The technique
proposed and simulated in this work is Zeem an Enhanced Cyclicity (ZEC ). By manipulating t he hyp erfine levels of singlet optical ground and excited states with magnetic fields,
cyclic transitions can be induced in non-Kra1ners ions irresp ective of the site symmetry.
The simulated performance for the direct

3H

4 (1) +--+-

1

D 2 (1) transition in Pr 3 + :Y 2 Si0 5

de1nonstrated that the probability of an optically induced hyp erfine state transition could
be reduced to 10- 4 in a 10 T field. The major limitation on the technique was determined
to be indirect relaxation to the ground state via long-lived intermediate crystal field
levels. iVIethods for identifying and determining the impact of these indirect transition
were discussed. In doing so , it was noted that sites possessing rotation axis symmetry
can b e manipulated such that hyp erfine state selection rules are created between every
pair of crystal field levels. Thus , transition independent cyclicity can be achieved in these
systems.
The Stark activation method con1bined with the ability to create cyclic transit ions
1n rare-earth-ion materials makes direct single-ion qubit state readout feasible.

This

dra1natically increases the variety of rare-earth-ion 1naterials that can b e investigated for
frequ ency-based quantum computing, and allows significantly enhanced vertical scaling.
Solid-state rare-earth-ion materials can already be spectrally and spatially engineered to optin1ise their properties for quantum computing and other applications. This
t hesis has den1onstrated that engineering 1niniaturised architectures such as waveguides
is a feasible research direction to increase the applicability and usefulness of rare-earth
materials.

In particular , it is feasible for low error rate quantum 1nemories and high

fidelity single photon sources to b e combined on a single chip. This forms the basis for an
appealing platform to extend the scale of linear optics quantum computing . This thesis
has also demonstrated the feasibility of isolating n anoscopic volumes within n1acroscopic
crystals. Furthermore, by combining nanoscopy techniques with the creation of highly
C)

clic transitions, single-ion qubit readout is feasible. This creates numerous opportunities

for extending the scalability of frequency-based quantum computing in rare-earth-ion
1naterials. By demonstrating that the main hardware limitations li1niting the scale of two
-

contrasting quantum computing schemes , this thesis establishes the foundations of new
regimes of measurement not only in the study of rare-earth-ion systems but of quantum
mechanics.
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Appendix A

Stress and strain
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The purpose of this appendix is two-fold. The first ai1n is to provide a brief background
to stress and strain and their symmetries. This is designed to emphasise the physical
mechanism responsible for the piezospectroscopic interaction [144]. The second aim is
to show that a stress applied to a Pr 3 + :Y2 Si0 5 crystal that preserves the C2 symmetry
cannot resolve the orientational subgroups introduced in Section 4.1.2. Both these aims
relate closely to the work p erformed in Chapters 4.

A.1

Derivation of stress and strain

The derivation that follows is based on the introduction to stress and strain provided in
R eference [437]. For further details on the theory of elasticity and the properties of the
stress, strain, and elastic tensors, the reader is directed to References [437] and [438], and
the recent revievv in R eference [439].
Let a deform ation be applied to a solid medium by an extern al force such that
point r shifts to position r'.
coordinates for r b e

Xi

Let the displacem ent vector u

= r' - r. Also , let the

and t hose for r' be x~. The change in distance is then given

by

(A .1 )
where

(A .2)
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Equation A.2 defines the str ain tensor. From this definition it is clear that the
syn1metric:

Eij

=

Ej i ·

In t he lin1it of weak strain

(dl

<<

l) ,

Ei j

t nsor 1s

the final t rm can be neglected

giving the n1ore commonly used strain tensor :

(A.3 )

***

When a solid is d formed by an ext ernal forc e t he spatial relationship b etween atoms
change . Internal for ces then arise t ending to restore the strained body to its equilibrium
state.

Let the total force on som e volume V b e considered.

J FdV

written as

volume elem ent

where

dV.

F

This total for ce can be

is the for ce p er unit volun1e, and

FdV

is the for ce on th

By Newton 's third law the for ces b etween volume elem ents within

V are b alan ced and hence, only external forc es exerted on V contribute to the integr al.
Therefor e, the total force can b e written as the sum of forces acting on the surface of V:
a surface integr al.
From the Divergen ce Theorem of vector calculus , if G is a continuously differentiable
v ctor field defined on a neighbourhood of a volume V , which has a surface S, then

J

('V G )dV =

The consequence is that

f(

(A.4)

G · n )dS

must be the divergen ce of a tensor of rank two

F

CYi j

to allow

the total force to be expressed as a surface integral. That is,

J

FdV

where

dfi

=

JL

8CYij

axi dV

=

fL

7,

CYi jdJ j

'

(A .5)

7,

are the components of the normal vector to the surface of V. This tensor of

rank two defin

the stress tensor .

It is possible to den1onstrate that
th 11101nent of for ce acting on

dV

CYij

is symm tric by considering the expression for

(see R eference [43 7]) .
***

For a genera l linear elastic m edium the
t ensor

Cijkl

CYij

and

Eij

t nsors are related by the elastic moduli

which has r ank 4.
3

CYij

=

L

Cijkl Ckl

(A.6)

k .l=l

BC'cause b oth t he t rain and tre · are ymmetric; only 21 t erms of the 1 components of
ciJJ..:l

are indep endC'nt. In a cryst al; the elastic t ensor al o obey the sym1netry prop rties

of t he crys t al sp ace group . which reduc s the numb r of non-trivial components further.
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To summarise, an external force acting to produce a deformation on a body will
induce strain due to the change in position of atoms ·w ithin the material. Internal stresses
are also induced within that body that act to restore t he medium to its equilibrium state.
The applied stress
of the material

CJij

Cijkl .

and the induced strain

Eij

are connected via t he elastic properties

A deformation of a crystal and the change in the relative position of

charges will cause the electric field at any spatial point in the deformed region to change .
This change in the crystal field is the mechanism responsible for the piezospectroscopic
interaction.

A.2

The

strain

produced

by

symmetry

.

preserving

stress
The Y 2Si05 crystal of interest in this thesis possesses C 2 h point-group symmetry, which
is equivalent to C2 symmetry plus inversion symmetry. As discussed above, both
Eij

CJij

and

are symmetric and hence, obey inversion symmetry. Thus , it is not possible to resolve

the orientational subgroups in Pr 3+ :Y 2Si0 5 that are related by inversion symmetry (see
Section 4.1.2) . In this section it is demonstrated t hat the application of a stress field that
breaks the C2 symmetry is required to distinguish between the orientational subgroups
related by C2 symmetry.
Rather than working wit h a rank 4 tensor, Voigt notation allows the elastic tensor to
be expressed as a rank 2 tensor [439].

(A .7)
such that

(ij), (kl)

a, /3

11

22

33

(23), (32)

(13), (31)

(12), (21)

-lJ,

-lJ,

-lJ,

-lJ,

-lJ,

-lJ,

1

2

3

4

5

6

(A .8)

Voigt notation also preserves symmetry considerations. Given a rotation matrix R that
preserves symmetry for a given crystal

R

=

R11

R12

R1 3

R21

R22

R23

R 31

R32

R 33

(A .9)
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= RT Ca./3 R E where

the Voigt tensor obeys Ca./3

?

RuR21

R E=

R31

R12

2

R22

2

R32

2

R13

2

R 23

2

2
2
?

R 33 -

R12R13

RuR13

RuR 12

R22R23

R21R23

R 21 R 22

R32R33

R 31 R 33

R 31 R 32

R12R13

RuR13

R u R 12

R22R23

R 21 R 23

R 21 R2 2

R 32 R 33

R 31 R 33

R 31 R 32

+ R 22 R 31
RuR32 + R 12 R 31
R u R 22 + R1 2 R 21

+ R 23 R 31
R u R 33 + R1 3 R 31
R u R 23 + R 13 R 21

+ R 23 R 32
R 12 R 33 + R 13 R 32
R 12 R 23 + R1 3 R 22

R 21 R 32

R 21 R 33

R 22 R 33

(A .10)

Given C2 syrnmetry R and R E can b e written

R=

- 1

0

0

0

-1

0

0

0

1

and R E=

1

0

0

0

0

0

0

1

0

0

0

0

0

0

1

0

0

0

0

0

0

-1

0

0

0

0

0

0

-1

0

0

0

0

0

0

1

(A.11)

Using the syn1111etry of the Voigt tensor, the 13 indep endent variables for Ca./3 and in turn
Cij kl

can be found, giving

Cn/3 =

Cu
C12
C13

C12
C22
C23

C13
C23
C33

0

0

C15
C25
C35

0

0

0

0

0

0

0

0

0

0

C44
C4s

C4s
Css

0

C15

C25

C35

0

0

c66

(A.12 )

0

and

Cu

C15

0

C12

0

C15

C55

0

C25

0

C13

=

0

Css

0

C4s

C35
C12

Cijk l

0

C25

0

C22

0

0
0

0

C4.s

0

C44
0

C23
C13

C35

0

C23

0

C33

(A.13)
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To resolve the orientational subgroups related by C2 symmetry a deformation that
breaks the C 2 symmetry of the crystal is required. This is equivalent to requiring the
strain t ensor

Eij

to break the C2 symmetry. Considering Equation A.6 for the elastic

tensor given in Equation A.13 , the following equations can be deduced
0-23
0-13

Let

0-1 3 =

0-23 =

+ C45 E13
= C45 E23 + C55 E13
=

0, that is , let the stress tensor

assumed that the strain tensor is not
moduli parameters

C44, C45,

and

C55

C2

C2

symmetric:

O"ij

be

E13, E23

C2

#

symmetric. Also , it is

0. Thus , the three elastic

are no longer independent , which is in contradiction

to the properties of the elastic tensor
that breaks the

(A.14)

C44 E23

Cijkl.

Thus, by contradiction, to produce a strain

symmetry of the crystal , the applied stress must also break the

C2

symmetry. Therefore, resolving two orientational components related by C2 symmetry
can only be achieved by applying stress that breaks the C2 symmetry of the crystal.
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One of the themes of this thesis is the spectroscopy of small rare-earth-ion ensembles,
which is motivated by the desire to realise miniaturised and ultimately scalable architectures for quantum computing. Optical measurement in the single ion regin1e is a significant
shift away from the successful proof-of-principle demonstrations of quantum devices in ensembles containing on the order of 10 10 ions [13 , 75 , 79 , 80].

Whether characterising

waveguide devices or examining materials in the regime of low spectral density, the numb er of ions contributing to the signal will be many orders of magnitude smaller than the
current norm. Accordingly, an important consideration in approaching the small ensemble
regi1ne of rare-earth-ion quantum hardware is the detection limit of optical signals from
small ensembles .
If high fidelity optical readout of a rare-earth-ion qubit is to be achieved within a set
time, there is a 1ninimum number of ions required to provide a sufficient signal level. This
lower bound on the number of ions p er qubit is dependent upon the threshold error rate
for fault-tolerant quantum computing, the transition emission rate, and the apparatus
collection and detection efficiencies.
This appendix investigates the minimum ensemble size for high fidelity readout of
frequency-based rare-earth-ion qubits . Photon counting readout via the detection of spontaneous emission and the detection of coherent emission are both examined. This is followed by some brief remarks about the use of field-based measurements, such as balanced
homodyne detection.
351
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B.l

Optical detection of small rare-earth-ion ensembles

The specific context of the investigation is the aim of discriminating between two orthogonal states of a rare-earth-ion qubit. For example , the two orthogonal states could
be IO) and 11). or 11Pa) and l1P1) as shown in Figure B.l.

Figure B.l also shows the

forn1 of a frequency-based, rare-earth-ion qubit , which has been discussed at length else\\·here [16. 251]. The qubit consists of two hyperfine stat s of the lowest lying crystal field
level of a rare-earth-ion crystalline n1aterial. Gate operations are realised via the optical
transition to the lowest lying crystal field level of another LS J manifold .
The following analysis predominantly considers a single excitation measurement of a
qubit that has been ideally prepared for readout . A general guideline to achieve faulttolerant quantum co1nputing is that the error rate for qubit readout should be below
10- 3 [29. 249]. This figure-of-merit forms the basis for the following investigation.

B.1.1

Photon counting detection of spontaneous emission

Figure B .1 illustrates how spontaneous emission can be u ed to discriminate betw n two
orthogonal states of a rare-earth-ion qubit 11Pa) and I 1). The initial state is a superposition
of the ground state hyperfine levels IO) and 11). This is then transferred to an equivalent
optical state uperposition by a 11-pulse resonant with the 11) --+ le) transition.

The

optical superposition tate is then mapped onto a population inversion via a specific gate
operation R 8 ·0 . which rotates the state l1P1) to le) .
The re ulting nun1ber of photons emitted represents the projection of any initial
state onto the lv1) -lvo) axis: the n1aximum number of photons are emitted if the initial
tate i I u1 ) . \Yherea no photons are en1itted if the initial state is I 0) . In an en emble
111ea luen1ent. the number of photons e1nitted relative to the maximum level provide a
ingle-n1ea uren1ent detennination of the state proj ection onto a particular axi . In the
follo,Ying analysi it i a Sl1111ed that there is no build up of coherence either spontaneou ly
,·ia superradiance [.J-10 . -1-11 ] or otherwise.
The total nun1ber of photons en1itt ed by a perfectl) inverted ensemble of
in t in1e

T

ions

is o-i Yen b,·

(B.l )

a~ ~ho,Yn in Fio-ure B.2. Thi can al o be expre

l ine

d a an inten ity (photon per unit time)

_y ( 1 - exp ( - ; 1 )

)

= -------T

\Yhich approache _\ ) T 1 a ~ T--+ 0.

(B.2 )
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le)

Re ,¢

IO)

- - 11)

11)

- - 10)

IO)

II)

le)

le)

ID)

ID)

IO)

IV'o

Figure B.l: The readout of an arbitrary qubit state l1Pi) using spontaneous emission . The Bloch
sphere diagrams represent the qubit state prior to or resulting fron1 the pulses shown in the energy
diagrams above . An arbitrary superposition state l1Pi) of the ground state hyperfine transition can
be 1napped onto the optical excited state via two pulses. The superposition is transferred to the
optical transition via 1r1 1 ) and then rotated to le) via R 8 '¢IO) · i\!Iaximum emission occurs when the
initial qubit state was 11) and minimum emission occurs when the initial state was IO).
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Figure B.2: The spontaneous decay rate following the mapping of an arbitrary qubit state l1Pi )
onto the optical excited state. The Re ,¢ IO ) pulse is t he final step in t his mapping (see Figure B.l ).
The decay of the spontaneous e1nission illustrates the optimal collection t ime Topt relative to the
lifetime T1. The emitted incoherent signal Sin e is maximised if the initial state is l1P1) and zero if
the initial state is l1Po) . The integration time T opt maximises the signal-to-noise ratio R sN 1 for a
single shot readout with a high dark count rate (see further discussion in text).
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To detennine whether the state of the ensemble was either

l?/Jo)

or

l?/J1),

the signal

Sine

n1ust be diff rentiated from the background noise of the apparatus. Here the assumption
is n1ade that the only sources of noise are the Poissonian statistics of the signal and the
dark count noise of the detector itself. It is as urned that the dark counts are de cribed
by a Poissonian distribution about a mean rate of ID c counts per econd, giving the mean
nu111ber of false detection events in time T as SD c

= I Dex T with variance vI De

x T.

Thus; the signal-to-noise ratio determined by Poissonian statistics is given by

R sNI

= JN

(B .3)

where N represents the number of repetitions , and r; accounts for the finite efficiencies
of the collection and detection processes. The contribution from the dark counts on the
deno111inator of Equation B.3 is doubled becau e it enters the measurement twice: once
to determine the dark count rate in the absence of a signal, and once in the collection of
the ignal itself.

If N

= 1 then the optimum

T

is a function of I DC, r; and N .

In the limit where

the hot noise of the ignal dominates

(B.4)
the optin1u111 integration time approaches infinity. However, in the limit where the variation in the dark counts don1inate: the optimum integration time i finite and is given by
the olution to the equation

8 ( 7J J ( 1 - exp ( 8T
./2TIDc

fi) )) = 0

.

(B.5 )

1

T

op

t

= - Ti
- ) + 1)
2 (2\\- _ 1 ( 2ve

,-.-here \\-k i · the anal~-tic continuation of the Lambert function
the

k th

solution u· for :;

(B.6 )
uch that W k( z ) gives

= u· xp ( w). Therefore. the optimu111 integration time can be

exp re: , ed a , a function of T 1 :

To p t ~

1. 2564 x T 1 . Thi integra ion time yield over 70%

of the en1i ion for a ingle excitation.

If ,. - i - great r than 1. the rate at ,Yhich the pul e equenc
ifie · the optin1un1

-- =

T tatal / ( O. T ) .

T.

\\-here

In thi
T tot al

ca e. the numb r of r pe ition

can be repeat d modcan b

i the total time of the experimen and

O:T

expre ed as

i the tim

aken

fo r each indiYidual hot. Th coefficient o. > 1 allow for the addi ional time ne ded for
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Figure B.3: J\1Iinimum ion nun1ber Nm in required to achieve a unity signal-to-noise ratio for a single
excitation measurement. As noted in the text, T is set to 1.2564 x T 1 , which results in a slightly
higher minimum number of ions in the regime of high efficiency and low dark counts .

subsequent re-excitation pulses . The signal-to-noise ratio R sNJ(T) now peaks at values
T

<< T1 . 1

To achieve high fidelity 1neasurements with N > 1, a cyclic transition is required.

If

cyclicity is absent , relaxation from the excited state has a finit e probability of terminating
in any of the hyp erfine ground states. Therefore, repeated excitation resonant with the

\1) +--+ \e) transition will result in optical pun1ping to a dark state and a loss of signal
irresp ective of the initial state. A technique to realise the required cyclicity was proposed
in Chapter 10, which is essential for single-ion qubit readout. For ensemble qubits , there
is an alternate solution: single excitation readout (N

= 1), which requires a minimu1n

nu1nber of ions.
The minimun1 number of ions

Nmin

to achieve a signal-to-noise ratio R sNI can b e

calculated by rearranging Equation B.3
RsNI

Nmin

1

R sNI

= ----(----(--)-) [ ylN
27JyiN 1 - exp -i,1

+,

(R sN1)

N

2

+8

1 C
TD

(B.7)

E quation B. 5 is modified due to the inclusion of ../N. The denominator is now proportional to T rather
than ..Jr yielding the solution T = - T 1 (W -1 (-~) + 1) or T ~ 1.53 x 10- s T 1 . Therefore, a balance must
b e struck between the signal-to-noise ratio a nd the numb er of shots required to yield a photon with high
probability.
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Th Yalue of

min

= 1 is shown in Figure B.3 , where ! De and

for Rs I

e\·eral order of magnitude. The value of
de\·iation from the optirnum

TJ are varied over

is set to 1.2564 x T1 which leads to a light

T

in the low dark noise regime. The factor that represent

min

th n1axin1un1 error for this approximation for a unity ignal-to-noise ratio i the ratio of
Equation B. 7 with

---+ oo and

T

Error factor in

T

= Topt , respectively

min=

1 - exp(-T /T1)
1 - exp( - 1.2564)

lim

T-+

(B. )

< 1.4
Thi ma,'Cimum deviation is only approached where TJ is near unity and !De is near zero.
Achieving a unity value for Rs 1
no1 e.

allows the signal to be differentiated from the

I

However; it may not be sufficient to reduce the readout errors, or incorrect

assignn1ents of the initial state; below the threshold value for fault-tolerant quantum
con1puting. Errors include the a signment of 11) for initial state IO) (false positives Ell ) )
and assignment of IO) for initials ate 11) (false negatives Eli ) ) · The total error E = Ela) +E ll )
is now investigated a un1ing an assignment is made on every measurement.
The de ermination of the initial state is based on whether the detected counts fall below
or exceed a particular thre hold value . This threshold number of detected count ; kcrit
is defined a the value a which the dark count and total count Poissonian distributions
are qual (see Figure B.4) . The state is then defined a 11) (IO)) for count above (below)
this thre hold Yalue. The thr hold Yalue is determined by equating the two Poi on1an
di tribution for a particular Yalue of k: kcrit· This yields
kcrit

S ine
= __(____
)_

lou0

(B.9 )
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Figure B_. 5: The error E for orthogonal state discrimination via detection of spontaneous emission
as a function of the signal-to-noise ratio and detector dark counts.

The error can then be defined as the intersection of the two distributions relative to
the total probability

E

=

!

( k~it (Sine + TIDc)k exp(-(Sinc + TID c))
2
~
k!
k=O

~

+ ~

k>kc,it

(TIDc)k exp(-(TIDc)) )
k!
(B.10)

Figure B.5 den1onstrates the significant error present for a unity signal-to-noise ratio.
The likelihood of an incorrect -state designation (E) ranges from~ 0.67 at the upper range
of the dark count rate and ~ 0.37 at the lower end. However , the error rapidly drops off
to

E

< 10- 10 as the signal-to-noise ratio increases to a value of 5.5.
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Figure B.6: ~Iinimum ion number min for an error c < 10 - 3 for the detection of spontaneou
emission . i\ min is plotted as a function of the total efficiency r; and the dark counts per lifet ime
! Dex T1 .

If a desired readout error thre hold is set: for example

E

< 10- 3 . then the minimum

·ignal-to-noi e ratio. and in turn. the minimum ensemble ize

min

required can be cal-

culated . Figure B.6 illustrates the numb er of ions required to m eet this error threshold
for fault -t ol rant quantum computing. A comp ari on between Figure B.3 and B.6 show·
that the error criteria increa

JVmin by approximately an order of magnitude .

Physically realisable parameters
The follo,Ying di ·cu e the achievable Yalue , of TJ and ! De to place the previo u calculation · in an experin1ental cont xt. In the pre,-iou analy i T/ reflect the total fficiency
of photon capture. tran mi ion. and det ction in the optical y em. To date. th

1n-

o-le larrre ·t co1nponent of TJ for rare- arth ion optical detection i giv n by the collection
efficiencY. Incoherent emi ion i di per ed OY r the radia ion patt rn of a linear dipole o cillator:

11 / 3 t radian ( ee Fi rrure B.7 ). For a confocal micro cop e (

ection 7.5 ), th
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N Ae ff == 0. 9 / n ~ 0. 5
T/C~ 0.11
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NAef J == 0.9
T/C~ 0.35

Figure B.7: The difference in collection efficiency without (left) and with (right) a SIL in a confocal
111icroscope with an objective numerical aperture of 0.9. The dipole radiation pattern for a point
dipole (ex sin 2 ( B)) is represented by the meshed surface. Superimposed on this is the effective
collection numerical aperture, represented by the solid surface.

collection efficiency 77c is determined by the effective numerical aperture of the collection
optics N A ef f, such that

77c =

(2-) J{~+e
{~ +e
-e J -e
81r

II2

sin 3 81d8 1de/>

II-

(B.11)

2

8(9 sine+ sin 38)
81r
where

e is

defined such that sine

(SIL), N A ef f

=

N A ef f. Without the use of a Solid I1nmersion Lens

= NA/ n, where n is the refractive index of the material in question. If an

index-matched SIL is used , then NAef f can approach NA.
The difference in collection efficiency in these two cases is shown in Figure B. 7 for an
objective lens NA

= 0.9. The use of a hemispherical SIL improves the value of 77c from

;: : :; 10% to over 35%. However , it is possible to further extend the collection efficiency for a
solid state emitter to above 95% [354, 355], although such a scheme has not been achieved
for rare-earth ions. Another approach, is to couple the ensemble (or single emitter) to the
mode of a high quality factor cavity such as a whispering gallery n1ode resonator [264, 265]
(see Section 9.6.6). Overall , it is certainly feasible to achieve 77c > 0.1.
The other con1ponent of 77 to be considered is the detector efficiency

77det ·

The typical

detector of choice for ensembles emitting in the 570 - 650 nn1 range , which includes
trivalent europiun1 and praseodymium , is the silicon Avalanche PhotoDiode (APD ). The
detection efficiency of commercially available silicon APDs is

77det ;:::::;

0. 65. For ·wavelengths

above 1 µm, the efficiency of an equivalent indium-gallium-arsenide APD is

77det ;:::::;

0.25.

There are alternate detector technologies that offer detection efficiencies greater than 90%
for both visible and infrared rare-earth-ion emission. These include transition edge sensors
or superconducting nanowire detectors [339, 442, 443].
Given the practical collection and detection efficiencies , a total efficiency 77 > 0.01 for
any rare-earth-ion n1aterial is feasible.
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~Iini1nising the dark count rate ! De of the detection systen1 will allow smaller

n-

mble qubits to b readout with high fidelity. The dark count rates of AP Ds optimised
for visible wavelengths are in th

range of 1 - 100 Hz . However , other technologie ,

such as Charge Coupled Devices ( CCDs) , possess much lower dark count rates with
slightly lower effici ncies : 1 count p er pixel per hour (!De

=

0(1 mHz)) with

T/d et;:::::;

0.4.

Transition edge sensors and superconducting nanowire detectors also offer dark count
rates on .the order of millihertz.
As an exa1nple, consider a det ection system without a SIL uS1ng a silicon AP D .
feasible overall efficiency and dark counts are then 77 ;:::::; 0.01 and ! De

Th

respectively. Given an excited state lifetime of 1 ms , I De x T1

= 10 Hz ,

= 10- 2 . From Figure B .6 ,

t he nun1ber of ions required for low error , single-excitation state readout is approximat ly
10 3 .
The enhance1nent via increasing N can also be estimated . From Equation B. 7,

Nmin

has an approximately inverse relationship to N. This indicates that high fidelity, single
ion optical resolution should b e possible for N ;:::::; 1000 with experimentally achievabl
condit ions combined with a cyclic transition.

B .1 .2

Phot on counting d e t e ction of cohe re nt emission

Th previous section d 1nonstrates that the detection of incoherent emission can achieve
low error readout fro1n ense1nbles with extremely s1nall numbers of ions. However , there
is another readout method available for ensembles: g nerating and d tecting coherent
e111ission. In this section. the analysis for the minimum numb er of ion required for low
error qubit readout using coherent emission is presented.

This analysis considers th

coherence introduc d in a photon cho sequence (Section 3.4.2).
\\'hen photon counting ; the pha

information contained in the coherent e1nission is

not preserved . This determines that this sche1ne cannot discri1ninat b tw en arbitrary
orthogonal states (see Section B.1.4 for further di cussion ).

How ver, it can be used

to cliscri111inate between the states IO) and 11) as shown in Figure B .. A photon echo
:cquence is applied at the resonant frequency of the 11) ---* le) optical transition. If the
initial state is 11). an echo is produced . whereas if the initial state is IO), t he pulse is not
resonant and the state is unaffected.
There are , e-veral advantages in det cting coherent emi ion , which may prove useful in
t hr intern1ediate regime between the macro copic (
1011.

In general. coherent e1nission is much mor

than incoherent e1ni ion. particularly if th

;:::::; 10 10 ) ensembl s and a single
defined temporally and

patially

prob d volume is 1nuch larger than ,,\ 3 .
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- - le)

11)

le)

le)

IO)
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11)

Figure B.8: Photon echo scheme to discri1ninate between states IO) and 11). The Bloch sphere
diagrams represent the qubit state prior to or resulting from the pulses shown in the energy
diagrams above . In the case shown, a positive result is obtained for an initial state 11) and a null
result for IO). It is possible to reverse these outcomes by applying the sequence resonant with the
IO) B le) transition.

This enhanced definition provides advantages for filtering the signal to remove any
background contributions. The coherent signal results from the creation of an array of
oscillators that are emitting in phase [444] . This macroscopic dipole is a result of the
coupling of all the individual ions in the ensemble to a single phase reference: the laser
pulse. As a consequence, the coherent signal scales as N 2 compared to the linear scaling
of spontaneous emission with ensemble size.
According to the ·w ork by Dicke applied to photon echoes [189 , 444] the numb er of
photons emitted fron1 a macroscopic rephasing of an ensemble can b e approximated as

2

Ic =

~J

N Y(4

I0 (k )

for A<< 4>.L

(B.12)

A2 ) Io (k ) for A>> 4>.L
2y ( 4n2A
where Y is the branching ratio of the transition , >. is the excitation wavelength, n is the
material refractive index, L is the volume length , A is the cross sectional area, and J0 ( k)
is the radiation intensity of an isolated atom in direction k . The total incoherent emission

Optical detection li1nits for small ensen1bles

362

from an ensemble can be expressed as
l ine=

j N Io (k ) (8;) dk

(B.13)

J0 (k ) can be calculated by equating Equation B.13 with Equation B.2 , which gives
3
S1r

Io(k) =

(B.14)

Hence, Equation B.12 can be rewritten as

r;N 2 Y (

,\1r )

4nL

3

(

81rT1

2

3

2

r;

N Y ( ,\2

4n A

)

(

for A<< 4,\L

)

81rT1

(B.15)
for A

)

>> 4,\L

In Equation B .15 the efficiency factor r; has also been included which describes contributions fro1n both the collection and detection of the coherent en1ission.
ensemble with A

<<

For a large

4,\L, the coherent e1nission can have an extremely well defined

direction [440]. The coherent signal will be emitted almost exclusively into the mode of
excitation, allowing arbitrarily close to 100% collection efficiency.
The case considered here is a photon echo with a Gaussian temporal envelope of

t2

r,

described by I cexp(--2 ) where c = ,/(2J2 1og2). It is also assumed that
2c
T2 is long compared to , : the inhomogeneous broadening of the ensemble is significantly
FvVHNI

greater than the homogeneous linewidth. The signal is integrated over a time

T,

as shown

in Figure B.9 , such that

S echo

=

j

t2

T/ 2

Ic

-T/2

exp(--2 )dt
2C

= IcYkicErf

C~J

(B.16 )

with the signal-to-noise ratio given by
R SNC

_

-

fw

V 1~

S echo

J S echo + 2T ! De

(B .17)

To clctcrn1ine the opti1nu1n value of T to 1naxi1nise the signal-to-noise ratio , the relative
cases for the don1inant noise source are again considered . Similarly to the incoherent
cn1issio11 case . the analysis is initially limited to N

=

1. By consid ring Equation B .17

in the li1nit ! De --t 0. the optimun1 signal-to-noise ratio would be achieved by changing
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Figure B.9: Illustration of the integration of the echo signal showing Topt relative to , for large
JD C· In the limit ID c -+ 0, the signal would be integrated from -tdelay to oo to achieve the
rnaximum signal-to-noise ratio.

the integral limits in Equation B.16 from (-T/2, T/2) to (-tdelay , oo) . However, when the
dark counts are the dominant noise source RsNC is maximised for
By rearranging Equation B.17, the minimu1n ensemble size

Topt

Nmin

=

2v2c.

2

to achieve a unity

signal-to-noise ratio can be derived

Nmin

where

/3

2

=

(B.19)

represents I c( k) /(r;N 2 ). Similarly to the case for the detection of spontaneous

emission, the 1naximum error factor between the expression in Equation B .19 and the case
for In c --+ 0 can be calculated. This gives
1 + Erf ( tdelay )
Error factor in

N min

=

1/ 2

v2c

(B.20)

2 Erf (1)

For

tdelay

»

c, the error function Erf (

at a factor of (1 / Erf(1))

1 2
/

t~a:) ---+ 1, which sets the maximum error in Nmin

~ 1.1. Therefore, the calculated number of ions required for

the error rate to be below the threshold error of 10- 3 will be at most a factor of 1.1 greater
than the true optin1u1n in the regime of high efficiency and low dark count rate.

2

This is given by the solution to the equation

(B.18)

Optical detection limits for small ensembles

364

10 -1
10 6

2.5

X

1

X

10 6

5

X

10 5

Q)

s
.......
_µ

~

0
.......
_µ

cd

;._,

b.O

10- 3

Q)

_µ

~
;._,
Q)

0..
Cf)

_µ

~

;:j

10 -4

0

u
~

>-<
cd

10 5

2.5

X

1

10 5

Q

10 -5

10 -3

10 - 2

X

10- 1

Overall efficiency - r7

Figure B.10: 1\llinimum ion number Nrn i n for an error E < 10 - 3 for the detection of coherent
en1ission. N min is plotted as a function of the total efficiency TJ and the dark counts per integration
time (T o p t ~ 2.8 µs for this example). The parameters used for the calculations are listed in the
text.

The calculated minimum ion number to allow discrimination between states IO) and

11) . with an error of 10- 3 is illustrated in Figure B.10. In contrast to the calculations
in Section B.1.1 , this is a specific calculation for a 5 mm long sample of Pr 3 + :Y 2 Si0 5
under the assun1ption that there is negligible dephasing reduction to the echo amplitude
(tc1c!ay

B.1.3

<< T2) .

The other pararneters are: T1 = 164 µs , c = 1 µs , Y = 0.029 and n = 1.81.

Comparison between spontaneous and coherent emission
detection

The purpose of this section 1s to investigate whether spontaneous or coherent em1s 10n
clet rc tion provides the b es t fid elity for a given ensemble or systern. It is useful at this point
to sep arat e the overall effi ciency into TJ

=

T/cT/det ,

where T/c is the collection efficiency and T/det,

is the detec tion effi ciency. Assuming that T/det remains constant for the two technique ,
only the difference in T/c needs to b e considered to allow an accurate con1parison. As
disc ussed in Section B .1.1. T/c
case

77c

can approach unity.

~

0.1 for spontaneous ~mission , wher as in the coherent

§B.l
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Figure B.11: The ratio of the minimum ensemble size for coherent emission detection compared
to that for spontaneous emission detection. The simulation shows that to achieve the same error
rate for a given rJd et and JDC, the detection of spontaneous en1ission requires a smaller ensemble.

Figure B .11 shows the ratio of the minimum ensemble size for coherent emission detection compared to that for spontaneous emission detection. The ratio is calculated for
a range of Inc and

rJdet

values. An

rJc

=

0.1 has been used for the detection of sponta-

neous e1nission and the parameters for the coherent detection are the same as those used
in Section B.1.2. For a high detection efficiency and low dark count rate detector , the
1ninimu1n ensen1ble size for coherent emission detection is a factor of 80 larger than that
for spontaneous emission detection. However , the ratio for

rJdet

=

0 .1 and a high dark

count rate is reduced to approximately 10: 1.

It is also interesting to consider at what ense1nble size the signal-to-noise ratio for coherent detection is equal to that for detection of spontaneous emission. Such a comparison
allows a determination of which method will provide the best avenue to characterise a
miniaturised architecture such as a waveguide. The comparison can be made by equating
Equations B.3 and B.17 for the respective optimised values of T. N e is used to denote the
number of ions in the ensemble probed by the coherent method and N i for the number
of ions probed by detecting the spontaneous emission. The expression can be simplified
by separating r;

=

TJcrJdet

for the detection of spontaneous emission and r;

=

rJLTJdet

for the
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detection of coherent emission , where TJL represents the effect of losses . Furthennore, it is
ass umed that dark counts are negligible in both cases (!De ---+ 0). The ratio can then b
written

N;

TJc (1 - exp( - 1.2564))

Ni

TJL Y ( 4~L ) ( 8~ 1 ) y0;cErf(l)

(B.21)

T1)
TJL l A C

~ 3 _6 (TJcn L

Therefore, using the parameters from the analysis in the previous section for Pr 3 + :Y 2SiOs,
the condition for RsNI

= RsNc can be written
(B.22)

Here , a brief example of an application of Equation B.22 is provided. A waveguide has
been constructed at the surface of a 5 mm long 0.01 % Pr 3+ :Y 2Si0 5 crystal. It can be
characterised via detection of spontaneous emission with a confocal microscope probing
perpendicular to the surface, or via an echo sequence coupling into the guided mode. The
confocal microscope objective NA= 0.7 (TJc
limited : 0 (1 µm 3 ).

~

0.07) and the volume probed is diffraction
The volume of the guided mode is V ~ (1r(5 µm) 2 x 5 mm) and it is

initially assu1ned that outcoupling losses are negligible.
The number of resonant ions Nions in a volu1ne V with the laser frequency tuned to the
centre of the inhomogeneous line in a doped Y 2Si0 5 sample can be approximated as

Nions(V, v

=

0)

=

p

r6.bw

C

(B.23)

V ,

ih

where p is the density of yttrium ions in the crystal lattice, c is the concentration of Sit 1
praseodymium ions,

6. bw

is the sampled frequency bandwidth, and

rih

is the inhomoge-

neous linewidth.
The param t r for this example are given below.
• p

= l.87

X

10 28 m -

3

.

• c= .7 x 10- 5 .
•

6.bw

•

rih

= 1 :i\ IHz.

= 5 GHz.

Equation B.23 then gives JVi ~ 10 2 and Ne ~ 10 7 for the confocal and wav guide
volu1nes respectively.
Rss1

Therefore . N; / Ni ~ 10 12 . In comparison, Equation B.22 giv s

= Rs,vc for rvf / rvi

~ 10 7 . Thus. in this case the signal-to-noi

ratio performanc

of detecting an echo sequ nc propagating in the waveguide mode would far exce d that
of the confo cal syste1n . Furthennore. TJL would hav to approach 10- 5 for the detection
of spontan ous mission to provide the b st signal-to-noi e ratio perfonnance.

§B .l
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Figure B.12: A sequence for homodyne detection. An arbitrary superposition state 11/J) on the
nuclear spin transition can be mapped onto a 50:50 superposition state of the optical transition
via two pulses. The application of a 11-pulse resonant with he I0) --1 le) transition can then rephase
this superposition. The states l1/J 1 ) and 11/Jo) can then be differentiated based on the phase of t he
resultant coherent emission .

B.1.4

Field detection methods

Field detection n1ethods such as balanced hon1odyne detection 3 are an important alternati, e to photon counting for small ense1nble n1easurements . In particular i balanced
ho1nod ne detection can achieve discrin1ination between an arbitrary pair of orthogonal
coherent states. This contrasts photon counting detection of coherent emission ; which can
onl) distingui h bet\\een IO) or 11).
Homodyne detection can extract phase infonnation i and thus can discrin1inate b etween
sta es

17Pa)

and

l7P1)

as sho\\n in Figure B.12.

In the limit of s1nall coherent

tatesi

homod) ne detection approaches the Helstrom bound [44 7]: which represents the quantum
1nechanical bound on the minimal error in uch tate discrimination. It is also noted that
n1ore complica ed de ection sche1nes approach he Helstrom bound for larger coherent
s a e [44 ] .
There are two other significan advantage that can be gained with homod:yne detection . Firstl . it pro ide noi e rej ection ba ed on frequency and p atial mode: which allows
un -an ed background source- to b e di criminated from he signal. 4 Secondly; extremely
3

See R eference (445] and (446] for a detailed treatment of homodyne detection.
This fil tering capability has been su~cessfully applied to allow the demonstrated of non-classical correlations in he R ephased Amplified Spontaneous Emission (RASE) protocol [13].
4
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high efficiency detectors for a vari ty of wavelength are availabl for ho1nodyne d tection, which are a s1nall fraction of the price of equival nt efficiency single photon resolving
det ctors. Thus, although not th focus of this thesis, homodyne detection provides a
co1nplementary technique to photon counting , which will b e important for charact n s1ng
1niniaturised rare-earth-ion devices.

B.1.5

Summary

Photon counting detection methods for small rar -earth-ion ensembles have b een

x-

amined in detail in relation to achieving high fidelity state readout of frequency-based
qubits.
Firstly, photon counting detection of spontaneous em1ss1on was investigated.

The

signal-to-noise ratio performance was studied as a function of the total efficiency of the
apparatus T/ and the detector dark count rate

This allowed the calculation of the

JD C ·

1ninimu1n number of ions required for single shot readout with an error below
For experimentally realistic parameters (T1

= 1 ms ,

minimum nun1ber of ions is approximately 10 3 .

T/

E

= 10- 3 .

= 0.01 , and !De = 10 Hz) this

Using the same parameters , it was

determined that a single ion could be read out with an error less than 10- 3 if it can be
cycled approximately 10 3 times.
Photon counting detection of coherent emission was also considered. A specific exampl
was investigated, which demonstrated that at least an order of magnitude more ions are
required for high fidelity readout via coherent emission detection.
The analysis performed allowed a co1nparison between the two photon counting methods in tern1s of their signal-to-noise ratio. This was investigated for the specific case of
probing the active ions in a waveguide, in which case the detection of coherent e1nission
was shown to yi ld a larger signal-to-noise ratio.
Finally. son1

brief con11nents were made regarding the usefulness of field det ction

n1easure1nents . ·which allow opportunities for extre1nely good noise r jection and high
efficiency detection.
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One of the main contributions of this thesis is a proposed technique to realise cyclic
transitions in rare-earth-ion materials (see Chapter 10). Cyclic transitions make it possible
to achieve high fidelity, state-selective optical readout of a single ion for frequency-based
quantum computing. However, optical readout is only the first step into the larger research field of interactions between light and rare-earth-ion materials in the single-ion
regime.
This appendix is provided to give an overview of one future direction of the current
work: coupling a single rare-earth ion to an optical cavity.

Although challenging to

achieve , strong coupling between a single ion and a single photon provides many opportunities for rare-earth-ion hardware. For example , the major motivation for achieving the
strong coupling regime is to realise deterministic state transfer between remote ions [61].
This provides an interaction to create large horizontal scaling in rare-earth-ion quantum
computing.
This appendix introduces four topics relevant to achieving a strongly coupled ioncavity system. The first is a high level description of the coupled system, the parameters
of interest, and the type of cavities needed for rare-earth ions. Secondly, the properties of
369
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existing rare-earth-ion systems are discussed in relation to the proposal of utilising Whispering Gallery fod e R esonators (WG:NIRs) to allow strong coupling [105 , 253 , 264 , 265] .1
Thirdly, in r sponse to the current regime for rare-earth-ion WG:NIRs , CaF2 is proposed
as a suitable rnaterial candidate for this research direction. Finally, a particular rare-earth
site in Ca.F 2 is investigated: the europium G 1 centre [455]. The sp ectro copy p erforn1ed
concentrates on the centre's optical dipole moment and its homogeneous linewidth via a
photon echo study. This work is then discussed in relation to the future opportunities for
cavity coupled systems using Eu 3 + :CaF 2 .

C.1

Ion-cavity coupling

The purpose of coupling an ion to an optical cavity is to modify the ion 's spontaneous
emission properties . When an ion resides in free space, it is coupled to a large continuum
of quantised electrom agnetic field modes . The consequence is irreversible spontaneous
en1ission , the rate of which is dependent upon the density of modes accessible to the
1011.

However, an optical cavity can cause a significant modification to the quantum

mode structure coupled to the ion. A a result , the spontaneous emission rate can be
tuned [332], or even reversed through coherent oscillations b etw en an excitation of the
ion and an excitation of the cavity mode [45 6].
The dynamics of the ion-cavity system are describ ed by three parameters , which are
shown in Figure C .l: the interaction strength g b etween the ion and cavity, the ion 's
spontaneous emission rate ,, and the cavity decay rate

K, .

Coherence betw en the ion and

cavity n1ode is produced by their interaction g , which is the single photon R abi frequency

g=
where

~l

µ ·E

(C. 1)

n

is the ion 's dipole moment , w is the re onant fr equency of the cavity, co i the

vacuu1n p ern1ittivity, and Vm is the volume of the cavity rnode. The second equality
assu1nes that the ion is resonant with the cavity mode and residing at t he spatial maximum
of the cavity field .
The paran1eters , and

K,

represent the coupling of the ysten1 to other modes and hence,

they describe the dissipativ pro cesses that inhibit coherent interactions. The spontaneous
en1is ion rate is given by ,

= T1-

1

.

Th cavity decay rate

K,

can b e related to th cavity

quality factor Q [45 7]
7fC
K,

= >-Q

(C.2)

\\·here c is the speed of light in vacuun1 and A is the wavelength of the resonant light within
the resonator.
1

Th e mode tru cture . fabrication. and coupling con iderations for WG IRs are not ad dre s d in th is
a ppe n lix . Detail on thes aspects can b found in R efer nces [240], [449], [450], [451 ], [452], [453], a nd
[-LS-!].
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je)
jg)

Figure C.1: (left) A schematic of a two-level atom interacting with a mode of an optical cavity.
The coupling strength is described by the parameter g whereas irreversible loss from the system is
represented by the spontaneous emission rate, and the cavity decay rate K,. (right) An illustration
of a spherical WG1VIR, which can be constructed from rare-earth-ion crystals. The cut-out segment
shows the optical mode , which is guided by total internal reflection propagating within microns
from the surface of the sphere.

Strong coupling

In the strong coupling regime, coherent interactions between a single ion and the cavity
mode dominate the system decoherence [456]. In the limit where
g

(C.3)

> (r , rc).

the coherent interaction strength exceeds the rate of incoherent decay into other modes.
This allcYws the ion-cavity system to exhibit strongly non-classical behaviour.
From g ,

r,

and rc , two dimensionless parameters can be defined: the critical photon

number mo and the critical ion number no [265], where
mo=

,2
892

and

no=

'g2K,

.

(C.4)

The parameter mo is an approximate measure of the number of photons that are required
for the system to demonstrate non-linear behaviour.

In contrast , no is a measure of

the required number of resonant ions in the cavity mode to alter the cavity 's spectral
lineshape.
These parameters are usually derived under the assumption of lifetime limited broadening on the ion transition. However , in rare-earth-ion systems, decoherence is usually
dominated by interactions other than lifetime broadening, such as magnetic or phonon
interactions (see Section 3.2.3). As presented in Reference [265], the expression for the
critical ion number no is accordingly amended to

no=
where

rh = T2 - l

2, hrc

g2

to reflect the limiting dissipative process for rare-eart h ions.

(C.5)
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Figure C.2: An illustration of the modification to a cavity resonance due to the presence of a
strongly coupled single ion . Single-ion state readout can be performed by 111onitoring the cavity
transmission at the unloaded cavity resonant frequency.

In the strong coupling regime, satisfaction of the inequality in Equation C .3 determines
that mo, no < l. That is , non-linear optical effects can be produced with a single photon
in the cavity mode and the presence of a single ion will alter the resonance condition of
the cavity.
The strong coupling regime is of great interest for quantum information science [458] . In
particular, strongly coupled ion-cavity systems allow single ion readout [266] and deterministic state transfer bet-ween remote ions [61]. Single ion readout can be performed by
probing the cavity·s spectral lineshape, which is significantly modified by a single resonant
ion as shown in Figure C .2. On the other hand , state transfer is mediated by the ability
to reversibly and coherently map a quantum state from the ion onto a photon in the well
defined 1node of an optical cavity. By coupling the photon out of one cavity and into another. the initial state of the ion in the first cavity can be transferred to the second. Both
single ion readout and quantum state transfer between remote ions provide opportunities
for increasing ,-ertical and horizontal scaling in frequency-based quantum computing using
single rare-earth-ions (see Section 2.3.1 ).

The .Jf s

H

.Jf s transitions of rare-earth ions

111

crystalline material are weak os-

cillators [63]. Their small dipole 1noment allows extremely long excited state lifetimes of
up to seYeral n1illi econds [1 1. 1 3]. In n1aterials where interactions with phonons and
ho t pin flip can be minimi ed . homogeneou linewidth on the order of 100 Hz can be
achie,-ed ( ee Section 3.2.3). Thi allows g > 1 and mo < 1 to be achieved in macroscopic
caYitie [265].
The con equence of the

mall dipol

achie,-ing ion-ca,-ity interaction

n1oment of rare-earth-ion

ufficient to realis the condition g >

challenging [265]. Although it i feasible to create ion-ca it

ran ition
K,

1

that

i experimentally

coupling larger than the
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cavity decay rate, Equation C.5 provides a second avenue towards a strongly coupled
system. If rh is sufficiently small, the inequality no < l may still be satisfied in the
regime where

f\;

>

g

> rh, which is known as the bad cavity limit. As stated previously,

rare-earth-ion transitions are renowned for their narrow spectral linewidths, which allows
m 0 , n 0 < l to be achieved in the bad cavity limit with less stringent requirements on the
cavity Q. Importantly, single ion detection and deterministic state transfer can still be
achieved in the bad cavity regime [265].
The use of photonic crystal cavities [459, 460, 461] provides one alternative for strongly
coupling a single rare-earth ion to a cavity mode in the bad cavity regime. Cavity quality
factors in excess of 10 4 have been achieved for mode volumes less than ,\ 3 [462,463]. Based
on the larger of the rare-:-earth-ion transition dipole moments µ
Table C.1), an interaction strength on the order of g

= 10- 32

-

10- 31 C·m (see

= 10 - 100 JVIHz could be achieved

in a photonic crystal cavity. Given that both praseodymium and erbium materials possess
homogeneous linewidths less than 10 kHz [183], a cavity Q greater than 104 would make
it feasible to achieve no < l. To date, it has not been determined whether a photonic
crystal cavity of sufficiently high Q can be created for a rare-earth-ion material without
degradation of the ion's coherence time. Whether it is possible to simultaneously achieve
the required Q for strong coupling whilst preserving the homogeneous linewidth will
determine the success of the photonic crystal cavity scheme.
To achieve strong coupling in a rare-earth-ion system in the good cavity limit (g >

r, f\;)

will require an ultra-high cavity Q. To date, the highest Q achieved in an optical cavity
is 3 x 10 11 achieved in a monolithic WGJVIR with a radius of 2.25 mm [407]. The mode
volumes· for such a cavity are on the order of 10 6 x ,\ 3 [264], which allows an ion-cavity
interaction strength on the order of g

= 10 kHz. Therefore, it is feasible for the coherent

interaction to dominate the decay rate from both the ion and the cavity in millimetre
diameter WGJVIRs. Investigations have pursued the realisation of the strongly coupled
regime in either the good or bad cavity limit in WGMRs constructed from rare-earthion crystals [105, 253, 264, 265].

This is also the direction pursued in this appendix.

The following section reviews the current parameter space of rare-earth-ion materials for
achieving the strong coupling regime in WGMRs.

C.2

Rare-earth ion crystals for -WGMRs

The purpose of this section is to highlight the important material factors that need to
be considered to achieve strong coupling between a single rare-earth ion and a WG MR.
The use of WGMRs construc_ted from rare-earth-ion doped crystals to investigate cavity
quantum electrodynamics was first proposed by Grudinin et al. [264]. Based on the high Q
factors that were achieved in 100 µm diameter CaF 2 and MgF 2 toroidal WGMRs , it was
demonstrated that a single Sm2+ ion could allow the strong coupling regime to be achieved.
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1Iore recent work by JvicAuslan et al. [265] has investigated the suitability of a variety of
rare-earth-ion crystals for strong coupling and experi1nentally investigated Pr 3 + :Y 2Si05 in
4 1nm diameter WG1IRs [105 , 253]. In1portantly,

IcAuslan et al. demonstrated that th

properties of the rare-earth ions are sufficiently preserved following the cavity 1nanufacture
process [105]. Thus , although strong coupling has not been achieved to date , WGJvIRs ar
an excellent candidate to realise this regime [105].
Reference [265] highlighted several important characteristics to achieve strong coupling.
These included the transition dipole moment µ , the ratio of the dipole-mo1nent-limited
lifetin1e Tspon (see Section 3.2.4) to the coherence time T2 , and the wavelength of the
transition. These aspects are briefly discussed below . For comparison, the spectroscopic
and optical properties of eight material candidates for the WGMR coupling schem are
presented in Table C. l.
As discussed in Section C. l , it is difficult to achieve no < 1 with a weak transition such
as the 4f N +--+ 4f N transitions in rare-earth-ion materials. The analysis in Reference [265]
indicates that for the fundamental TJ\/I mode of 1 mm dia1neter spherical WGMRs , Q
factors between 10 9 and 10 11 are required to reach the strong coupling regime. Although
ions with a larger dipole 1noment µ can achieve greater ion-cavity coupling strengths, to
attain a critical ion nun1ber less than one there is a balance between oscillator strength
and the coher nee tin1e [265]. Thi can be represented by rewriting the expression for no
in Equation C.5 as [265]
(C .6)
\Yhere ,\ is the transition wavelength and XL is the lo cal correction to the electric field .
Thus. Tspon / T2 is a good indicator of which 1naterial will require the 1ninimu1n cavity Q
for strong coupling.
Al o included in Table C.1 is the ratio Tspon/2T1 . which repre ents a lower bound
on T. pon/ T2. The don1inant decoherence mechanisn1 for the majority of cry tals listed in
Table C.1 at -1 K is the interaction with the n1agnetic field fluctuations du to host-ion pin
flip

[161]. Pre-:iou research ha demonstrated that an ion can be de ensitised to uch

n1agnetic perturbations either through the use of 1nagic angle decoupling [14 7] or optical
ZEro Fir t Order Zeen1an (ZEFOZ ) [14 ].

sing the

po , ible to achie-:e ignificantly greater coherence tim

decoupling t chniques. it n1ay b
than attained to dat . Ther fore.

Tspon/ 2T1 pro,·ide a comparator of the best po sible performance of each material.
~Ic Au lan et al. [265] al o highlight the importance of the tran ition wavelength ,\ in
achie,·ing trong coupling "·ith th minimum Q factor. The expr

ion for no in Equa-

tion C. 6 i._' in,·er ly proportional to ,\ 3 and henc . lo"·er energy ran i tion requir lower
ca-:it:,· Q factor to achie-:e trong coupling. In addition. \ -c~IRs operating at longer wav length achie-:e higher Q factor [-152]. Thi re ult from the >.- 3 caling of cattering du
to roughne

on the re onator urface. which generally don1inat

lo

in WG IRs.

Material

Eu 3+ :Y2SiOs

Transition

7

Fo H 5Do

.X

µ

T1

(nm)

( x 10- 33 C-m)

(ms)

579.879

5.22

2.0

Tspon

Tspon

T2

2T1

n

Vickers hardness

References

(GPa)

46.2

11.34

1.81

5.3

[178 , 180, 391 , 464]

(..O')

Q
tv

,'

Pr 3+ :Y2Si05

3

H4 H

1

D2

605.977

15.9

0.164

37.2

17.0

1.81

5.3

[171, 172 , 180 , 464]

~

e;
(D
I

(D

Pr 3+ :YAG

3

H4 H

1

D2

609.75

35.3

0.23

55.5

2.41

1.83

17.0

[159, 265, 465, 466]

e;
c:-t-

b"'
>--.

0

Tm 3+ :LiNb03
Nd 3+ :YV04

3

H6 H

3

H4

4I g tt 4F 3
2

794.22
879.941

63.7
91.6

0.160
0.075

11.9
13.6

0.97
2.54

2.32
1.97

6.1
4.5

2

[254, 467, 468]

b

(")

~V)
c-t~
,-..._.

[67, 469 , 470 , 471]

V)

<Y
hj

Er 3+ :YLiF4

4I 15 H 4I 13
2

Er 3+ :LiNb03

4I .1§. H 4I 13
2

Er 3+ :Y 2SiOs

26.47

9.5

2

5573

3.52

1.45

4.1

[183 , 4 72 , 4 73]

~
~

V)

1532.062

35.0

2.0

113.5

1.98

2.28

6.1

[194 , 467, 468]

1536.478

20.7

11.4

13.4

2.35

1.81

5.3

[67, 180, 181, 464]

2

4I 15 H 4I 13
2

1530.372

2

Table C.l: A survey of the important pararnet ers for cavity coupling in a number of rare-earth-ion materials.
C,..j
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Thus, there can be an order of rnagnit ude difference b tween t h Q factor of a WGMR
for praseodymiun1 transit ions at ,\

~

600 nm comp ared to t he erbiu1n transit ions in t he

infrared (,\ ~ 1550 nm) .
In addition to t he sp ectroscopic prop erties of t he 1nateri als, t he opt ical and mechanical properties must also b e considered.

The refr active index is included here as

an indication of what typ e of coupling can be used.

In p art icular, for m aterials wit h

refr active indices less t h an 1. 45, a standard fused silica fibre t ap er can b e used to couple
light into and out of t he resonators. In addition , recent advances in higher refr active
index fibre technology should allow such coupling to achieve high efficiency even for large
diamet er WG MRs [4 74] . Alternatively, a cubic zirconia or rutile prism would allow high
efficiency coupling for t he m ajority of m ateri als list ed.
T he final paramet er ment ioned is the h ardness of the m at erial, which gives a quantitative
insight into t he ease wit h which these m at erials can b e machined and p olished.

The

harder t he mat erial, t he less likely it is t h at n anometric surface roughness can b e achieved
by directly machining t he reson ators using single p oint diamond turning. This is because
the bearing stiffness required to m achine h arder m aterials can exceed t he stiffness
achievable wit h air or hydrost atic oil b earings . For example, surface roughness on t he
ord r of 2 - 10 nm rm s can b e achieved by m achining LiNb03 [4 75] (Vickers Hardness =

6.1 GP a), but it is not likely t hat nanometric surface roughness could b e achieved for a
m at erial such as YAG (Vickers Hardness= 17.0 GPa) .
The ability to machine WG JVIRs directly is a key consideration if t he desired mode
vohune necessitates cavit ies smaller t h an approximately one millim etre in diamet er . Conversely, if rnillimetre diameter cavit ies provide sufficient cavity coupling , t he surface roughnes requiring can be achieved via p olishing. However , t his is typically at t he exp ense of
well- controll d cavity form.

C.3

T he Gl ce ntre in Eu 3+:CaF 2

Progress towards achi ving strong coupling b etween a single rare- arth ion and a WGMR
is likely to

volve through two paths. The first is to

lect a m at eri al with favourabl

spec troscopic prop erties and at t en1pt to achiev the extremely high quality factors needed
for t he strong coupling regi1ne . The econd option is to select a materi al in which the
requi red Q factor

have already b een de1non trat ed and det nnin

wheth r a uit able

rare-eart h-ion centre eit her exists or could b e engineered.
T he analysis present d here focu es on th
t hat is well known in optic b ecaus
wavelengt h range.

of it

econd p a thway.

CaF 2 is a material

xtremely high tran n1is ivity over a larg

As a re ult t he method

to machine and polish CaF 2 are well
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This knowledge h as recently b een applied to create WGMRs possessing

extraordinarily high Q values. This has allowed investigations into m any cavity based
phenomena and optomechanical coupling in the quantum regime [4 76 , 4 77].

Section

C.3 will present the case for studying CaF2 from the p ersp ective of the achievements in
WGMR construction.
In addition to the geometric and surface quality considerations of the material, the
sp ectroscopic properties of rare-earth-ion centres need to b e considered. This section examines the G 1 centre in Eu 3+ :CaF 2 as a potential candidate to realise strong coupling.
The Gl centre in Eu 3 + :CaF2 has b een previously studied with resp ect to its electronic and
magnetic energy structure in the high symmetry material [138, 455, 4 78 , 4 79]. However ,
the dipole moment and the coherence properties of the optical transition have remained
unknown until the present work. Two pulse photon echo studies have allowed both these
properties to be investigated providing optimism for future investigations of cavity quantum electrodynamics work in this system.
Firstly, this section elaborates on the properties of CaF 2 that allow extremely high-Q
WGMRs to b e constructed. This is followed by an introduction to the G 1 centre and
further detail on the experimental observations motivating this study. The measurement
of the dipole moment and coherence time of the 7 F 0

B

5D

0

transition is then presented.

This allows an analysis of whether this site can achieve the strong coupling regime.

C.3.1

Advantages of CaF 2 for achieving High-Q WGMRs

The following discussion highlights four asp ects that allow Q factors in excess of 10 11
to b e achieved in CaF2 crystals. Although these parameters have been discussed more
thoroughly elsewhere 2 a brief description is provided here to motivate the study of rareearth-ion centres in CaF2.
• High level of material development and expertise
CaF2 is currently one of the 1nost i1nport ant materials for modern optics [240, 482].
CaF2 has a large b andgap on the order of 12 eV [483], which determines that it
is transparent well into the ultra-violet spectrum. Additionally, the transparency
of CaF2 extends through to

~

5 µm [482] . Other appealing properties for gen-

eral applications include low dispersion, low birefringence, and high refractive index
homogeneity [483]. Therefore, CaF2 h as applications in a large variety of optical
systems. As a consequence, the growth, refinement, and preparation of CaF2 is extremely well developed :. This allows high purity and quality sa1nples to be sourced
easily and inexp ensively.
2

For example, see References [264], [452], [480], and [481].
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• Lo-w absorption
The ultin1ate limit on the attainable Q factor of monolithic WG IRs is determined
by the intrinsic loss a within the crystal [264]
Q
~

(C.?)

_ 211n

max -

CYA

The total bulk cattering losses of CaF2 at lo,v temperature have been calculated to
be 0:(600 n1n) ~ 10- 6 m- 1 and a(l.5 µm) ~ 10- m- 1 [4 l ]. Thi

ets the upper

bOund on the Q at 10 13 and 10 15 respectively. In comparison, the bulk absorption
for Y 2Si0 5 has been estimated to be on the order of 7 x 10- 2 m- 1 [4 4].
• Low hardness
The Q of a vVG1 IR can also be limited by surface scattering rather than the intrinsic loss of the bulk material [45 7]. The loss due to surface scattering is heavily
dependent on the smoothness of the surface finish that can be achieved. The preparation and roughness of the surface also heavily influences the laser damage threshold
and the trans1nission of CaF 2 optics in general [240]. Therefore, the ability to attain extremely low roughness surface fini hes for CaF2 optics has been extensively
studied [240: 4 5] .
Qyer the last decade there have been significant advances in single point diamond
turning of brittle 1naterials. including CaF 2. In particular: the work of Yan et al. [240]
detailed a ne\\- tool geometry and n1achining parameters to allow nanometre roughne s urfaces to be achieved. Precision diamond turning allow much small r dian1eter resonator and even single n1ode cavitie to be manufactured with Q values
greater than 10 [264].
Becau e CaF 2 i a soft crystal (Vicker hardness equal to 2 GPa [4 6)). ufficient bearing tiffne s to achieYe nanometric urface with diamond turning can be achieved
in air b aring y ten1 [2-:10].
• Lo-,Y refracti,-e index
In the \YaYelength range from 500 nm to 1500 nm CaF 2 ha a refractiY index of 1.43.
Thi d t ermine that there are a \-ariety of gla s and cry talline material that are
·uitable for coupling light into and out of ca\-itie either via pri m or fibre taper .
Becau e achieYing critical couplinu i e ential for high Q factor [452]. having a rang
of n1aterial and procedure to achie\-e thi pro\-ide flexibility for experimental and
applicat ion de iun.
O\·crall . the inYe tigation of CaF 2 a a material to achieYe the trong coupling r g1m
allO\\-s the pre\-iou re earch
ca\·ities to be capitali ed upon.

£fort

111

cry tal growth.

urface preparation. and high-Q
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Figure C.3: (left) The unit cell of the G 1 centre in Eu 3 +:CaF 2 . The europium, oxygen, and fluorine
are represented by the orange, blue, and green ions respectively. (right) The energy level diagram
for the Gl centre 7 F 0 H 5 D 0 transit ion [138].

C.3.2

Background on the Gl centre in Eu 3 + :CaF 2

Calcium fluoride (CaF2) is a simple ionic crystal with a face cent_red cubic lattice structure.
The unit cell consists of a cubic lattice formed by the F- ions with a Ca2+ ion residing in
every second cube. The empty interstitial sites are heavily involved in defect formation and
diffusion, and result in a wealth of rare-earth-ion centres in this material [165, 487, 488].
The G 1 centre in Eu 3 + :CaF 2 is shown in Figure C.3. The G1 centre occurs when a Eu 3+ ion
substitu.t es for a Ca2+ with the required charge compensation achieved by a 0 2- replacing
a nearest neighbour F- in the (111) direction [455]. The centre is typically created by
annealing a pure CaF 2 crystal above 500° in an atmosphere of moist air [479, 489] . The
resultant site has C 3v point-group symmetry with the (111) crystal axis as the symmetry
axis of the centre .
Initial spectroscopic investigations were performed by Gustafson and Wright [4 78],
which identified the spin-orbit splittings .

This was followed by the high frequency

resolution incoherent spectroscopy perfonned by Silversmith et al. , who detern1ined the
crystal field structure [4 79] , the hyperfine Hamiltonian [138], and the behaviour of the
site under hydrostatic pressure [490].

Overall, the work by Silversmith et al., which

is contained in detail in Reference [134], represents an extremely thorough quantum
mechanical analysis of a europiu1n ion in an axial site.
The interest for the current study was generated by the anomalous characteristics [138] of
the G 1 centre. In particular , the crystal field splittings for both the 7 F and 5 D manifolds
are an order of magnitude larger than other europium doped materials , the 7 Fo

H

5

Do

transition was unusually strong, and extensive phonon-associated sharp features were
observed [4 79]. It is suggested in Reference [4 79] that these anomalous properties are due
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to the closely charge compensated nature of the centre . The consequence is a strongly
axial crystal field at the Eu 3 + site and t he possibility of molecular bonding b etween the
Eu 3 + and 0 2- ions.
To date, the 1nechanisms that produces these characteristics are still 119t well understoo d. However , the strong intensity of the 7 F 0

H

5

Do transitiori suggest ed that the G 1

centre possessed a great er dipole moment. These results provided sufficient motivation to
measure the value ofµ and to det ermine the coherence time of the transition.

C.3.3

Experimental method

The detennination of the dipole 1noment µ and coherence time T 2 of the 7 F 0 H 5 D 0
transition of the Cl centre in Eu 3 + :CaF2 was completed using a photon echo study. The
apparatus used for the experiments is shown in Figure C.4.
A Coherent 699-29 dye laser was tuned to a frequency of 522.542 THz (573.7 nm) and
the beam was focussed on the CaF2 sample using a 10 cm focal length lens. The b ea1n
waist at the sample was 1neasured to be approximately 60 µm. The sa1nple was maintained
at a temperature of approximately 2 K in a liquid helium bath cryostat. Photon echoes
were produced using the sequence shown in Figure C.4. To measure the dipole moment ,
the lengths of the

1r

/ 2 and

1r

pulses were increased in a fixed 1:2 ratio with a constant

delay of 2 µ s. The resultant Rabi flopping can then be observed by monitoring the echo
intensity. The Rabi frequency D allows the transition dipole moment µ to b e calculated
via [327]

µ

= nD . (cnio

vu '

(C .8)

where I is the excitation intensity, c is the sp eed of light in vacuum , n is the refractive
index of CaF 2 (1.43) and c: 0 ~ 8.854 x 10- 12 F -m- 1 is the vacuum pennittivity.
The coherence tin1e was n1easured by applying the optimum pulse lengths and
increasing the delay between the

1r

/ 2 and

1r

pulses. The magnetic field dependence of T2

was also investigated by applying fields up to approxi1nately 0.1 T along t he [100], [010],
and [001 ] directions.
Three san1ples were used for the study. The first sample Sl was a 0.1 - 1% Eu:CaF2
sa1nplc grown at the Ato1nic Energy R esearch Establishment (Harwell , UK) in the early
1960s. The other two sa1nples S2 and S3 , of unknown original, were a 1% Eu:CaF2 a1nple
and an unspecified but low ( < 0.1 o/c ) concentration Eu 3 + :CaF2 sample, respectively. It
is likely t hat S2 and S3 were used as part of the studies conducted by Silversmith et
al. [13 ] at the Al U in the mid-1980s. All three amples had previously been anneal d

in an atmosphere of moist air for

hours.
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F igure C.4: The experimental apparatus for measuring the dipole moment and coherence time of
the 7 F 0 H 5 D 0 transit ion of the Gl centre in Eu 3 +:CaF 2 . The beam from a Coherent dye laser is
gated by a double pass AOM configuration and focused to a 60 µm diameter waist on the sample.
The signal is gated by a second AOM, which shields the detector from the excitation pulses. Large
signals were detected with a 125 JVIHz photodiode whereas small signals were detected with an
APD. The echo sequence is shown in the lower panel with the signal gating period shown in blue .

C.3.4

Results: measurement of the dipole moment

The observed Rabi flopping for Sl at two different pulse power levels are shown in Figure C.5 . For both excitation powers , the observed echo intensity exhibits a strong visibility
between minimum and maximum values as the pulse length is increased. This is rare in
ense1nble measurements because of the spectral and spatial inhomogeneity of the pulses
across the ensemble, and the effects of decoherence [391]. Rather , the echo intensity typically plateaus once the area of the first pulse exceeds

1r /

2.

The strong extinction and revival of the echo signal was reproducible and was found
to be insensitive to the orientation of the linear polarisation. Similar visibility to that
observed in this experiment can be produced by spectrally tailoring a narrow ensemble
and engineering a flat intensity profile across the excitation beam [185]. However, specific
ensemble preparation sequences or beam shaping were not p erformed for the work
described here.

Although t4e higher than expected homogeneity cannot be explained

at the time of writing, the Rabi flopping still provides a measurement of the transition
dipole momentµ.
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Figure C.5: The echo intensity for the Sl Eu:CaF 2 sample as a function of the 1r / 2 pulse length.
As detailed in the text, the observed R abi flopping is substantially different to that observed in
other europium systems such as Eu 3 +:Y 2 Si0 5 [39 1].

The Rabi frequency can be calculated from the pulse length at which the echo intensity peaks. This corresponds to the two pulses achieving areas of (2n
(2n

+ l )n

+ l)n / 2

and

respectively. For an input power of 17.5 mW , the peaks are consistent with

Rabi frequencies of 6.2 ± 0.3 J\ IHz (first peak) and 7.3 ± 0.3 J\ IHz (second peak). This
\-ariation is due to the ren1aining inho1nogeneity in the applied pulses. The data for an
input pO\Yer of 3.9 111"\V is consistent with a R abi frequency equal to 3.5 ± 0.3 J\ IHz.
Fron1 these three Rabi frequencies the dipole mon1ents can be calculated according to Equation C.8.

The average of the three values of the dipole moment gives

fl = (1.7 ± 0.3) x 10- 32 C·m .

C .3.5

R es ults: measurement of the coherence time

Figure C.6 contain the photon echo data for Sl and S2 with and without a 0.1 T magnetic
field applied in the [001 ] direction. Although 0111} the data for a field applied in the [001]
direction is ho-,\-n. the behaYiour i characteri tic of the ob erved cho inten it

decay

for the -a111e n1agnitude field applied in the [100] or [010] direction . The two ample
han; ,'ub tantialh- different coherence prop ertie . The decay of the echo inten ity of Sl

The Gl centre in Eu 3 + :CaF2
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Figure C.6: A plot of the log of the observed echo intensity as a function of delay. The differences
between the behaviour of 81 and 82 highlight the san1ple dependence of the coherence time of the
Gl centre in Eu:CaF 2 . The signal for 81 decays non-exponentially and the behaviour is independent
of the applied field up to 0.1 T. This data is characteristic of spectral diffusion and is fitted to
Equation C.9 with an x = 2. In contrast, of the echo intensity for 82 is exponential and is heavily
dependent on the applied field .

is strongly non-exponential both with and without the magnetic field applied. Similar
non-exponential behaviour is observed in other materials and is characteristic of spectral
diffusion [69, 194, 491] . The behaviour can be described by the empirical formula derived
by Niims [492]
(C.9)
where

T

is the delay between the

1r /

2 and

1r

pulses , I 0 is the echo intensity for

T

~

0,

T 1w is the effective coherence time, and the exponent x determines the shape of the decay
curve. 3
The coherence decay curves for Sl are well described uS1ng Nli1ns ' expression 1n
Equation C.9 with an exponent x = 2. The values of the effective coherence time are
T111 =

6.1

± 0.1

µs with the magnetic field on, and

T NJ =

6.3

± 0.1

µsin zero field. There-

fore , to within the uncertainty of the measurement the magnetic field has no measurable
effect .
3

For x = 1, after a delay T = T JVI the material coherence will decay to l /e 4 of its initial intensity. This
is analogous to the expression given in the description of photon echoes in Section 3.4.2.
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In contrast, S2 exhibits exponential coherence decay, which is dran1atically affected
by the presence of th O.1 T magnetic field. As shown in Figure C. 6 the coherence time
halves when the magnetic field is applied . It is also noted that the zero field coherenc
tin1e T 2 = 11. 0 ± 0 .1 µs is significantly longer than that observed for S 1.
The coherence decay observed in zero magn tic field for both Sl and S2, are consistent with the presence of large magnetic fluctuations in the host crystal due to host ion
spin flips. The dominant mechanism is not likely to be fluctuations due to flipping nuclear
spins (such as F -), which can be slowed significantly in a small field [14 7]. Therefore, the
fluctuations due to the flipping of electron spins was investigated as a feasible mechanism
that could account the coherence properties of the G 1 centre.
The most likely contributor is Eu 2+ . The divalent oxidation state of europium is
prevalent in Eu:CaF 2 due to direct substitution for Ca2+ ions and the stability of a half
fill d 4f electron configuration. The ground state of Eu 2+ is 8 S 7 ; 2 , which possesses a large
electron spin with a g factor close to that of a free electron [493].
In particular, the presence of Eu 2+ is a feasible mechanism for the magnetic field
dep endence of the coherence tin1e observed for S2 . The total spin flip rate for electron
spins is the combined effect of ion-ion cross relaxation and spin-lattice interactions [491 ].
The magnetic field fluctuations generated and hence, the effect on the coherenc

of

surrounding ions , is dependent on the concentration of the electron spin in the sa1nple,
temperature, and applied magnetic field strength. An increase in the applied magnetic
field can increase the pin-lattice relaxation ti1ne of an electron pin, which cause excess
dephasing . This has b en observed in Er 3 + :Y 2Si0
To d terrnin

5

[49 1].

whether there was a significant concentration of Eu 2+ in Sl and S2 ,

X-band Electron P aramagnetic R esonance (EPR) measurements were performed. These
expcrin1ents were conducted on a Bruker spectrometer with the consid rable a istanc
Dr \Vayne Hutchison.

The resultant spectru1n for Sl with the magnetic field applied

parallel to the [111] direction i shown in Figur C. 7.
The strong resonances observed between 0.2 T and 0.4 T , and the weak r r sonances at approximately 0.075 T are consist nt with the measured EPR spectrum of
Eu 2 + (..J:93. 494. 495]. Furthermor . the intensity of the observed ignal was approximately
an order of n1agnitud larger than the signals observed for a 0.1 % Nd 3+ :EuCl3 · 6H20
sa1nple nieasured for a separate study [496].

Therefor . it is f asible that th

Eu 2+

concentration was close to 1% in the measured CaF 2 amples.
The final 1nea uren1ent performed in the photon echo study of the G 1 centre was
to nlC'a urc the coherence tim of a < 0.1 % europium dop ed sa1nple. Th signal strength
fro1n the G 1 centre in S3 wa extremely low despite th signal from oth r Eu 3 + c ntres
(s uch a the

centr [165. 420]) appearing at a level similar to what was observed in Sl

§C.4
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Figure C.7: EPR spectroscopy of annealed Eu:CaF 2 . The signals show the characteristic signatures
of Eu 2 + and indicate a concentration close to 1%.

and S2. This indicated two significant differences between- S3 , and the other two samples.
Firstly, the Eu 2 + concentration was significantly lower than in Sl and S2. Secondly, the
oxygen concentration in S3 was lower than in the other samples.
An APD was used to detect the low intensity photon echoes, which are shown in Figure C.8. As shown, the echo decay was exponential an exhibited a coherence time of
T2

= 20.9 µs. Although achieving an increase co1npared to Sl and S2 , a 20 µs coher-

ence time is two orders of n1agnitude less than the lifetime lin1ited value for this centre.
The following section further discusses possible decoherence mechanisms and strategies to
extend the coherence ti1ne towards the lifetime li1nit.

C.4

Discussion and Future Work

The measured value of the

7

F 0 tt 5D 0 transition dipole mon1ent of the G 1 centre in

Eu 3 + :CaF 2 is extremely large for a europiun1 site. It is at least a factor of three greater
than the dipole moment of Eu~+ :Y 2Si0 5, which was measured to be (5 .0

± 0.1) x 10- 33 C·m

by Lauritzen et al. [391]. In addition , the dipole moment calculated in this work is an
order of magnitude larger than other europium centres such as EuCb · 6H20 [17] and
Eu 3 +P5014 [183], which are characteristic of higher symmetry sites.
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Figure C. 8: The longest coherence t ime observed to date of t he G 1 centre in CaF 2 . The coherence
t ime T2 is approximately 21 µ s . The inset shows the photon counting signals at delays of 20 µs,
25 ~ls , and 30 µs.

The known value of µ also allows the the ratio Tspon/ (2T1) for the G 1 centr
be cornpared with the other materials in T able C .1.
centre T1 = 1.8 ms [4 78], Tspon / (2T1) = 5.16.

to

Given the lifetime of t he Gl

Significantly, in th

limit of lifet im

lin1ited coherence times , t he G 1 c ntre is better suited to achieving strong coupling than
Pr 3 + :Y2SiOs and Pr 3 + :YAG.
Although the observed dipole 111on1ent of the G 1 centre is extremely large for
ropiun1 systen1s . the longest coherence ti111e observed in this study T2

u-

= 20.9 ± 0.1 µs is

subst antially less than observed in europium sites with imilar lifeti111e · [68]. In addition
the current coherence time is a stark contrast to the lifetime limited value of 3.6 n1s.
The 111ain n1echanism lin1iting th

coherence times that was inv tigat d in this study

\Yas the 1nagnetic fluctuations du

the presence of Eu 2 + in CaF2 crystals . 0 th r lik ly

clccoherence mechanisms include fr ee electron spin

present in th

crystal due to the

oxygen incorpor a tion proces . and phonon interactions.
~Iagnetic flu ctuations due to Eu 2+ or free electron-spin flips do not r present a funda1nent al limita tion in thi sy t ern .

ltimately. only a single G 1 centr i required det rmin-

ing tha t the concentration of electron spins in the crystal can approach zero . To achi ve
larger ense1nble of the G 1 centr without incorporating a high den ity of electron spin is

§C.4
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also possible by eliminating the presence of Eu 2+ either during CaF 2 crystal growth [49 7]
or via fluorine oxidation [498]. In addition , b ased on the g factor of Eu 2+ and free electrons [493], it should b e possible to reduce electron spin flips by two orders of magnitude
by applying a static 5 T magnetic field at a temperature of 1.4 K.
The other broadening mechanism t hat may limit the observed coherence times is the
interaction with crystal phonon modes.

The possibility of strong phonon coupling in

the G 1 centre was highlighted by the work in R eference [4 79]. Although the coherence
tin1e of the individual samples studied did not vary by more than 10% between 2 K and
4 K , whether phonon broadening is significantly contributing to the observed homogeneous linewidth has not b een firmly established . A detailed study of the temperature
dep endence of the coherence properties akin to that in Reference [68] would provide
the necessary data to determine whether phonon interactions are the current dominant
decoherence mech anism.
The measurements of the dipole moment and coherence time for the G 1 centre in
Eu 3+ :CaF2 can b e used to estimate the important pararneters for achieving the strong
coupling regime. It is assurned that a Q factor of 6 x 10 10 can b e achieved at a
wavelength of 573.7 nm in a 1 mn1 cavity based on the 1neasuren1ents of CaF2 WGNIRs
at 780 nm reported in R eference [48 1]. The vohune of the fund amental n1ode is t hen
Vm ~ 2 x 10- 13 m- 3 [48 1]. Therefore, based on a lifetime T 1 = 1. 8 n1s [478], a transition
dipole mo1nent µ = 1.7 x 10- 32 C·m (this work), and a coherence time T2 = 20.9 µs (this
·work), the following can b e esti1nated for the G 1 centre
g

~

35 kHz

11,

~

27 kHz

r'h

48 kHz

rno

~

3 x 10- 5

no

~

2.1

(C .10)

Fro1n the esti1nated p aran1eters above, the current p ara1neter space of t he G 1 centre
in Eu 3+ :CaF2 is not sufficient to achieve t he strong coupling regime . However , only small
i1nprovements are required to attain no < l. Attaining t he strong coupling regime is
largely dependent upon reducing r'h · Future spectroscopic studies of this material will
initially focus on achieving longer coherence t imes via t hree strategies . The first is to
investigate the dependence of T2 on t he magnitude and orientation of an applied magnetic
field.

If the obser, ed coherence t imes are limited by a high concentration of flipping

electron spins, a significant i1nproven1ent can be expected at fields on the order of 5 T.
The second strategy is to pursue specifically grown CaF 2 crystals that achieve a high ratio
of Eu 3+ to Eu 2+ . The third option is to investigate the decoupling of the europium ion
fron1 the environmental 1nagnetic fluctuations via the optical ZEFOZ technique [148 , 153].
The combination of these three strategies should effectively elin1inate the decoherence due
to n1agnetic field p erturbations.

388

Future directions: coupling an jon to an optjcal cavjty

If the dominant broadening mechanism is magnetic in nature; it is feasible to exp ect
that an ord r of magnitude increase in t he coherence time could be achieved [147, 49 1].
This would allow the strong coupling regime to be achi ved in CaF2 WGMRs. However,
as noted pr viously phonon interactions may also contribute to the observed broadening.
Therefore , fut ure studies will also consider the temperature dep endence of the G 1 centr
ho111ogeneous linewidth . Overall , the study of the material's coherence prop rties will form
part of a broader investigation to deterrnine the 111echanism that allows the G 1 centre to
possess such a large oscillator strength. A greater understanding of the centre itself 111ay
allow t he identification of other suitable sites for strong cavity coupling.

C.5

Summary

This appendix has provided an insight into one future direction of single rare-earth-ion research. To allow horizontal scaling of fr equency-based quantum computing schemes, strong
interactions between a single photon and a single rare-earth ion is required. Ion-cavity
coupling proposals provide a method for achieving the necessary ion-photon coupling to
allow processes such as deterministic tate transfer b etween remote ions. The proposal
examined in this app endix was the coupling of a single rare-earth ion to the fund amental
mode of a high-Q vVG 1VIR. The general prop erties of the rare-earth ions were discussed in
relation to t he requir 111ents for achieving strong coupling either in the good or bad cavity
limits in vV G :NIRs.
The G 1 centre in Eu 3+ :CaF 2 was t hen prop osed as an alternative to material co111111only considered for t he achievement of strong coupling. CaF2 has been previously d monstrat ed to b e an excellent mat rial for achieving high-Q vVG 1VIR , wit h Q factors in excess
of 10 11 achieved in 111illin1etre diameter cavities . In addition , the measured dipole moment
of the G 1 c ntre is µ = (l. 7 ± 0.3) x 10- 32 C·m; which is sub tantially larger than other
europium sites. The coherence 111easurements yielded a T2

= 20.9 ± 0.1 µs. The main

decoherence 111echanis111 is likely to be magnetic perturbations due to a high density of
Eu 2 + present in the current san1ples .
Gi\-en the e prop erties. the Gl centre in Eu 3+ :CaF 2 is an extremely appealing candida te t o reali e the trong cavity coupling r gime. Future studies will concentrate on
achieYing a longer coherence time and a determination of the mechani m b hind this
centre· · unu ,ual prop erties .
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