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ABSTRACT

This thesis describes the Raman heterodyne detection of magnetic resonance in the 34
ground state of the nitrogen-vacancy (N-V) centre in diamond. The recently developed theory of
Raman heterodyne spectroscopy was tested and compared with the speca measured on the N-Y
centre. Among those resuirs, the electron-nuclear double resonance (ENDOR), nuclear-nuclear
double resonance (double NMR), Autler-Townes effect, coherence transfer and Zeeman guantum
beat were observed for the first time using such wohniques. Raman beterodyne techiiques were
also used to investigate the level anticrossing, hyperfine and nuclear guadrupole interactions, and

spin relaxations of the N-V centre with high sensitivity and precision.

This thesis is comprised of three parts. Part one includes Chapters 1 to 3, providing
introductory accounts, Chapter 1 is an introduction to the N-V colour centtre, which describes
the defect configuration, the spin Hamiltonian and the caleulatdons of energy levels and wave
functons of the *A ground state. Chapter 2 briefly describes the theory of Raman heterodyne
spectroscopy - a coherent optical radio-frequency (RF) double resonance technique, in particuiar
the Raman heterodyne signals at weak and intense RF felds. Chapter 3 deals with experimental
details and techniques ndlized in the studies.

Part two consists of Chapters 4 and 5, where the Raman heterodyne theory is compared
with experimental results. Chapter 4 presents the Raman heterodyne detected nuclear magnetc
resonance (NMR) and electron paramagnetic resonance (EPR) lineshapes compared with
theoretical results at various RF power levels, laser intensities and laser frequencies within the
6380A zero-phonon line. The double resonance spectra obtained by Raman heterodyne

technigues are discussed in Chapier 5, where auention is paid to the analysis of their spectral



profiles depending on the detection scheme.

The application of Raman heterodyne techniques to the studies of magnetic resonance of the
N-V centre is described in part three, consisting of Chapters 6 t0 9. The EPR measurements are
described in Chapter 6, which were used to study various interactions near the level anticrossing,
in particular the spin alignment. The hyperfine and nuclear quadrupole interactions probed by the
NMR, ENDOR and hole burning measurements are described in Chapter 7. From these
measurements, the hyperfine and quadrupole parameters in the spin Hamiltonian were fully
determined. Chapter 8 deals with the Autler-Townes effect in the NMR and EPR transitions. By
measuring the Autler-Townes spittings, the magnitudes of matix elements of the NMR
transitions were examined and compared. Chapter 9 presents the coherent spin transient
properties, including nutations, echoes, Zeeman beating and coherence transfer . The dephasing
time and homogeneous linewidths of the NMR and EPR transitions were then determined from
the echo measurements.

Finally, the thesis is summarized in Chapter 10.
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Chepter 1
THE NITROGEN-VACANCY COLOUR CENTRE
IN DIAMOND

1-1. INTRODUCTION

Diamond has long been a subject of inverest (see e.g. Owen 19635, Loubser and van Wyk
1978, Walker 1979). It has the following charmacteristics that make it pardeularly worthwhiie o
study,

(1} The tetrahedral symmetry about each lattice stte and the simplicity of the laitice have
facilitated the theoretical treatments of optical and magnetic resonances and provided a testing
ground for the calculations on defects or impurities.

(2) The covalent nature of the tetrahedrally directed bonds result purely from the sp?
hybridisation of the carbon awms, and

{3} It has unigue properties such as hardness (10 on Mohs scale), high Debye temperanire
{2230 K)) and large forbidden gap (54 eV,

Cn the other hand, a further understanding of the colour centres is practically Important
for diamond characterization and applications. Compared with silicon, germanium and other
related elerment or compound semiconductors {see e.g. Wéﬂdns 1975), diamond has been studied

in less detail, mainly due to the inability of selective doping techriques.

The nitrogen-vacancy (N-V) colour centre is found in electron or neutron irradiated and
annealed type Ib diamond (du Preez 1965). It is considered to arise from a subsututional

aitrogen accompanied by a vacancy at a nearest neighbour site (Davies and Hamer 1976}



Various experiments have been carried out on the N-V centre:

Photoluminescence (Clark and Norris 1971),

Uniaxial stress (Davies and Hamer 1976),

Electron spin resonance (Loubser and van Wyk 1977),

Optical hole burning {Harley er al. 1984, Reddy er al. 1987),

RF-optical excitation (Bloch et al. 1985b),

Spin coherence {(van Qort ¢t al, 1988, van Qort and Glasbeek 1990a, b},

Cross relaxation dynamics (van Oort and Glasbeek 1989), and

Raman heterodyne spectroscopy (Holliday er al. 1990, Manson er al. 1990, He et al.
1991a, this work).

The optical char%iteristic of the N-V centre is a strong zero-phonon line at 6380A (Davies
and Hamer 1976). The argument in some of the earlier papers concerning the electronic states
involved in the optical transition has become clear recently and it has been shown that the ground
state is a 3A (Reddy er al. 1987). Of particular interest for the N-V centre is the inversion of spin
population in the 3A state at field strengths greater than the level anticrossing, as observed in the
EPR spectra under optical illumination (Loubser and van Wyk 1977). This has led to the

suggestion of constructing a maser without microwave pumping.

This chapter describes the N-V defect configuration, the spin Hamiltonian, and the
calculations of energy levels, wave functions, and magnetic transition matrix elements,
providing an inroductory account of the colour centre. The Raman heterodyne technique is
introduced in subsequent chapters and is used in the present work to study various interactions of
the N-V centre (Holliday et al. 1990, Manson et al. 1990, He er al, 1991a), as will be discussed
in detail in Chapters 6 to 9. Because of its simple spectral structure, the centre provides an ideal
system for testing the theory of Raman heterodyne spectroscopy (Wong et al. 1983, Fisk er al.
1990), particularly for analyzing the spectral lineshapes at various RF power levels, as will be

presented in Chapters 4 and 5.



1-2, DEFECT CONFIGURATION

The N-V centre used in this study was created by IMeV electron frradiation and
subsequent annealing at about 650°C. Considering that the vacancies in diarnond become robile
at this temperature, Davies and Hamer (1976) have suggeswed that the defect consists of a
substitutional nitrogen atom next to a carbon atom vacancy capturing one exira electron
{Fig.1-1). Their optical experiments showed that the centre has trigonal symmetry of point
group Ca, where the €, major principal axis is along the nitrogen-vacancy pair, which is the
crystallographic {111] direction,

There are four orientations of trigonal centres in the cubic lattice (the centres refated by
spatial inversion are magnetically indistinguishable). Figure 1-2 illustrates the C; main axes of
four ensembles of the N-V centres, labeied I, II, I and IV respectively (van Oort and (Glasbeek
1989). Ensemble Iis defined as those whose main axes are glong the {111] direction. When an
external magnetic field H is applied along the [111] direction, ensemble 1is aligned. Only these
aligned centres are considered in this study. In this case, ensembles II, III and IV are
magnetically equivalent and their energy levels become degenerate. In general, the DC magnetic
field direction is aligned in the (110} plane to the [111] direction at a small angle 8 (-1°<B519),
as indicated in Fig.1-2. Angular dependence of resonance spectra can thus be obtained by
changing 0. In this case, enserbles IT, IT and 1V are no longer magnetically eguivalent and their
degeneracy is lifted. The degencracy reflected in the optical hole bleaching spectza in the 6380A

zero-phonon Hne is used to judge the erystal alignment (see Chapter 3).

1-3. ELECTRONIC STATES AND ENERGY LEVELS

The uniaxial stress measorements by Davies and Hamer (1976) showed that the 6380A

zero-phonon line results from an A fo E transition. It was proposed that the states involved in
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FIG. 1-1 Crystallographic symmetry of the N-V colour centre in diamond. The defect has
C4y symmetry and the major principal C3 axis is along the N-V pair in the [111] direction. The

principal coordinate system (X,Y,Z) chosen in the calculations is also shown.
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FIG. 1-2 FPour orientations of the N-V cemres in diemond, where their major principal
axes (N-V pairs) are labeled I, II, III and IV respectively. In the experiments a static magnetic
field H is applied in the X-Z or (110) plane (shaded area) 10 the major principal axis of ensemble
T ata small angle 8 (1758517,



the optical transition were spin singlets, i.e. LA<>1E, and that the EPR signals observed under
optical illumination arise from an intermediate 3A state (Loubser and van Wyk 1977, Bloch et al.
1985a). This conclusion was solely based on the enhancement of the EPR signals upon the
iilumination of light at about 6380A. However, recent experiments have shown the existence of
EPR signals at room temperature without optical ilumination (Nisida er a/. 1989, Holliday
1989). Two-laser hole buming measurements by Reddy et al. (1987) suggested that the centre
has a 3A ground state as the triplets are not excluded from the linear combination of atomic
orbitals (LCAQ) caleculation (Stoneham 1975, Reddy 1989). This was later confirmed by the
experiments using spin coherence {van Qort et al. 1988, van Qort and Glasbeek 19903, b), cross
relaxation (van Qort and Glasbeek 1989) and Raman heterodyne techniques (Holliday er al.
1990, Manson et al. 1990, He er al. 1991a), which gave unambiguous evidence that the
zero-phonon line originates from a 3A<33E transition and that the ground state is indeed a 3A.
The enhanced EPR signals reported previously could be interpreted as arising from opricat
pumping, which favors the population difference in the triplet, This was substantiated by the

appearance of emissive EPR signals at high fields (Loubser and van Wyk 1977).

1-3-1. 3A Ground State

It has been demonstrated (Loubser and van Wyk 1977, 1978) that the 3A state is split by
the crystal field into a doublet and a singlet separated by [DI=2.88GHz at zero field and that the
EPR spectra are associated with three hyperfine lines 0.8G apart when the DC field is parallel to
the [111] axis. The electronic spin triplet (§=1) results from two unpaired electrons and the
hyperfine structure is associated with the nitrogen (14N), the only atom having non-zero nuclear
spin (/=1} in the centre. Other weak satellite patterns were also found in previous EPR

measurements, which were considered to arise from the 1.1% abundant 3C (I=1/2).

As mentioned above, when the magnetic field H is applied along the [111] direction, one



of four ensembles of the N-V centres is aligned. Its Hamiltonian, eigenvalues and wave

functions are 1reated hers.

The magnetic field lifts the degeneracy of the me==t1 states and the two levels split linearly
with increasing field smength (Fig.1-3). At 1028G the me=0 and me=-1 levels (assuming D
»(, see Chapter 6) approach the same energy but do not cross due o the hyperfine interaction
and the slight misalignment of the [111] axis o the field direction in the experiments. This is
generally referred 1o as level anticrossing {LAC). In this anticrossing region, the wave function
is an admixmre of the me=0 and mg=-1 states.

The eigenvalues £, and wave functions >, where n=1, 2...., 6 denotes the spin levels of
the 3A state (the mg=1 state is not included in this study) in the order of increasing energy, are

described by the Schebdinger equation (see e.g. Schiff 1968),

Hln>=Eln>, {1-1}

where #, is the spin Hamiltonian in the presence of a magnetc field &. By solving Eq.(1-1)
the energy levels and wave functions at various field smenpths and oriemations are obtained.

Let IS mg > be the eigenstates of the electronic spin operators 52 and S, and, similarly,
I/ > be those of the nuclear spin operators FF and /,, where $=1 and mg =0,%1 being the
quantum numbers of electronic spin, and /=] and »t; =0, +1 being those of nuclear spin. The

direct product expansion,
1§ me»t I mp> = 1S 1 mg mp> = mgmp>, mg =011, my =021 (1-2)

forms an orthogonal and complete basis, satisfying the usual relationships {(sce e.g. Poole and
Farach 1972). '

At a magnetic field strength far away from the anticrossing (1028G), the electronic spin (5,
mg ) and the nuclear spin (I, m; ) may be good quantum numbers and therefore the eigenstates of
the 3A are mg mp> to a fair approximation. In the anticrossing region, however, the eigenstates

7
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FIG. 1-3 A schematic of energy levels for the 2A«>3E zero-phonon optical transition and
the magnetic ransitions within the 3A ground state of the N-V centre. The broad 3E excited state
is shown by a shaded area. (a) Energy level splitting in a stadc magnetic field H//[111], where
the hyperfine structure is ignored. (b) Hyperfine sub-levels due to 14N nuclear spin at a field

strength greater than the level anticrossing value (1028G).



are in general the linear combinations of the tmg my> basis,

n>= Y ay mgmy) imem;> | (1-3)
mn;

where

fl’;;(mS m;)*—*<m5 ?ﬂgi H>, ﬁ!gﬂ,wl, my :(},ﬁl

are coefficients, which form a representation of the wave function In> in the [ mg myg» basis. The
ms=1 state is ignored here as it lies much higher in energy (-5.8GHz above the m=0 state) in

the level anticrossing region. The wave function in> can be written as a column matrix,

&)
t,(—0)
a{—+)
5 B (1-4)
2, (00
a2, (04)

where + represents +1 and ~ represents —1. The quantity
lan(ms mp 2 = ay"(mg mp) aylms m)
gives the probability of the wave function In> being in the Ing mp> state (see e.g. Schiff 1968},

As img mp> forms a complete basis, observables can be caleulated by solving the eigen problem

in such a space,



The spin Hamiltonian in the presence of a magnetic field is given by (see e.g. Poole and

Farach 1972),
Hy = Hy +Hop +Hyp +3, +H,, (1-3)

where terms in the right hand side represent, respectively, the electronic Zeeman, the
second-order crystal field, the magnetic hyperfine, the nuclear Zeeman and the nuclear electric
quadrupoie interactions. These terms can be expressed in terms of electron and nuclear spin
operators and they have simple forms in the principal coordinate systemn. |

For the trigonal N-V centre, it is convenient to define the coordinate system in terms of the

crystallographic principal axes, where,

X-axis: [112]
Y-axis: [110]
Z-axis: [111],

as shown in Fig. 1-1. The static magnetic field H is applied in the X-Z or (110) plane to the

Z-axis at an angle 6 (Fig.1-2), and therefore its components are
H = H(sinB, 0, cosb),
where H is the magnitude of the magnetic field strength.
It has been demonstrated {(Loubser and van Wyk 1977) that the electronic g-tensor g is

isotropic with g, =g ,= ¢g=2.0028. The electronic Zeeman term is therefore (see e.g. Poole and

Farach 1972),

H;=p5H.2.S
= (y2mH]{ S,cos0 + (§+ + §7)sinB /2], (1-6)

10



where §T and 8 are respectively the Ieiectrezzic spin raising and lowering operators, 3 is the
electronic Bohr magneton (=140 MH=z/(), v=g 1 is the elecron gyromagnetic ratio and the
Hamiltonian {energy} has units of Hz, For the N-V centre, ¥i2r =2 830MH=/C.

It the principal coordinate systom, the D-tensor D is diagonal and the crystal fieki term for

a trigonal centre can be simplified to,

%F‘ = S,D.S
=DISA - S§(S+1)/3], (1-7)

where the zero-field splitting D is related to the D-tensor matrix element by D=3D,.,/2 and it has
been determined previously that P2 88GHz (Loubser and van Wyk 1977}
The hyperfine tensor A for the wrigonal centre can be expressed by the parameters A, and

A and the interaction is given by,

H‘zgp = S.Au{
= ApSoly + Ay (S + ST (1-8)

where It and I~ are respectvely the nuclear spin raising and lowering operators. 14,=2.3MHz
was given by a conventional EPR measurement (Loubser and van Wyk 1977).

As {s in most cases, the nuclear spin is less affected by the surrounding lattice and its
g-tensor g, can be assumed to be isotropic, Therefore, similarly 0 Eq.(1-6) the nuclear Zeeman

term is,

Hy, = -PpH.gyd
= B2m0H [ Leos@ + (It + [Jsin® /2 7, {19}

where f3,, is the nuclear Bohr magneton (8,=0.762 kHz/G) and =g 8, M is the nuclear
gyromagnetic ratio. For N the values are g,=0.4036 and y,/2% =0.307kHz/G (Pople,

Schneider and Bernstein 1959). These values are taken in the calculations of magnetic resonance

11



of the N-V centre,

‘The nuclear eleciric quadrupole interaction is of the same form as Eq.(1-7),

Hp= 1.P.I

=PI, - I{I+1)/3}, (1-10)
where the quadrupole parameter P is related to the matrix eterment of P-tensor P by P=3F,,/2.
In the sbove expressions, it has been assumed that the principal axes of the tensors 4, D
and P coincide as they do in most cases for diamond (Loubser and van Wyk 19783, However,
their anisotropies may not be the same (Abragam 1961, Abragam and Bleaney 19700,
In the lmg my> basis, the spin Hamiltonian is ¢ 6x6 mawix {(Poole and Farach 1972),

Mg m‘zw&!ﬂs >, =1, my =01,

which is represented below corresponding to the order of the img mp> basis indicated.

b -{> > > ($10 {0+>
_ D,a,P K& 0 K 0 0
{ k@kg}rg«bwgw«?é{? y - s 7
kng D 2P gn‘: k§ 0
P kN 2 zP —— A, v
I e M T 2 L 3 «
kG N D 4P A e
il B 0 2 Kt
= A -5y TR
L9 A, k& po2p KL
0 5 - I 3 3 iz
k{ k{ .. 2D P
Y 0 = 0~z R

{(1-11}
12



The parameters in Eq.{1-11) are, k=(y2m)H, kg=(%/27)H, n=cos8 and {=sind.

By diagonalizing the Hamiltonian matrix, Eq.(1-11), the energy levels E,, (in Hz) and the
wave funciions (n> of the triplet, where n=12,...,6, can be obtained as a function of either H or
8. Thus the In>¢>1m> transition frequencies, vy, =lEy~E,,l (n#m, nm=1,2,...,6), are
obtained. Conversely, by fitting the experimental data of resonance frequencies to the
Hamiltonian, the parameters D, A, A; and P are determined. This, in general, can only be
done numericaily,

When H is set far away from the level anticrossing (1028 3}, one of ap,(mqmy) dominates
in gach eigenstate In>,  In the anticrossing region, however, the states are strongly mixed such

that each In> consists of several significant a,(mgm,) components.

1.3-2, 3K Excited State

The first excited state 3B is 1.945eV (6280A) above the ground state and has a radiative
lifetime of 13ns (Collins ez al. 1983). Iis orbital g-value and spin-orbit parameter have been
determined to be g=0.10 and A=30GHz (Reddy et af. 1987), With zero stress, the triplet splits
into three two-fold degenerate levels separated by 4. However, few centres are free from stress
in diamond and it is likely that there is large internal stress which will lift the symmenry of the
centre. The total inhomogeneous width of the 6380A zero-phonon line is about 1THz and there
can be large strain splitiings of the 3E state, as shown in the two-laser spectral hole burning
spectrz (Reddy er al. 1987},

The detailed treatment of the spin levels in the 3E excited state requires a consideration of
the strain distribution inside the crystal (Reddy ef af. 1987, Reddy 1989). Nevertheless, their
actual positions are not a concern for the studies of magnetic resonances in the A ground state.
For Raman heterodyne experiments and calculations in this study, the 2A«3E zero-phonon
trangition driven by a single mode laser can be simply treated as a selective excitation between

the ground state and the excited state of a particular subgroup of N-V centres in the broad

i3



inhomogeneous distribution. The energy level of the subgroup in the 3E state associated with the

3A3E transition is indicated by a line in a shaded area in Fig.1-3.

Although the Raman heterodyne technique is capable of measuring magnetic resonances
either in a ground state or in an optically excited state, we have been unable to detect such signals
in the 3E state. This may be attributed to the very short radiative lifetime (13 ns), which prevents

an appreciable population factor in the excited levels from being obtained.

1-4. OPTICAL AND MAGNETIC TRANSITIONS

The 6380A zero-phonon optical transition and the magnetic transitions within the 3A
ground state are illustrated in Fig.1-3. The optical ransition induced by the interaction between
the electric dipole moment gz and the laser field E; (r.t) is represented by the Hamiltonian as (see

€.g. Yariv 1975),

Hl(t)=—‘.lE.EL(r,t).

The transition matrix element for the 6380A zero-phonon line (4 =<2| yg 13> is determined by

the symmetry of wave functions of both the 3A ground and 3E excited states, where gigis the
component of the electric dipole moment ptp in the direction of the laser polarization, and 12> and
13> are two spin levels in the 3A and 3E states, respectively. In Raman heterodyne
measurements, the laser was polarized along the X-axis or the [112] direction. Because of the
spin-orbit coupling in the 3E state, the optical transition |2>¢3I3> connecting any spin level 12> in
the 3A state is active and significant. This condition is important for obtaining a non-zero Raman

heterodyne signal (see Chapter 2).

14



The magnetic transitions are induced by the interaction between the magnetic dipole

mornent My and the RE field, Hyp(r), described by (see e g, SHchter 19903,

Hy(t)=—14. Hpp(D).
In Raman heterodyne experiments, the RF field was polarized along Y-axis, or the [110]

direction. The magnetic dipole moment of the N-V centre comprises contributions from the

electzanic and nuclear spins,

#y= (18 + yDiin, (1-12)

where its units have been transformed into Hz/G, consistent with the units of Hamiltondan (in

Hz). Its component in the direction of RI* field polarization is given by,

fy = {5t~ §7) & y(IH- 1)1 4n1 (1-13)
The magnetic dipole transition matrix clement or couplifzg strength between 11> and 12>, where
(1> and 12> are two spin levels in the 3A state, is given by L= <liy2>, which determines the

transiticn intensity.

In the Imgm;> representation, the magnetic dipole moment operator (Poole and Farach

1972},
<ang mpliy \mg my>, me=0,~1, m=0%1,

is a 6x6 matrix, which is given below corresponding to the order of mg mg> basis indicated.

15
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The transition matrix element between any two levels, f,=<nluylm> (n=em,
n,m=1,2,..6), in the 3A state at various magnetic field strengths and orentations can be
calcuiated by mansforming Eq.(1-14) into the representation in which the Hamiltoniae Eq.{1-11)
is diagonal.

In usual circumstances, ¥ is much larger than 7, (7y,~10%) and therefore the FPR
transition is much stronger than the NMR transition. In the level anticrossing region, however,
both the electron and nuclear spin states are strongly mixed such that the NMR transition are
greatly enhanced, giving rise 1o significant NMR signals comparable 1o EPR transittons. In this
region, many nonmally "forbidden” wansitions appear and the specira are complicated.

It is worth noting that the NMR or EPR intensity measurad by conventional techniques is
proportional 10 1,52, while the Raman heterodyne detected signal intensity in the weak RF field

regime is proportional to ti;s , as will be discussed in Chapter 2.

Though in the level anticrossing region mg and wy are ne bonger good guantum nambers,
theoretical calculations show that one of the g, (mgm;) components still dominates (>80%) in
each eigenstate |n> unless # is very close to the anticrossing where 1023G<H<1033G (sce

Chapter 7). As most measurements in this study were carried out at field values outside this
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regime, we will use the following notations to label spin transitions,

memmsormg " (memy or mg'esms"(m)  for an EPR transition

my=myermy (me=myg} or miesm {me) for an NMR transiton,

instead of using the symbol l><sln>, The former is more convenient and also physically clear,
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Chapter 2
RAMAN HETERODYNE DETECTION OF
MAGNETIC RESONANCE

2-1. INTRODUCTION

Raman heterodyne detection of magnetic resonance was first reported by Mlynek er al.
(1983) and its detail theoretical description was later provided by Wong et al. (1983), The
technique was developed as a new way for optically detecting magnetic resonance using a
coherent optical radio-frequency (RF) induced Raman effect and is capable of monitoring CW
magnetic resonances or coherent spin transients in both ground and optcally excited states with
high sensitivity and precision. The method surpasses previous optically detected magnetic
resonance (ODMR) techniques and allows the sensitive detection of nuclear magnetic resonance
(NMR) (Mlynek et al. 1983 and Wong et al. 1983), electron paramagnetic resonance (EPR)
{(Fisk er al. 1990, Holliday at al. 1990, Manson et al. 1990) and possibly infrared transitions.
This method has been demonstrated in the following impurity and defect systems:

LaF;3:Pr3+ (Miynek ef al. 1983, Wong er al. 1983, Takahashi er al, 1987 and 1988,
Erickson 1989),

YAIO5:Pr3+ {Taylor 1984, Misunaga et al. 1984 and 1985, Kintzer et al. 1985, Erickson
1990y,

LiYF,:Pr3+ (Erickson 1985),

YAG:Pr3+ (Bloch er al. 1985a)

Y AlQ4:Eu3+* (Erickson 1987),

KEu{WQ,), (Manson and Silversmith 1987),
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Al,04:Cr* {Szaho er ai. 1988 and 19903, and
diamond N-V centre (Fisk gr al, 1990, Holliday er qf. 1990, Manson g2 af. 1990, He ér ai.
1991b, this work),

Figure 2-1 is a simplified schematic of the experimenial arrangement for the Raman
heterodyne detection of magnetic resonarnice of the N-V centre in diamond in this study. A static
magnetic field H is applied such that the system is in the level anticrossing region. A laser field
E; at frequency wy and an RF field Hpp at frequency gy tesonantly drive two coupled optical
and magnetic transitions sharing a common level, which combine in a two-photon process to
generate cohersnt Raman fields at frequencies wp=ay +upe (Fig. 2-2). The two optical fields ay
and ¢, produce a heterodyne beat signal of frequency @y =lay, -, ! detected by a photodiode.
Uniike the usual stimulated Raman effect (see 2,g. Levenson 1982), this is a resonant process in
which all three transitions are either electric or magnetic dipole allowed (Wong er af. 1983). By
sweeping the RF field through the resonance, the spectral lineshape of this magnetic wansition
can be displayed in a spectrum analyzer with kilohertz precision, enabling one to test the line
broadening theory and to analyze the hyperfine inteTaction. Spin transients can also be measured

with appropriate RF switching technigues, allowing observation of spin relaxation behaviour.

This chapter describes the theory of Raman heterodyne spectroscopy, including the Raman
heterodyne signals at weak and irtense RF fields, and the interference effect due to the crystal or
site symmetry. The theory will be tested and compared with the experimental results measured
on the N-V centre in diamond (Chapters 4 and 3). In this study, the Raman heterodyne
technique is employed to measure the magnetic resonances, including the NMR, EPR,
electron-nuclear double resonance (ENDOR), nuclear-nuclear double resonance {double NMR),
Autler-Townes splitting and hole burning effect in the 3A ground state under CW or traasient
conditions. From thege measurements, important properties such as the hyperfine and
guadrupole interaction parameters and the spin-spin relaxation times are determined (Chapters

6-9).
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FIG. 2-1 A basic schematic of the experimental arrangement for the Raman heterodyne

detection of magnetic resonance of the N-V centre in diamond.
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2.2. RAMAN HETERODYNE SIGNMAL

A deuwiled theoretical treatment of Raman heterodyne spectroscopy at weak RF fields was
provided by Wong et af. (1983) using 2 density mairix perturbation method. Recently, a
theoretical description based on the Bloch equations applicable to arbitrary RF field stoengths was
given by Fisk ez gf. (1990}, complementing the previous theory for the weak RF field regime.

Their theories are oatlined below,

The Raman heterodyne technique applies to any three level system > where all three
transitions ¢+, where i, §,/=1,2,3, are dipole allowed (Fig.2-2). For the N-V centre, this
requirement is satisfied because of the spin-orbit coupling in the 3E state (Reddy et al. 1987).
The magnetic dipole transition H1>¢512> is driven by an RF field at frequency @pp (in angular

frequency units),
Hkp(!}=HgFCGS(me!}, (2-1)

where the spatial dependence is ignored because the RF wavelengrth is much larger than the

interaction region. The electric dipole transition 2>+>13> i3 driven by a laser field at frequency

&y, (In angular frequency units),
E; (r.)=Eycos(ay t-k;.r), {2-2)
where &; is the wavevector of the laser. The frequencies of laser and RF field satisfy the

condition @y >> @pp.

The density matrix equations of motion are given by (Wong et af. 1583),
v O
lﬁwgél = #(), pio ] + relaxation terms , (2-3
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where the square bracket denotes the commutation, # is Planck’s constant divided by 2n, pit) is
the density matrix and the Hamittonian #H{t)=F,+#(z) consist of the field free Hamiltonian #,

and the dipole interactions,
Hy(t)=—pip By (v, 1y Hpp(D),

where ffp and gty are the electric and magnetic dipole moment operators, respectively.
The electric field magnitude of the Raman signal E¢{r,t) results from the polarization

Py(r,t) induced in the sample by the applied laser and RF fields, where

Po@ = N[ g, <P 30> + phyy <0 > ] (2-43

and for an opticaily thin sample from Maxwell's wave eguations,

5 o ok 2-5)

where N is the mumber density of the centres, kg is the wave number of the induced Raman field,
iy G4, §4=1,2,3) are the dipole moments of fransitions li>&{7>, py; are the optical coherences
{off-diagonal density mawrix elements) and y is the distance along the sample. The angular
oracket in Eq.(2-4) denotes averaging over the Gaussian optical and RF inhomogeneous profiles.
The tilde indicates that oscillations at optical frequencies have been removed by a suitable
rransformation (Wong er of. 1983, Whitley and Stroud 1976).

The Raman signal field Eq(r,t) and the input laser field E;(r,t) give rise 1o the total field,

Er{rty = Eo{r,ty + Eg(r,).
From the total optical intensity Ir=E7 E;" one obtains the observable heterodyne beat signal,
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IO =Re [GWE,]. 2-6)

The optical coherences can be calculated by solving Eg.(2-3) with relevant conditions and
approximations. Thus the Raman field and the heterodyne signal can be obtained by integrating

over the inhomogeneous distributions.

For a weak laser field, an optically thin sample and the condition that the optical
inhomogeneons linewidth is rouch larger than that of the magnetic transition, which is valid for
the N-V centre in diamond, the resulting Raman heterodvne signal intensity, 75(5, can be

described as follows (Wong et @f. 1983, Fisk er al. 1990},

2
4 )

P—

|
I =C e E J [A 1(“’39) cos(asﬁz} +A6{a3ﬂ,) sin{mm:}! , (Z2-7)

where C i3 a constant of proportionality, 4; =cy —w,y is the laser frequency detuning, @,y and
op are respectively the centre frequency and linewidth of the inhomogeneous optical profile, and
Afwgp) and A,(wgp) are the spectral lineshapes of the in-phase and the 90° out-of-phase
components,

Equation (2-7} indicates that the Raman heterodyne signal consists of two different phases.
Using appropriate detection technigues, gither the in-phase A{ogz) or the cut-of -phase A4 (wez)
components can be selected (see Chapter 3),

The total beat signal, f(1), is the vector sum of two phase components,

EO=Ce 7 Ap(@gp) cosopt +6), (2-8)
where
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Aglgp) =] Al + A’ 29

is the total amplitude lineshape and ¢ is a phase constant, In Eq.(2-9}, the information on the

phase of the individual components is lost. This scheme is referred to as amplitude detection.
Equations (2-7) and {2-8) also indicate that the optical Gaussian profile, expl~{ 4/ 0z )2 1,

is preserved in the Raman heterodyne lineshape if the conditon op »> oy is satisfied. Thisisa

result of the weak laser field approximation,

2-2-1. Weak RF Fields

In the case of weak excitaton fields, Eq.(2-3) can be solved using a perturbation technique
{Wong et al. 1983) to give a perturbative statdonary sclution 1o the equations of motion to various
orders, Wong et al. (1983) have caleulated the second order solutions of the density magrix,
which reflect the two-quantum wansitions. In the weak fleld regime, they showed that the Raman

heterodyne lineshapes are given by,

Bpe+ i r,
AI({}}RF) = [mw "‘“’“‘“””*"""""""""”““U.H e (2-10a)
and
{ARF + 105 )
l {2-10h)

Ay, )= Re wlmg;

where App= togp — @y s the RF frequency detuning, @,; and 0y are respectively the centre
frequency and linewidth (in anguiar frequency units) of the inhomogeneous RF transition, Iis
the transverse or spin-spin decay rate (in angular frequency units} and wiz) is the w-function

{Abramowitz and Stegun 1972) defined as follows,
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im f:‘tz
w(z)=;E—J-—~z—~:-E-dt (m z > 0)

= e? [1 +erfliz) ]

which is related to the error funcdon erf{z). The prefactor in Eq.(2-7) or (2-8) is,
C=m2ky LN pstigsis; (Po-P |)E; 2Hppif? opoy,

where P; (i=1,2) are the field-free populations of state li> and L is the thickness of the sample.
Wong et al. (1983) demonstrated that for a large magnetic inhomogeneous linewidth oy

>>I the Raman heterodyne lineshapes of Eqs.(2-10a) and (2-10b) reduce to,

(2-11a)

and

2
]
UH

A (@) = e [ , (2-11b)

which are the differental Gaussian (dispersive) and Gaussian (absorptve) profiles, respectively.

The theory for weak RF fields predicts that the Raman heterodyne signal amplitude of both
phase components is proportional to:

(1) The laser power, ~E2,

(2) The square root of the RF power, ~Hpp,

(3) The product of the three dipole moments ;514 3443,, and
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(4) The field-free population difference F—P,.

The relatipnship (3) shows that the effect is a three-wave mixing process and that no
Raman heterodyne signal is observable unless all the three mansitions are dipole allowed. The
relationship {4) indicates that a population difference between the levels coupled by the RF field
is required in order to have a non-zero signal. For the resonance where the energy level
separation is smaller than the Boltzroann factor, the population difference is determined, to a

large extent, by optical pumnping effects.

2-2-2. RF Fields of Arbitrary Strengths

The theory of Raman heterodyne spectroscopy with an RF field of arbitrary power level
was recently treated by Fisk er al. (1990) using the Bloch equadons. The density mawrix for a
three level system consists of a 9x9 ser of first order linear differential equations. For the
diamoend N-V centre, the laser field can be treated as a weak perturbation while the RF field is
allowed to saturate the magnetic transitions.  With this approximarion the 9x9 set is reduced to
a 3x3 systern and the solution could be found analytically. In this case, only the cenres close to
the resonance with the laser light contribute 10 the signal and this simplifies the optical

integration, The resuiting Raman heterodyne lineshapes are found to be,

+iVI+S T
Afoy ) =my ékwimg.r“mz (2-12a)
and
(‘ﬁaf-"i' WIS T )
gl =R WJ | (2-12b)

where 5 is a saturation factor defined as follows,



!
S=—7F =2+ (2-13)
o

where [ and /, are respectively the RF intensity and RF saturation intensity, and S5 is the Rabi
frequency (in angular frequency units) of the transition |1>¢5I12>, which is related to the magnetic
dipole moment i;; by, Bpr= l;2 Hrg /h. It should be noted that S depends not only on the RF

power but also on the magnetic dipole moment and the dephasing time.

If the RF field is weak, $=0 and Eqgs.(2-12a) and (2-12b) reduce to their counterparts
Eqgs.{2-10a) and (2-10b).

When the RF power increases, the Rarnan heterodyne signal is broadened and saturated.
With an arbitrary RF field strength, the lineshapes are described by the w-function and
characterized by the saturation factor S. In this case, no simple relationship exists between the
signal amplitude and the RF power. If §is sufficiently large such that (1+5)1217, is much
greater than the RF detuning, App, it can be proved using the rational approximaton of error
function (Abramowitz and Stegun 1972) that the in-phase signal arnplitude is approximately a

constant while the out-of-phase signal is inversely proportional to the square root of RF power,

ie,
A [(a)RF)p_p ~ constant
and
A 1
ol @rply ~ 5

where subscripts p-p and 0 denote the peak-to-peak value and the peak height of the

corresponding spectral lineshape.

Although the Bloch equations seem to be a reasonable approximation to the steady state
28



problem, it is found {Fisk 1991} that they may not hold if the RF power is sufficiently high. In
this case, the dephasing time can not be assumed to be a constant angd, in fact, it may depend on
the RF power as well. The model could be possibly improved by taking into account such
effects using the Redfield theories (Redfield 1955 and 1965},

2-2-3. Optical Pumping Effects

In the theoretical treauments discussed above, optical pumping effects are not taken into
account partiy because of the complexity in modeling them, but also becanse they occur on a
much longer time scale than that of the coherence processes. When the separation of NMR or
EPR levels is smaller than the Boltzmann factor, optical pumping is essential to Raman
heterodyne measurements as it creates the population difference required for an observabie
signal. However, the details of these optical pumping effects are rarely fully understood (Wong
et al, 1983, Erickson 1990, Meanson &f al. 1991} and the methods of obtaining improved Raman

heterndyne signals require a level of experience.

2-3. SYMMETRY AND INTERFERENCE

As can be seen above, the Raman heterodyne signal depends on the prodoet of the three
dipole moments as a consequence of three wave mixing, i.e. g ~U gptystiy; . Since each dipole
maitrix element is phase dependent and appears linearly, destructive interfergnce in the Raman
heterodyne signal may occur, |

Ti has been shown that two effects may lead to complete interference resulting in no Raman
heterodyne signal being observed (Mitsunaga &1 gf. 1985). Firstly, the phenomenon arises from
two Ineguivalent spins that generate Raman heterodyne signals of opposite sign and thus interfere
destructively when their frequencies match (Taylor 1984, Mitsunaga er gf. 1984). Symmetry

analyses of the interference between different sites in solids bave been presented from simple
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group theoretical considerations {Taylor 1984, Kintzer e al. 1985) in terms of the laser, RF field
and Raman signal polarizatons and the crystal axes. Secondly, the interference can alse occur in
a single spin system among Zeeman hyperfine transitons (Mitsunaga et af. 1983) when the

Zeeman levels are degenerate.

Taking into account the symmetry, the Raman heterodyne signal can be written as (Kintzer

et al. 1985),

I= Z X EEH, | Gk = %,9,2) (2-14)
ik

where the nonlinear susceptibility x is a third-rank tensor, which is a function of RF frequency
etc. The macroscopic nonlinear susceptibility must be invariant under the symmetry operations
of the point group. Consequently, certain components may be zero and reladonships exist
among those remaining. For example, for the C3, symmetry the Raman heterodyne signal for

the applied laser and RF fields of

EL = (Ex, Ey, EZ)
HRF = (HI’ Hy, HZ)

can be expressed as follows,

Jr.S‘ = Xoxx [ (Ei_ Ei)Hx - ZExEyHy } + (xxz}+xuy)(ErHy - Eny)Ez '

(2-15)

where the coordinate system (x,y,z) is such that the z direcdon coincides with the C; axis, For
the 3A«»3E transition at a site of Cs, symmetry, the transition is allowed only when the fields

are polarized in the (x,y) plane. Therefore only the first term in Eq.(2-15) remains.
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For the diamond N-V centre in a magnetic fieid along the [111] direction, the EPR level
separations of the A swate for the aligned centres {ensemble I, see Chapter 1) under study are
different from those of the unaligned centres (ensermbles IT, 11! and IV} except at some particular
values of field strengths, e.g. 0 and 600 G (van Oort and Glashbeek 1989). Since these fieid
values are not included in the present experitments, cancellation of the Raman heterodyne EPR
signal due 1o the inequivaient spins is not expected.  Also, because the applied magnetic field
lifts the degeneracy of electron and nuclear spin states, destructive interference doe w the Zeeman
levels does not ocour.

As the static magnetic field selects only one ensemble of the N-V cenires, the local
symmetry rather than the crystal symmetry determines whether the Raman heterodyne signal can
be observed. The N-V centre has Cs, symmetry and for several field configurations the Raman
heterodyne signals are observable (sce Eq.(2-15)). This will be described in detail in Chapter 3.
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Cheprter 3
EXPERIMENTAL DETAILS

A simplified schematic of the experimental arrangement is shown in Fig.2-1. Described in
thiz chapter are the experimenial details for the CW and transient measurements of the magnetic
resonances ¢f the N-V centre in diamond using Raman heterodyne techniques. This includes the
sample and &;:;uipment, the experimental configurations, and the effect of linewidth and

inhomogeneity of the laser and RF fields.

3.1. SAMFLE AND EQUIPMENT

The diamond sample used in this study was a Imm cube with the (110}, (110} and (001)
crystallographic faces. It was mounted, stress free, at the centre of the RF coil located in an
Oxford Instriuments 3T helium exchange gas cryostat and cooled to about 4 K within the bore of
a superconducting magnet (see Fig.3-1). The crystal could be rotated about both axes

perpendicular to the direction of the static magnetic field.

The static magnetic field was applied by the superconducting magnet, which could be
steadily varied from zero to several tesla {inhomogeneity better than | part in 103 in a volume of
3mm3) and set to the magnitude corresponding to the anticrossing region of the N-V centre
(000~1200 G in this study). In this region, the separation between the me=G and mg=—1 levels
in the A state is less than 1 GHz, enabling the RF ficld to be applied and the EPR signals to be
probed without technical difficulty with the available equipment.  The factor which resulis in the
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FIG. 3-1 The experimental geometry and the directions of laser field E;, RF field Hpp, and
static magnetic field H chosen for Raman heterodyne measurements. The parameters are

1=1mm, F=5mm and R=5mnm,
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upper frequency limits is mainly the frequency response of the RF coil and the photodetector
system. Raman heterodyne signals at higher frequencies are expected to be detectable when
these limnitations are overcome.

The crystal alignment along the DC field direction was carried out using an optical hole
bleaching phenomenon in the 6380A line. Hole bleaching occurs due to cross relaxation between
different orientation ensembles of N-V centres (van Oort and Glasbeek 1989, Holliday 1989).
As discussed in Section 1-2, there are four orientations of N-V centres in the crystal. When the
[111] axis is aligned along the field direction, ensemble II, III and IV (see Fig.1-2) become
degenerate, If the field is at such a value that the resonance frequency of ensemble I matches that
of others, cross relaxation occurs. This results in a decrease of the optical hole depth as shown
in Fig.3-2. When the crystal {111] axis is aligned not exactly along the field direction, the
degeneracy is lifted and therefore three lines appear. By examining the line patterns crystal

alignment could be optimized.

A Coherent CR 599-21 standing wave dyetisey was used (with DCM dye), which had an
RMS linewidth of approximately 1 MHz. The laser couid scan automatically over 30 GHz or
mode-hop manually by 200 GHz each step,;.? was used to explore the Raman heterodyne signal
over the large region of the 6380A zero-phonon line and to modify the population distribution
within the ground state through optical pumping. This could improve the Raman heterodyne
signal significantly due to the strong hole burning effect in the optical transition.

An RF field was supplied by a Hewletr Packard HP 8443 tracking generator (linewidth
200Hz) and applied by winding a 5-turn coil (10mm diameter and 5mm iength) of copper wire
around the crystal with its axis along the direction of the laser propagation (Fig.3-1). The coil
had a broadband frequency response and a second RE could be applied to the sarne coil, making
double resonance measurements feasible. The RF generated by the tracking generator was

amplified by an Amplifier Research model SW1000 RF amplifier. In the case where a second
RF field was needed, an addidonal RF generator (Hewlett Packard HP 8601) was used.
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500 600 1028 H{G}

FIG. 3-2 The depth of optical hole in the 6380A zerp-phonon line as a functon of
magnetic field strength. The three features result from the NV-Pl(substitutional nitrogen

impurity) cross relaxation, the NV-NV cross relaxation and the level anticrossing, respectively.

35



The magnetic field amplitude of the RF field produced by the coil at the centre of the coil

is given by (Anderson 1989),

o= F . (3-1)

RF T RF
VFQ@ 4r*

where Hpp has the units of G, n is turns per cm, Ipg is the RF current in A, and # and R are
respectively the length and radius of the coil. Taking into account the geometry of the coil, the

RE field strenpth at the centre of the coil in the experiment is,
HRF = 5.62 IRF ’ (3“2)

where the units are the same as those for Eq.(3-1). The RF field strenpth is determined when the
RF current through the coif is known.

When the output power level of the wacking generator was set to 0dBm and the RF
amplifier was used, the magnetic field amplitnde of the RF figld at the centre of the coil was
typically ~3 G at an RE frequency of 3.5MHz, However, the output RF power from the tracking
generator was found to be dependent on the RF frequency. We bave not reliably established the
RF current in the coil due to the accuracy of available equipment, therefore only relative power

levels were recorded in the experiments (labeled by dB) using an RF attenuator,

The light wansmitted through the crystal was detected by an Electrooptics PD-15 or RCA
30%02E photodiode. The photodiode measured the lghr intensity, which oscillates at the RF
frequency as a result of the coberent Raman heterodyne effect.  The Raman heterodyne signal
was dispiaved on a Hewlett Packard HP 8553 spectrum analyzer {resolution 0.1~300kHz). [n
some measurements a pre-amplifier was used. For phase detection, a home-made RF
phase-shifter was used to adjust the phase of the reference RF field. The output from the
spectrumn analyzer was averaged and stored by a Data Precision DATA 6(X00 or Princeton
Appiied Research model 4202 waveform averager.

For the colierent transient measurements, a locally built RF switching unit was employed
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which was capable of producing RF pulses of variable widths from 0.1 1o 100 ps, digitaily
adjustable. In most ransient experiments, a Watkins-Johnson MIA-11 double balanced mixer

(DBM) was used for phase-sensitive detecton in place of the spectrurn analyzer.

3.2, EXPERIMENTAL CONFIGURATION

As discussed in Section 2-3, taking into account the crystal or site symmetry, certain
gxperimental conditions must be met so that the Raman heterodyne signal can be observed. The
application of a static magnetic field to the N-¥ centre casses the Raman heterodyne signal to be
determined by the local symmetry, For the €5y symmetry, several field configurations can be
used, for which & non-zero Raman heterodyne signal is expected (see Eq.(2-15)) (Kintzer ef al.
1985). As the 3A¢> E mransition of the N-V cenge is forbidden when the laser polarization is
parallel 1o the C4 principal axis, the laser and RF fields must be perpendicular w the Cy axis and
the orientations shown in Fig. 3-1 were chosen, The laser propagated along the [110] direction.
The E-vector of the laser Ey, and the direction of the magnetic field, H, were at an angle 8
{~17<0<1%) relative to the X{112] and Z[111} axes, respectively. The angle 8 could be changed
by rotating the sample about the Y-axis. The H-vector of the R fiekl, Hpp, was set in the [110]

direction. In the experiment, £; , Hpp and H were mumally perpendicular.

3-2-1, Amplitude and Phase Detections

Most of the Raman heterodyne measurements were carried out using phase detection. In
CW measurements, a portion of the RF from the wacking generator was added to the
photocurrent from the photodiode and then sent to the spectrum analyzer. This reference RE
selected one phase component of the Raman heterodyne signal that is of the same phase while
suppressed the other that is 90° out of phase. Therefore different phase components could be

chosen. In mansient measurements, however, the DBM was used and the usnal phase-sensitive
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detection was achieved.

The principle of phase detection in CW measurements is now described. Let A{ @) and
As{ Wy} be two phase components of the Raman heterodyne signal, and the reference RF have
an amplitude Ap, independent of frequency. The phase of the reference is set to be the same as
that of Afd@pe) (Fig.3-3)

In amplitude detection, no reference RF is added and the detected signal {A{cgp)l is thus

the vector swn of the two phase components,

f M%ﬁ}i% Aflwgd + A () 3-3)

In this case, the spectral lineshape depends on the magnitude of both phase components and their
phase information is lost.

in phase detection, the reference RF Ap, where
AR 0 LA](Q)R?}% and |A0ff§§p}§

is added to the resulting signal from the photodiode. With the above condition, the signal
{Ar{ @y pil detected by the specuurn analyzer is then,

E AT (%pji 2\/[Ag+ A[(&‘kp)]g’i‘ A{}(%F)Z
12
= Ay [1+2, () 14, ] (3-4)

s AR “Q*A!(ﬁ}RF) '

which reflects the in-phase lineshape A{epp) and is insensitive 10 Ag{e@pp). The lineshape
Aftiie) can therefore be displayed on the spectrum analyzer by choosing an appropriate offset.
We found that this is a very simple and convenient technigue for seleciing phase

components and this technique enables one to compare and analyze both the Raman heterodyne
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FIG. 3-3 Phase diagram showing the relationships among the Raman heterodyne signals
and the detected signals in amplitude {a) and phase (b) detection schemes.
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phase and amplitude profiles. In the NMR measurements, an RF phase shifter was used to
adjust the phase of the reference RF such that it matched the phase of one components.

In the EPR measurements, however, phase adjustment was achieved by changing the
position of the photodiode rather than using the RF phase shifter, which was not usable for an
RF frequency greater than 30 MHz. This is equivalent to changing the relative phase between
the Raman hetercdyne signal and the reference RF. A change in distance AL corresponds to a

change in the RF phase,
A¢ = (CDRF/C) AL, (3-3)

where ¢ is the speed of light. With an RF frequency of 100 MHz, the required distance for
changing the Raman heterodyne signal from the in-phase component to the 90° out-of-phase

. 3
component is 75 cmn (a quarter of the wavelength). Sf““ ot hgnt Ve corawial cable s ze

al\d, ‘H-‘..qil"‘d"ﬂ, deabontd © FO0um,

3-2-2. CW Measurements

The experimental configuration for CW measurements is shown in Fig.3-4. The linearly
polarized CW laser at 6380A excited the JA<>3E zero-phonon transition. The laser had a beam
diameter of approximately 0.1 mm and an output power of 120mW. The laser power could be
changed in the range of 10 ~ 120 mW using neutral density filters. Lenses were used to focus
the laser beam onto the sample and the photodiode. The RF field in the range of 0 ~ 1GHz (0~10
MH:z for NMR and 20 MHz~1GHz for EPR) generated by the tracking generator and applied by
the coil excited the magnetic transition in the 3A ground state. A 50 Q load connected in series to
the coil was used to dissipate the RF energy. In the hole buming, Autler-Townes effect and
ENDOR measurements, an additional RF produced by the second RF generator was put into
the same coil. The Raman heterodyne signal detected by the photodiode was amplified and then

displayed by the spectrum analyzer, ineither phase or amplitude lineshape, as discussed in
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FIG. 3-4 Experimental configuration for the CW Raman beterodyne measurements of

magnetic resonance of the N-¥ centre.
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sectien 3-2-1. Finally the DC ocutput from the specrrum analyzer was averaged by the

waveform averager and plotted out.

In cases where it was necessary o achieve high accuracy for the spectral lineshape
analysis, an optical power as low as 10 mW was employed. Saturation of the RF trangition was
avoided by attenvating the RF power by 30~50 dB, so that the field was in the low power
tegime. Even under these conditions, the Raman heterodyne signals were easily detected without
AVErAZIing,

A strong background signat was sometimes observed in the NMR measurements, which
camg from the EPR mansitions when the [111] crystal axis was very well aligned along the
magnetic field direction, This was overcome by slightly altering the crystal orientation until the
background was sufficiently reduced, allowing the study of the pure NMR speciral lineshapes,

In the EPR measurements, by sweeping either the RF frequency or the static magnetic
field, the lineshapes were determined. Because of the effects of RF pickup, it was preferable i0
sweep the magnetc field rather than o sweep the RF frequency. In the former case any
background signal due 10 the RF pickup was then constant and did not affect the EPR profiles,
When sweeping the magnetic field, the output from the spectrum analyzer was directly plotted
out and a sweep rate of 0.1~1G s-! was used. The low sweep rate was chosen to avoid
possible hysteresis effects in the magnet.

For phase detecdon of ENDOR, the in-phase or the 90° out-of-phase EPR signal was
achigved first, then the EPR signal amplitude at a particular resonance line was recorded as a
function of the second RF frequency. In amplitude detection, the ENDOR. signal reflected the

total change in the two EPR phase components.

3-2-3. Transient Measurements

Most of the arangement remained the same for the coherent mansient measurements except
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for the RF system {Fig.3-5). The RF sv?itch unit was used to pulse the CW RF field produced
by the RF generator, while the laser remained CW. A trigger signal (gencrated inside the RF
switch unit) controlled the RE switching and the wavefanﬁ averager with a repetiion rate of
typically 10ms. A portion of the CW RF from the generator was sent to the DBM as & local
oscillator. The signal detected by the photodiode was amplified by a broadband and low noise
RF amplifier before being sent to the DBM, where it was mixed with the local oscillator. The
D output from the DBM was then connected o the waveform averager, agadn after being

arnpiified.

For the wansient ENDOR measurements, an additonal RE generator was needed (not
shown in Fig.3-5). The RF driving the EPR transition was kept CW while the one driving the
NMR transition was pulsed (Chapter 9). The signal amplitude monirored at a particular EPR
ling was then recorded as a funcdon of tme. In this way, the response of the EPR signal due o

the transient NMR could be examined.

3-3. LINEWIDTH AND INHOMOGENEITY OF THE LASER AND RF FIELDS

The radiatve lifetime of the 3E state is 13ns (Collins ef a/. 1983} and the optical dephasing
time may be shorter (see £.g. Bartola 1968). Therefore the relevant coherence among the three
ievels in the Raman heterodyne scheme (Fig. 2-2) is established by the optical field over a time
scale of ns. With a linewidth of 1MHz, the laser has a coherence time much longer than a few
ns. As a consequence, the frequency jitter will not add significantly to the noise of the Raman
signal due to the loss of optical coberence. On the other hand, with a lifedme of ~ns, the optical
homogeneous hnewidth is expected to be ~100MHz or greater, much larger than the laser
linewidth. This implies that the laser selectively excites a subgroup of centres during a CW
measurement and no significant foctuations are expected owing o the involvement of different

resonance frequencies.
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Due to the Gaussian spatial distribution of the laser intensity, the active centres iocated in
the Jaser path experience different optical field strengths. However, providing the laser is in the
low power regime, such difference does not affect the Raman heterodyne lineshape except the

signal magnitude, which is proportional to the laser power,

The CW RF produced by the tracking generator was very sharp in frequency (linewidth
Z00Hz) compared with the hotmogeneous linewidth of the magnetic transition (~kHz). With the
broadband response of the RF coil, the RF ficld can be considered as a highly stable coherent
source,

The dimensions of the diamond crystal {Linm cube) located in a 5-turn coil (10mm diameter
and 5 mum length), however, may give rise to the inhomogengity of RF field strength inside the
sample as the active centres located at different parts of the sample receive different RF field
strengths,  The difference between the field strength at the centre of the sample and that at the

edges is estimated with the experimental geometry 1o be,
Aﬁ'&p”ﬂ.ﬂai HRF? (3'6}

which is about 3 percent of the value at the centre of the sa:nplé. In the low RF power regime,
such difference is negligible. However, at high power levels, the inhomogeneity may be
significant. This inhomogeneity causes addigonal broadening in the magnetic ransitions, where
the observable signal depends on the RF power level as  in the nutation and the Autler-Townes

splithng measurements.
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Chapter 4
NMR AND EPR LINESHAPE ANALYSIS

The following assumptions made in the theoretical treatment of Raman heterodyne detected
magnetic resonance (Wong er al. 1983) are all satisfied for the N-V centre:

(1) All the three transitions in the Raman heterodyne scheme are dipole allowed due 1o the
spin-orbit coupling in the 3E state.

(2) The optical transition frequency (~1014 Hz) is much greater than the magnetic transition
frequency (105~10° Hz).

(3) The strain broadening of the optical transition (~THz) is large compared with the RF
inhomogeneous linewidth (kHz~MHz), and

(4) Although our diamond sample is 100% absorbing in white light absorption at 63804,
the hole bumning effect substantially reduces the absorption when exposed to a focussed laser
beam, such that the optical signal field can be described by Maxwell's wave equation.

Therefore, the N-V centre provides an appropriate system for testing the theory of Raman
heterodyne spectroscopy (Wong et al. 1983, Fisk et al. 1990), particularly for analyzing the
spectral lineshapes at various RF power levels. All the NMR resonances are well separated and
one can study an individual non-degenerate transition. Consequently, the lineshapes can be
analyzed and compared with theoretical results in detail. Compared with the NMR, the EPR
spectra are complicated due to the hyperfine interaction associated with the nitrogen nuclei
("4N). Three allowed transitions are prominent. Forbidden transitions also arise when the

magnetic field magnitude is close to the level anticrossing,

This chapter presents the Raman heterodyne detected NMR and EPR lineshapes and the

theoretical results at various RF power levels, laser intensities, and laser frequencies within the
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63804 zern-phonon line.

The coherence processes involved in the Raman heterodyne detection of NMR and EPR in
the 3A ground state is shown schematically in Fig.d4-1. The static magnetic field along the {111}
crystailographic direction is of such 2 magnimde that the syatem is close to the level anticrossing.
It is near this anticrossing that the NMR and EPR were found to be detectable. In the
measurements, the magnetic mansition [1>63{2>, cither an NMR or an EPR in the 3A state, was
driven by an RF field, cpp, while the 6380A 3A¢s 3E optical transition 12>4513> was driven by
a laser field, wy. The NMR or EPR signal at the frequency @gp=twy @yl was detecied as

discussed in Chapter 2.

4.1. INHOMOGENEQUS LINESHAPES AT WEAK RF FIELDS

4.1-1. XMR Transition

Figures 4-2 and 4-3 show two typical Raman heterodyne detected NMR signals associated
with the m=0¢s~1{mg=() ransition in the 3A ground state in dispersion (in-phase component)
and absorption (90° out-nf-phase component} measured ai a magnetic field of 1058 G, Phase
detection scheme described in Chapter 3 was used, where the probing RF power was attenuated
such that no power broadening effect occurred. The laser powers were also setin the low power
regime. The detected signal lineshape was found 1o be very sensitive to the phase of the reference
RF and by carefully adjusting the phase either the in-phase or the out-of-phase component could
be easily selected. In the experiment, the output from the spectrum analyzer was directly plotted

out without averaging, and the mace indicates the signal-to-noise ratio as well.
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FIG.4-1 Level splitting in the magnetic field (a) and the energy levels and coherence
processes involved in the Raman heterodyne detection of EPR (b) and NMR (c) in the 3A
ground state of the diamond N-V centre. Only the anti-Stokes processes @Wp= Wpp+ @y, are

illustrated. In (a) and (b) the hyperfine sub-levels are not shown.
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FIG. 4-3 The same NMR signal as in Fig. 4-2 but with a laser power of 10mW.
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Data-fitting to the theoretical expressions shows that the NMR lineshapes are well
described by the w-function of Eqs.(2-10a) and (2-10b), with a Uinewidth {FWHM) as narrow
as 3.4 kHz The observed spectral lineshapes are in good agreement with the Raman heterodyne
theory in the Jow RF power regime (Wong er /. 1983). However, the NMR lineshapes
measured here were found not to have Gaussian profiles, in conwast to the previous results
{Mlynek ez al. 1983, Wong ez al. 1983). This is due 1o the fact that the homogeneous linewidth
for the mp=0e3—1{my=0) transition {1.2kHz) (see Chapter 9) is almost the same as the
inhomogeneous linewidth therefore the Voigt convoluton profile does not have (laussian

characteristics.

Experimentally, the NMR signal size could be improved significantly (by a factor of 2~8)
by dithering the laser frequency within the §380A zero-phonon line. Increasing laser intensity
also improved the NMR signal magnitade as well as the signal-to-noise ratio. Neither of these

modifications to the experiments was found to affect the spectral lineshapes.

4.1-2, EPR Transition

Figure 4-4 illugtrates the Raman heterodyne detected EPR signals associated with the
my=—1630 (mpe)k1) transitions at a magnetic field of 995 G observed by scanning the RF
frequency, where the background signal due o the RF pickup has been subtracted. In the
experiment, both the RF and the laser were in the low power regime. Phase detection was
employed and the dispersive and absorptive components were obtained by adjusting the position
of the photediode as discussed in Chapter 3.

The alternative way of measuring the EPR is sweeping the magnetic field while keeping the
RF frequency constant (Holliday et af. 1990). The result obtained using this method is shown in
Fig.4-3, where the signal is due to the same transitions as in Fig.4-4 and the RF frequency was

95 MHz. Other sertings were the same as those in Fig.4-4.
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In either Fig.4-4 or 4-5, three hyperfine components are clearly resolved in both dispersive
and absorptive lineshapes, which correspond to the allowed transitions mg=—1430 for each of
the nuclear spin orientationsmy=—1, 00 and +1. The hyperfine spliting measured here is 2.2
MHz or 0.78 G, compared with 2.3 MHz or 0.83 G obtained by conventional EPR technique at
the microwave frequency of 9.4 GHz (Loubser and van Wyk 1977). The difference is due to the
state-mixing near the level anticrossing (see Chapters 6 and 7), which causes small changes in
the energies of hyperfine sub-levels. Comparison with the theoretical lineshapes indicates that
each hyperfine component in the EPR spectra has profiles described by Eqs.(2-10a) and (2-10b},
as expected for the inhomogeneously broadened transition probed by a weak RF field (Wong et
al. 1983), The linewidth (FWHM) of each component is ~2MHz, compared with ~kHz for the
NMR. This is because the electron wave function has a much larger spatial extent and therefore
the crystal irregularity gives rise to a much broader inhomogeneous linewidth (Abragam and

Bleaney 1970).

The two detection schemes (RF frequency sweeping and magnetic field sweeping) yield the
same signal, which are related to each other by the relationship, wgg~9#, where ¥is the electron
gyromagnetic ratio (¥2n=2.80 MHz/G). In practice, better phase profiles were obtained by
sweeping the static magnetic field, as any background signal due to RF pickup was constant and
therefore did not affect the lineshape. When sweeping the RF frequency, the EPR signal was
displayed in real time and consequently it was convenient for phase adjustment. However, when
sweeping the magnetic field, the lineshape could only be assessed after a slow sweep taking
more than a minute and it was much more ime consuming to make appropx;i@te adjustment to the

phase.
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4-2. RF POWER BROADENING AND SATURATING EFFECTS

The RF power received by the active centres located in the sample with a cross section area

A perpendicular o the axis of the coil can be estimated by {see ¢.g. Jackson [975),

L CA 4
Pap=go Hep (4-1)

where ¢ is the speed of light and » is the refractive index of the sample. The RF power is
proportional to the sguare of the RF magnetic field amplitude. In Raman heterodyne
experiments, the RF power was varied by changing the RF current in the coil, which is
proportional to the magnitude of the RF magnetic field (see Eq.(3-2)), and the relative power

level was labeled by dB.

4-2-1. NMR

The 5.38 MHz NMR associated with the m=0¢->—1(m=0) mansition at a magnetic field of
1055 G was measured at various RF power levels from (dB to —60 dB while the laser was kept
in the low power regime. In Fig, 4-6 , some of the experimental Hneshapes (higher races) are
plotted and compared with theoretical calculatons (lower traces).

At low powers, the signals have profiles described by Eqs.(2-10a) and (2-10b}, as have
been analyzed in Section 4-1. When the RF power is increased, the linewidth is broadened
and the signal magnitude is saturated. The saruration characreristics of the in-phase and

out-of-phase components are totally different. This results in anomalous lineshapes using
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amplitude detection, where a “hole” appears in the middle of the line at high powers. In
amplitude detection, the lineshapes are obviously asymmetric at high powers due to the
interferance effect between the NMR and the background signal, which arose from the EPR
when the crystal was well aligned.

Theoretical profiles were calculated using Eqs.(2-9) and {2-12). In the calculations, the
parameters I»=0.6 kHz and 6y=2 kHz were used as determined by the spin echo (Chapter 9)
and the weak field NMR (Section 4-1) measurements. The saturation factor § in Eqgs.(2-12a)
and {2-12b) was considered as a free parameter. Its values used in the calculadons were (.13,
1.5, 15, 150 and 1500, respectively, increasing by 10dB for each trace, corresponding to the
~50, —40, 30, ~20, and —10 dB power settings in the measurements, From Fig. 4-6 one finds
a good agresment between theory and experiment. However, comparison of the amplitude
lineshapes with the theoretical traces is less satisfactory at higher powers due to the interference

effect.

Figure 4-7 shows the dependence of the NMR signal amplitude, peak height in the
absorptive component or peak-to-peak value in the dispersive componen! on the RF power level
compared with theoretical predictions, Below -50dB the NMR signal increases with the square

root of RF power, being in agreement with the theoretical relationship,
Ig ea Hyp o« (RF power)12, (4-2)

predicted for the weak RF field regime (Wong er af. 19833 This indicates that for the NMR the
RF power below ~30dB can be treated a5 a low power level for the experimental setups. Above
—50 dRB, the signal begimto be saturated. For strong RF fields, the in-phase peak signal size is
unchanged while the other phaée signal size drops, approximately with (RF power)'12, The
saturaton behaviors are found tobe well described by Eqs.(2-1Za) and (2-12b) (Fisk eral.
1990) as indicated by the solid curves in Fig. 4-7.
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For the lineshapes of Egs.(2-10a) and (2-10b), the linewidth (FWHM) of the absorptive
profile, Aw; -, is related 1o the peak-to-peak width in the dispersive profile, Aw,_,, by

AWyn =15 40, , (4-3

therefore the linewidth can also be obtained from the dispersive phase components. The
measured NMR linewidth (FWFHM) and the corresponding theoretical predictions are plotted as a
function of RF power in Fig. 4-8. One can ses that the linewidths obiained from both phase
components are approximately the same and Eﬁchmged below -50 dB, but increase drastcally
when the power is above —50 dB. This power level coincides with the one below which the
NMR signal size depends linearly on the RF power. At high powers, the linewidth is found to
increase with the square root of the RF power. A good agreement between theory and
experiment is evident for the NMR linewidth over the power rﬁnge of 0~-60 dB,.

It should be noted that at high powers the lineshapes are no longer those described by
Eqs.(2-10a) and (2-10b) therefore the linewidth calculated from the dispersive component using

Eq.(4-3) differs from that of the absorptive component.

4-2-2. EPR

The EPR lineshapes were also measured at varicus RF power levels (-5dB~—50dB), where
similar to the NMR measurements the laser was kept in the low power regime. Some of the
results are illustrated and compared with theory in Fig.4-9, where the RF frequency was 95 MHz
and the centre magnetic fleld was 995 G,

As can be seen in Fig. 4-9, at low RF powers, the three hyperfine components clearly
appear. At higher powers, however, the transitions are broadenad such that the individual

lineshape can no longer be distingnished.  Similar to the NMR case, one finds that the
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dispersive compoanent connues to grow while the absorpiive component reaches 8 maximum
then at higher powers decreases, resulting in a “hole” in the middle of the amplinade spectra (Fisk
er af. 1990). Despite the hyperfine strucwure, the anomalous lineshapes are similar to those
observed in the NMR. The lineshapes obtained using absorptive phase detection at high powers
are less reliable due to the experimental difficulties in phase adjustment.

In the theoretical calculatons, the EPR signal was considered as the sum of three
independent hyperfine components separated by 0.78G. The in-phase and the out-of-phase
lineshapes were calcnlated first using Egs.(2-12a) and (2-12k). The total amplitade lineshape
was then cbiained by adding the two phases using Eq.(2-9). Parameters used in the caculations
were [=0.02 MHz and dyy=1.0 MHz, again determined from the spin ccho (Chapter 9) and the
weak field EPR (Section 4-1) measurernents, The saturation factor § was taken to be 0.02, 0.2,
2, 20 and 200, corresponding to the —50, —40, 30, —20 and -10 dB power settings. As can be

seen in Fig.4-9, 4 reasonable apgreement is clear between theory and experiment.

Figure 4-10 plots the measured EPR signal amplitude as a function of RF power compared
with theoretical predicrions, The signal size here is the toral contribution from the three hyperfine
ransitions. It is clear that below —35 dB the signal amplitude increases with (RF power)ifZ,
again being consistent with the prediction for the low RF field regime (Wong er al. 1983). At
higher powers there is an indication of saturation. Unlike the NMR, however, the crideal RF
power level, at which the absorptive signal bégins to drop and the dispersive signal reaches a
maximum has not been reached, This is a consequence of the limited power available and as a

resuit the RF saturation dependency at higher powers for the EPR could not be smdied.

4-3. LASER POWER DEPENDENCE

Similar w» RFE, the laser power received by the active centres inside the sample is

proportional to £;? and the cross section area of the laser beam A (Jackson 1975),
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p, =crd g2 a-4)

in the experiments, the laser power could be changed using various neutral density filters and

measured by a power meter.

The 5.38 MFlz NMR signal amplitude and linewidth (FWHM) are plotied against the laser
power in Fig.4-11 and 4-12, respectively. In the measurernents, the RF was set in the low
power regime and the magnetic field strength was 1058 G. Increasing laser power improved the
signal size in both the dispersive and absorptive components. The signal armnplitude was found to
be linear in the laser power initially but tended to be saturated when the power was greater than

60 mW. The linear dependence is in agreement with theoretical prediction (Wong er al 1983},

g e Eyp? o laser power, {4-5%

for the weak laser field approximation. Also, there is no appreciable change in the linewidth
below 60 mW. The power levels below 60mW can thus be considered as being in the weak laser

power regime, Therefore, in all other measurements, the laser power was kept below 60 mW,

Several mechanisms ¢an evidently affect the Raman heterodyne sigoal size at high laser
powers. One is the strong hole burning effect in the 63804 zero-phonon line, which reduces the
optical absorption, Another is the population distributon within the spin levels of the A state,
which can be affected significantly by optical pumping. Consequently, the field-free population
difference P;—F; is disturbed. Such optical pumping effects will be discussed in Chapters 6 and
7. Another possible mechanism affecting the Raman heterodyne signal may be the population
storage 2.g. in the mge=I state through inter-system crossing. This may reduce the number of

centres as the laser power increases.
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FIG. 4-11 The 5.38 MHz NMR signal amplitude as a function of laser power.
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4.4. LASER DETUNING WITHIN THE 6380A ZERQ-PHONON LINE

The 6380 A zero-phonon line is inhomogeneously broadened due to crystal strain. By
manually mode-hopping the laser by 200 GHz in each step, the Raman heterodyne NMR and
EPR signals can be explored within the inhomogeneous line. The NMR lineshapes measured at
various laser frequency detunings within the zero-phonon line are plotted in Fig4-13. It was
found that the Jaser detuning did not affect the speciral profiles excepe for a decrease of the signal
size. This implies that there is no appreciable difference among different subgroups of N-V
centres in the inhomogeneous distribution contributing to the Raman process except via their

purnber densities, which determine the signal amplitade.

The theory for weak laser fields predicts that the Raman heterodyne signal amplitude
changes with the laser detuning Ay with, ~exp[<{A;/0z)?], (see Eqs.(2-7) and (2-8Y), where oz
18 the optical inhomogenesus newidth. For our sample we found that the NMR and EPR signal
size dropped appreciably when the laser was detuned from the 6380A line centre, as shown in
Fig. 4-14, where the envelope of the best-fit is assumed to be a Gaussian profile. The linewidth
(FWHM) determined from the envelope (~320 GHz) is narrower by a factor of 3 compared with
the inhomogeneous linewidth (FWHM) measured by excitztion spectroscopy {~1000 GHz)
{Reddy 1989),

The reason for the difference is not completely clear. It is possibly due to optical pumping
and relaxatons, which affect the population factor, PP, and thus affect the detected signal.

As the Raman hetzrodyne signal is proportional to,

I~ (PF3) expl~{4;/0p)%,

any change in the population factor will alter the NMR or EPR signal amplitude. For our
diamond sample, the hele burning effect substantiaily reduces the oprical absorption when

exposed to a focussed 6380A laser beam, particularly when the laser frequency is in the wings of
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FIG. 4-13 The Raman heterodyne detected NMR lineshapes as the laser is detuned within
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the line (Holliday 1989). Ir was also found (Reddy 1989) that the optical hole bumnt in the
zero-phonen line became broader as the Iaser was detuned from the line centre. These
phenomena imply that the relaxation processes in the optical transition may change with the laser
frequency. As a resnlt, the NMR or EPR signal with the laser being in the wings may be
reduced even more and the linewidth of the Raman heterodyne signal envelope is then smaller.
In a recent ¢xperiment, van Oort er @l (1991} observed that the ODMR signal of the N-V
centre detected using optical excitation was enhanced by the applicadon of a microwavesat 2.88
(GHz when the laser frequency was detuned in the "red” wing of the 6380A zero-phonon Kne
while the signal was reduced when the laser was in the "blue” wing. We found, however, that
the Raman heterodyne signals were detectable only when the laser frequency was in the low
frequency parts of the optical line, as can be seen in Fig.4-14. This phenomenon s possibly due
to fast relaxations from the higher frequency components to the lower ones in the 3E state. Asa
result, the Lifetime of an energy level in the higher frequency parts of the excited state is not long
enough to maintain a population difference over a desirable period of time and therefore no

Raman heterexdynie signal is detectable.

4.5, CONCLUSIONS

The Raman heterodyne detected NMR and EPR lineshapes in the A ground siate of the
N-V cenire have been measured at various RF powers, laser intensities and laser frequencies and
compared with theory. At low EF powers, the lineshapes were found to have profiles of
Egs.(2-10a) and (2-10b]) as predicted by theory (Wong e al. 1983). The NMR signal with a
linewidth (FWHM) as narrow as 3.4 kHz was obtained. In the EPR experiments three hyperfine
components were clearly resolved either by sweeping the RF frequency or by sweeping the
magnetic field,

When the RF power was increased, the NMR and EPR transitions were broadened and

saturated. The lineshapes measured with intense RF fields were found to be reasonably well
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described by the theoretical model developed by Fisk et af. (1990). Both the signal size and the
linewidth at arbitrary RF powers were also found to be consistent with the theoretical
predictions. Because of the different saturation characteristics for the in-phase and the 90°
out-of-phase components, their signal magnitude differs as power increases. This results in the
anomalous lineshapes at high powers using amplitude detection.

The Raman heterodyne signal was found to increase linearly with the laser intensity in the
low laser power regime, being in agreement with theory, but tended to be saturated at higher
intensities,

Laser detuning within the 63804 zero-phonon line did not alter the spectral profiles except
for a change of the signal size. The Raman heterodyne signals were found to be detectable only
when the laser frequency was in the low frequency components of the optical line and the
linewidth determined from the NMR or EPR signal envelope as the laser was detuned within the
zero-phonon line was found to be much narrower (~320GHz) than that determined by optical

excitaton technique (~1000GHz).
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Chapter 5
ENDOR AND DOUBLE NMR SPECTRA

Magnetic double resonance measurements (see e.g. Slichter 1990} can be achieved by
introducing a second RF field to drive an additional spin wansiton while monitoring the change
in a Raman heterodyne EFR or NMR signal (Fig 5-1) (Manson ef 2/, 1990).  For example, in
electren-nuclear double resonance (ENDIOR) (Feher 19573 measurements, the transition between
any two nuclear spin levels in the A ground state can be measured by monitoring the amplitude
of the EPR signal while scanning a second RF in the range of 0~8 MHaz. ‘Similariy,
nuclear-nuclear double resonance (double NMR) (Harmmann and Hahn 1962) can be obtained if

an appropriate NMRE line is monitored.

This chapter deals with the ENDOR and double NMR lineshapes measured using Raman
hetercdyne techniques. Attentdion is paid here to the analysis of their spectral profiles, e.g., how
they depend on the RF power, the EPR resonance, and the detection scheme. The application of
ENDXOR measurements to the studies of hyperfine and nuclear quadrupole interactons in the 3A

state will be discussed elsewhere (Chapter 7).

The coherence processes involved in the double resonances are shown in Fig.5-1. In
ENDOR measurements, the EPR transition is driven by an RF field, @pp, while the 6380A
optical transition is driven by & laser field, ;. A second RF, 0'pp, is used to drive an
additional spin transition and it in fact alters the spin population within the hyperfine sub-levels.
The EPR signal amplitude is changed each time when @z is in resonance with a nuclear

transition. Likewise, the second RF affects the magnitude of the NMR signals and an equivalent
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spectum ~ double NMR - can be generated by monitoring an NMR signal as a funcrion of the

second RF frequency @'pp.

5-1, ENDOR: DEPENDENCE ON RF POWER

Figure 5-2 shows several ENDOR spectra measured at various power levels of the swept
RF. In the experiment, the first peak in the EPR amplitude spectrum at 98MHz was monttored
as a function of the second RF frequency. The RF driving the EPR transition was set in the low
nower regime and the measured spectra represent the change in the total EPR signal amplinde.

At the —-30dB power fevel, only the m=0431(m=0) and mp0c—-1(m=0) transitions
were detectable, The m=0¢>-1(m=0) transiton at 5.3 MHz has a linewidth (FWHM) of 40
kHz at this power level, compared with the NMR linewidth of ~5kHz (Chapter 4). As ENDOR
is measured by wmonitoring an EPR signal, the EPR processes can cause additional broadening to
the observed linewidth (Abragam and Bleaney 1970}, such as the inhomogenecus broadening of
the EPR line, and the cross relaxadon within the electron spin system, where nearby centres
whose resonance frequencies coincide may exchange a quantum energy and undergo a flip-flop
wansition.

The swept RF power level affects the spin populations and hence the associated ENDOR
signals. The other four transitions were observed at the power level of —~10dB. At this high
power, the ENDOR lineshapes become complicated, an example of which is the 7.0 MHz line,
whick has a dispersive profile due to interference effects.

At the highest power level (-104B), all nuclear ransitions within the m =01 states
appear. Their resonances are-at 0.7, 3.2, 3.8, 4.8, 5.2 and 7.0 MHz, corresponding to the
transitons indicated in the figure. The first and third lines are "forbidden” ransitions and found

to appear only in the ENDOR measuwrements. The other four allowed transitions are in agreement
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with those observed in the NMR (Chapter 7). Relaxation proceeds between all the hyperfine
sub-levels at a rate ~1/T;, where T; is the spin-lattice relaxation time, so that the spin
populations of all levels are indirectly affected by the swept RF after a time of order 7. The
population re-adjustinents within the spin levels due to the spin-lattice relaxation processes leads
te the observadon of all nuclear spin wansitions although only one single EPR resonance is

monitored {Abragam and Bleaney 1970}

5-2. ENDOR MEASURED IN DIFFERENT EPR PHASE COMPONENTS

Figure 5-3 plots two typical ENDOR races measured in different EPR phase components
at a magnedc field of 995 G, The absorptive and dispersive EPR lineshapes were obtained first
as deseribed in Chapters 3 and 4. The second RF source was then applied and swept from 0~2
MHz. Its power level was adjusted such that all the six trangitions were observed.

The traces {1} and (2} in Fig.5-3 were measured by monitoring the two EPR phase
cormponents, respectively, where the speceral positions being monitored are ingicated by arrows.
As the sign of the ENDOR signal relies on the EPR signal level with respect 1o the reference RF
magnimde, traces (1) and (2) are of opposite signs. Physically, the ENDOR spectma are the same

by monitoring either the in-phase or the ont-of-phase component.

5-3. ENDOR MEASURED AT DIFFERENT EPR RESONANCES

Since three hyperfine components as well as other forbidden ransitions appear in the EFR

spectra, the ENDOR signals can be obtained by menitoring different EPR resonances, e.g. at

each of the three hyperfine components. Figure 5-4 fllustrates the results measured at the three

allowed resonances in the absorptive EPR spectra. Traces (1), (2} and (3) were obtained,
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FIG.5-3 The ENDOR lineshapes obtained by monitering the absorptive (1) and dispersive
(2) EPR phase components. The spectral positions being monitored are indicated by arrows.
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FIG.5-4 The ENDOR signals measured at different EPR resonances in the absorptive
spectrum. Traces (1), (2) and (3) were obmined by monitoring the three allowed transitions
indicated by arrows.
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respectively, by monitoring the first, the second and the third EPR lines, i.e. the
mg=0—1(m/=1,0,+1) allowed transitions.

In the ENDOR measurement, the effect of the swept RF field is different when different
EPR resonance is monitored and this reflects in the different sign and/or size in the measured
traces. With the application of the second RF source, a prediction for the ENDOR signal sign
and/or size needs a consideration of both the two RF and the laser fields. This has not been
modeled because optical pumping effects on the spin population distribution in the 3A state have

not been quantitatively determined.

5-4. DOUBLE NMR

When an NMR transition is monitored while the second RF field is swept in the range of
0~8 MHz, one may obtain a double NMR spectrum. Figure 5-5 shows a typical double NMR
spectrum obtained at a magnetic field of 1039 G by monitoring the 5.3 MHz line. All six
transitions clearly appear, which is a one-to-one correspondence to the ENDOR spectra. In the
NMR measurements, normally only two transitons, m=0—1 (m;=0) and m=0—--1 (m;=0),
or at most four transitions, m=0—-1 (m¢=-1), mp=0—-1 (m¢=0), mp=0—-1 (mz=0) and
m=0—1 (mg=—1) transitions were detectable (see Chapter 7), depending on the experimental
settings, Using the double NMR detection scheme, however, all six nucleai- transitions are
observed. This is again due to the relaxation and population re-adjustment within all the spin

levels caused by the second RF source.

The technique is superior to the NMR measurement in that it overcomes spurious RF
pickup, particularly in the low frequency regime (SIMHz), where noise arises from the laser
instability. In addition, the double NMR has sharper lines compared with the ENDOR spectra.

This is because the nuclear spin is less affected by the swrrounding lattice and therefore the
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resonance has a much narrower inhomogeneous linewidth. The double NMR technique provides

complementary information on the magnetic interactions in the 3A ground state.

5-5. CONCLUSIONS

By applying an additional RF field, the ENDOR signals in the 3A state were obtained using
Raman heterodyne techniques. The ENDOR lineshapes have been measured and analyzed at
various swept RF powers and EPR resonances with different EPR detection schemes.
Increasing the RF power enhanced and broadened the ENDOR signals significantly, Due to the
spin-lattice relaxation within the spin levels, all six nuclear transitions in the m=0 and mg=-1
states of the triplet were observed at high RF powers. Different signs were also observed when
the ENDOR was probed at different EPR resonances, depending on whether an increase or a
decrease in the population factor was caused by the second RF field.

The double NMR spectra were measured similarly, showing a one-to-one correspondence
to the ENDOR signals, but with much sharper lines. This provides a complementary technique

for the double resonance measurements.
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Chapter
LEVEL ANTICROSSING STUDY

As discussed earlier, when an extermnal magnetic field is aligned along the [111]
crystallographic divection, it ifts the degeneracy of the me==£1 states of the wiplet and causes the
mg=0 and me=-1 levels to approach the same energy at 1028 . Owing to the hyperfine
interaction and slight misalignment of the crystal in the experiment, the two levels do not cross,
This is generally referred to as level anticrossing (LAC). By studying the resonances near the
level anticrossing (He et al. 1991a) useful information can be obtained about the strengths of

various interactions, in particular those associated with the off-diagonal termos in the Bamiltonian,

6.1, EPR LINESHAPE AND SPIN ALIGNMENT

Loubser and van Wyk {(1877) have reported the EPR of the N-V centre using conventional
techniques. One of the interesting observations about the N-V centre is that the EPR line at Jow
field is in absorption while the one at high field is in emission. The reason for the reverse of
signal sign is associated with spin alignment under optical pumping. However, the demails of this
effect are not completely cleaz, though similar inversion has been observed in other systems,

such as and the S1-G9 centre {Watking 1967) and the 51-8 centre (Brower 1971).

We have observed such an effect in the Raman heterodyne detected EPR signals, as shown
in Fig.6-1. Inthe experiment, the RF was fixed at 64 MHz and the magnetic field was swept
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FIG. 6-1 Raman heterodyne detected EPR lineshapes at low and high field sides of the
level anticrossing using dispersive phase detecton. The 180° phase difference of the two signals

is attributed to spin alignment indicated in the inset.
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from 988 to 1068 G. Dispersive-phase detection was used and low RF power levels were
employved. As can be seen, the EPR signal sign reverses when the field goes through the
anticrossing value,

Owing 10 the spin alignment, the sign of the populadon factor, P,~F,, (see Chapter 2)
where P, and P, denote the popularions in the higher and lower EPR levels respectively, will
change when the magnetic field goes through 1028 G. In consequence, the EPR signals at high
and low fields reverse sign (180° out of phase). The inversion of phase in the EPR signals is
consistent with the previous observation by Loubser and van Wyk (1977}, However, the Raman
heterodyne technique is not capable of dirgctly determining which is the preferentially populated

siate,

To illustrate the populations in the levels invoived in the EPR transition, it is helpful to

calculate the amount of =0 state in the lower and higher EPR levels. Let,

3

Wy mg=0)= %“Z z @ (my=0 ) {6-1a)
n=t M

W, (me=0) = -%—i Y dim=gmy (6-1b)
neg m’.

where W, (mg=0) and W, {m=0) are, respectively, the normalized amount of m¢=0 state in the
iower eigenstates ln> (n=1,2,3) and higher eigenstates in> (n=4,5,6). If we assume that the

spins totally reside in the m=0 state (see discussions below) the population factor is then,

Pz - }’EA = Wz(msz«ﬂ) -—W;(mSmO).

Table 6-1 lists some calculated results at different magnetic field storengths near the

anticrossing. The wave functions were obiained by diagonalizing the Hamiitonian matrix of
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Ea.(1-11), where the feld musalignment to the {1117 axis was taken to be 0.25°. The parameters
used in the calculations were D=2.88 GHz, I4,/=2.30 MHz 4 ;[=2.10 MHz and IP1=5.04 MHz
(see Chaprer 73, As can be seen, at 980 G the the amount of me=0 state in the higher EPR level
is zero whereas at 1028 G (LAC) itreaches 50 %. At a field of 1080 G, the higher EPR level is
dominated by the m =0 state (100 %).  If electron spins tend to reside in the my=0 state, the
population difference between the two EPR levels vanishes at the level anticrossing and reverses

sign when the field goes through 028G,

TABLE 61 Amount of state mixing and population difference in the EPR levels near the

level anticrossing.
Magnetic Field Strength H ((3)
980 1010 1028 1030 1080
Wl (mS =) 1.00 0.97 G.50 0.02 0.00
W;z {ms =()) .00 0.03 0.50 0.98 1.00
B, ~P, -1.00 ~0.94 0.00 0986 1.00

6-2. EPR IN THE LEVEL ANTICROSSING REGION

6-2-1. Lineshape: Dependence on Magnetic Field Strength

Figure 6-2 shows a few EPR signals for various magnetic field strengths near the level
anticrossing, where the RF frequencies used in the experiments are indicated in the figure.

Amplitude detection was employed and therefore no phase information is included. Low RF
90



it

36 MHz

3

33 MHz

LAC

| ; y | |
1010 1020 1030 1040 G

Signal Amplitude (arbitrary units) ~——m

FIG, 6-2 EPR lineshapes {curves) for various maguperic field strengths near the level
anticrossing, where amplitude detection was employed. The corresponding ransition matrix

elements are shown by vertical lines,
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power levels were used to avoid power broadening effects,

Holliday et al. {1990) have reported the EPR at frequencies up to 1GHz and have
confirmed the signals as arising from the m¢=0 and m¢=—1 level splitting of a 3A state. The
results presented here are restricted to those close to the level anticrossing with the intention of
studying the structure of Raman heterodyne signals. Because of the state mixing, some
"forbidden" transitions {Amg¢=1, Am=0) appear in addition to the three allowed transitions
(Amge=1, Am;=0). The forbidden transition clearly gains intensity at fields close to the level
anticrossing,

In Raman heterodyne measurements, the dipole moments and the population factor of the

two EPR levels involved determine the signal intensity, i.e.

I~ Wygitys fas (Pp—Pp). (6-2)

The EPR transition matrix element, u;,=<lIl pty 12>, where uy is the Y-axis component of
magnetic dipole moment, and {1> and 2> are the wave functions of lower and higher EPR level,
respectively, can be calculated by transforming the matrix of Eq.(1-14) into the representation in
which the Hamiltonian of Eq.(1-11) becomes diagonal. The theoretical spectra were calculated
by fixing the resonance at a particular RF frequency corresponding to the experimental value
while finding the field strengths for which all the EPR resonances match that frequency. The
results are shown by vertical lines in Fig. 6-2, which reflect the normalized magnetic coupling
strengths. As optical pumping effects can significantly change the equilibrium populations, the
measured signal intensities do not fit well to the calculated results of p;, Near the level

anticrossing, the signal was found to disappear and this will be discussed in Section 6-3.

6-2-2. Lineshape: Dependence on Magnetic Field Orientation

The EPR spectra near the level anticrossing at different field orfentations with respect to the
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[111] axis were also measured in the range of -0.8°~0.8°. Some of the results are shown in
Fig.6-3, where the magpetic field strength was fixed at 1019 G (9 G less than LAC), while the
RF figld was swept from 13 to 65 MHz, Oniy amplitude detection was employed and the RF
field again was set in the low power regime.

As can be seen in Fig.6-3, forbldden transitons arg almost as significant as theee allowed
componens because of the state mixing. When the field was aligned approaching the [111] axis
from +(1.8%, the EPR signal size was found to increase initally, At about £0.2° the three
allowed transitions were most clearly resolved and the signal magnitude was at 2 maximum.
Then, further approaching the [111] axis cauged a drop of the signal size associated with the
gm0 {mp=1,0,+1) transitions, and finally all three resonances collapsed when the fieid
was exactly along the [111] axis,

The mansition matrix elements 4,5 were also calenlated at various field misalignments and
compared with the experimental traces. The results are plotted in Fig. 6-3 again using vertical
lines. Some agreement is apparent but clearly it is not exact. For example, for misalignments
greater than 0.2 the muddle kne of the three allowed transitions is much weaker than the other
two, while the calculated result shows that it is expected to be of equivaient to the other two
allowed transitons. This again suggests that the population factor plays a role in the magnitude

of Raman heterodyne signal and the details of the population distribution is not fully understood.

Figure 6-4 shows the EPR frequencies of three allowed resonances measured at different
field orientations compared with the calculated results using the wiplet Hamiltonian of Eq.(1-11).
The parameters used were the same as those given above. A good correlation is evident between

theory and experiment. This again confirms that the signals indeed arise from a 3A state.

6-3. COLLAPSE OF EPR AT THE LEVEL ANTICROSSING

The EPR signal was observed to decrease appreciably as the magnetic field closed to the
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FIG. 6-3 EPR lineshapes measured at various field orientations relative to the [1117 axis

{curves) compared with the calculated transition matrix elements (vertical lines).
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level anticrossing (Fig.6-2). For RF frequencies from 30 to 52 MHz, theoretical values of the
transition matrix elements only change by approximately 10% for the three allowed transitions.
However, the signals were found 1o be greatly reduced at 30MHz and almost to disappear for RF
frequencies less than 30 MHz. The EPR signal size as a functon of magnetic field strength is
plotted in Fig.6-5. For a magnetic field direction aligned to within a few degrees of the [111]
axis, the EPR signal was found to disappear at the level anticrossing. As two EPR levels do not
cross, the spin populations in the two levels will become equal due o state mixing and spin
alignment when the static magnetic field approaches 1028 ., As a result, the populadon factor
PP vanisheg (Table 6-1). This is likely to be the reason why the Raman heterodyne EPR
signal always collapses af the anticrossing,

Observation of the RF power broadened lineshapes (Chapter 4) and Rabi osciliation
{Chapter 9) have shown that the magnetic dipole moment of the EPR transition does not vanish at
the anticrossing, being in agreement with the theoretical calculations of makix elements. Spin
scho measurements (Chapter 93 also indicated no evidence of change in the dephasing process
near the antcrossing. In addition, no appreciable change was found in the optical transition at
the level anticrossing, All of these factors suggest the populadon factor as being responsibie for

ihe collapse of the EPR signal,

From conventional EPR measurements, Loubser and van Wyk {1977) found that the spin
alignment was independent of the magnetic field orientation, As a result, aligning the external
field direction approaching to the [111] axis at 2 field strength other than 1028G will increase the
population difference as well as the Raman heterodyne signal, as a consequence of decreasing
the mixing between the my=0 and mg=-1 states. This seems to be consistent with the
experimental traces for the angles greater than £0.2° as shown in Fig.6-3. The decrease of the
Raman heterodyne signal for angles less than +0.2° suggests thar there exists a lower frequency
limit, below which the signal collapses. Aligning the field approaching 1o the [111] axis locates
the signal in such a range. This range is possibly due to spin fluctuatons and a futher

investigation is desirable.
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6-4. ZERO-FIELD SPLIFTING D

If the hyperfine strocture is ignored, the Hamiltonian associated with the EPR interactions

is given simply by the electronic Zeeman and crystal feld interactions,
Ho=tz+HHep (6-3)

When the magnetic field is along the {111} axix, the Hamiltonian becomes,
H,=(y2mH S, + D52 -S(5+1/31 . (6-4)

For D3>0 the mg=t1 levels lie above the my=0 level at the zero field and for D<@ the me=*1

levels He below,

From the NMR and ENDOR measurements (Chapter 73, it is noted that the resenances
associated with the m=0 levels are stronger than those associated with the mg=—1 levels. The
greater swength of the resonances associated with the my =0 levels is attributed to optical
pumping which gives a greater populaton in the me=0 levels than in the me=-1 levels. Taking
this information into account with the observed absorptive and emissive EPR sigpals at low and
high fields {Loubser and van Wyk 1977), it can be concluded that the m, =£1 levels lie above
the mig=( level at the zero field (Manson er al. 1990). That is the crystal field splitdng D is
positive,

D=+2 88 GHz.
The erergy levels of the wiplet in the cases of D>0 and D<A}, and the EPR spectra measured at

9.4 GHz comresponding to the experiment by Loubser and van Wyk (1977} are shown

schematically in Fig.6-6, where the =0 level has a greater population than the other two levels.

101



I
!
5 2 E
i
54 A 4 )
| : ; ; {b}
sv ¥V sv.o
g l : 3 | !
%) i ! [} |
C i ! E | :
j i i :
t : I :
LAC | : LAC | |
[ ! I ' i l - .
0 1028 H (G) 0 1028 H(G)
D>0 D<0O

FIG. 6-6 Energy levels of the 3A ground state (a) and the corresponding EPR lineshapes
measured at 9.4 GHz (Loubser and van Wyk 1977) (b} in the cases of D>0 and D<0, where the

hyperfine interaction is not shown.
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The origin of the zero-field splitting D is the purely direct electron spin-spin interaction and

it has a value of (Lomer and Wild 1973),

_3 221 .
D=5g"F% (6-5)

where 7 is the average separation of the components of the dipole-dipole interaction. Equation
{6-5) then suggests that the two electrons are localized in the N-V centre with a separaton of

r=3A.

6.5, CONCLUSIONS

Raman heterodyne detected EPR signals at low and high field sides of the level anticrossing
have shown a 180 phase difference. This is attributed to spin alignment in the ground state
resulting from optical pumping. The result is consistent with the conventional EPR
measurements by Loubser and van Wyk (1977). Taking into account the observation of NMR
and ENDOR intensities (Chapter 7) with the resuit of absorptive and emissive EPR signals, it is
concluded that the cryswl field splitting 7 is positive (D=+2.88 GHz).

In Ievel anticrossing studies, the EPR signals were measured at various field strengths and
misalignments to the [111] axis. Calculations using a wriplet Hamiltonian confirm that the signals
arise from & A state, The theoretical mansition matrix elements compared with the measured
EPR signal intensities shows that optical pumping plays an important role in determining the
Raman heterodyne signal magnitude,

The EPR signal was found to collapse at the level anticrossing (1028 G), which is
interpreted in terms of equal populations in the two EPR levels due to the state mixing and spin
alignment. This is substantiated by the RF power broadened lineshape {Chapter 4), Rabi

oscillation and spin echo (Chapter 9) measurements. More detailed measurements in the
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anticrossing regime suggest that there exists a range of the level separations within which the

EPR signal disappears. Such a range is assumed to occur due to spin fluctuations,
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Chapter 7
HYPERFINE AND NUCLEAR QUADRUPOLE
INTERACTIONS

Raman heterodyne techniques provide a sensitive and precise method to investigawe the
magnetic hyperfine and nuclear eleciric quadrupole interactions in the *A ground state of the N-V
cenire. The NMR and ENDOR measurements that have been demonstrated (He er ai. 19914,
Manson et al. 1990) were used to probe the magnetic resonances within the triplet at various
magnetic field strengths and orientations, Conseguently, the hyperfine and quadrupole parameters
in the Hamiltonian of Bq.(1-3) were determined. Interesting properties such as the spin density
distribution in the N-V centre can be obtained from the hyperfine interaction parameters. On the
other hand, because the signal intensity is associated with both the magnetic dipole moment and
the population factor, optical pumping effects on the Raman heterodyne signals can be examined
by comparing the signal intensity with the transition mawix element

Hole burning techniques (Manson and Silversmith 1987) were also employed as a
complement to study the hyperfine and quadrupole interactions. When an addidonal smong RF
field is introcuced into the Raman heterodyne EPR measurement, it saturates the absorption of a
subgroup of N-V centres in the magnetically inhomogeneous distribution. In consequence, one
observes holes and/for antiholes in the EPR spectra. The hole or antihole saucture is helpful for a

further understanding of the nuclear spin levels and their populadon distribution.
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The Hamiltonian associated with the nuclear spin transitions is given by the magnetic

hyperfine, nuclear Zeeman and nuclear electric quadrupole interactions {Chapter 1),

Moy = o+ Hyo + My | 7-1)

If the magnetic field is aligned along the [111] axis, Eq.(7-1) becomes,

H =AySl + A (SH + SHY2 ~ (W 2mH I +P A -I0+1)3 ). (1-2)

When the field magnitude is set far away from the level anticrossing, the states are less mixed and
the eigenvalues of Eq.(7-2) can be calculated analytically. In this case, the magnetic transition

frequencies are given by,

W2% = % (y/2m) H + 1Pl (£ A,) Am=t1, (7-3a)
W27 =2 2m) H (+214,]) Am=+2, (7-3b)

where the parentheses apply only to the mg=—1 multiplet. Therefore, the measurements of NMR
or ENDOR frequencies give the hyperfine and quadrupole parameters A, A ; and P. When the
magnetic field is close to the level anticrossing, however, the states are strongly mixed and the

ransiton frequencies can only be obtained numerically by diagonalizing the matrix of Eq.(1-11).
7-1. NMR AND ENDOR MEASUREMENTS

By scanning the RF frequency in the range of 0~8 MHz, in which all NMR lines are expected
to be located, one can observe several nuclear spin transitions within the m=0 and the mg =1

states (He er alf. 1991a, Manson et al. 1990). The results are shown in Figs.7-1 and 7-2, which

were obtained at various field strengths and directions with respect to the [111] axis.  In order to
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bring out the weak structure, a strong RF way used. Line broadening is not a concern in this
situation for we are interested only in the WMR frequencies and the resonance frequencies are
found not to be affected by the RF power. For the sake of casy measurements, dispersive phase
detection was employed. There are four observable NMR lines, all being allowed transitions. The
strongest one at 5.56 MHz is due to the m=0¢>—1{m =0} transition, which has been analyzed

and discussed in detatl in Chapter 4.

The ENDOR measurements were carried out by introducing an additional RF, which was
swept in the range of 0~8 MHz while monitoring an EPR line (see Chapter 5). Figures 7-3 and
7-4 lustrate some of the ENDOR waces measured ar various magnetic field strengibs and
directions with respect to the {111] crystaliographic axis. In the measurements, the signals were
obtained by monitoring the second peak of the EPR spectra, i.e. the mg=0¢3-1{m=0) transition.

In contrast to the NMR case, the two forbidden wansitions appear in the ENDOR spectra in
most cases in addition to the four allowed wansitions. Because of the overlap of EPR signals, it
is not possible to monitor a single electronic spin transition and the ENDOR signal arises from the
RF affecting several overlapping EPR lines, We found that the ENDOR signals were observable
ina much larger range of field strengths around the level anticrossing than the NMR signals. This

is simply due o the larger range where the EPR signal is detectable.

The resonances observed in the experiments are listed in Table 7-1 and the corresponding
magnetic transitions within the *A state are illustrated in Fig. 7-5 with resonance frequencies at a
field of 1048 (3. The two forbidden transitions were not observed in the NMR, while they were
found to be detectable in both ENDOR and hole burning experiments, the latter of which will be

discussed in Section 7-2.

109



| i i !
ENDOR
J\k 944 G
1042 G
fes—1{~1) Oer1(-1)
:@ ("\/‘7
[
o |
> Der1(-1)
g 0 1(0)
=
8 jie-10 0e-1(0)
8 / 1065 G
=
=1
E
by
]
=
D
D
1082 G
I ] ] |
2 4 6 8

RF Frequency (MHz)
FIG, 7-3 The ENDOR spectra measured at varions magnetic fieid swrengths, where all six

nuclear spin transitions in the mg=0 and my=—1 states are observed.

110



! | I
ENDOR
/Y\\—\/’Y o
Des~1(0)
z 0.1°
5 Oes-1(~1)
oy
o
5 Les=1(~1)
KA Des 1{~1}
& 0+ 1(0
S hoo O
£
&
< 0.2°
]
g
s
)
0.3°
v’
| | | |
2 4 6 8
RF Frequency (MHz)

FIG. 7-4 The ENDOR spectra obtained at various magnetic field directions with respect to

the [111] axis, where the magnetic field strength is 1019 G.

i1



TABLE 7-1 Nuclear spin transidons in the 3A ground state observed using the Raman

heterodyne measurements.
Transition Frequency at 1048 G Observation
(MHz)

b
my=1e>-1 (mg=0) * 0.6 ENDOR, HB
mI&O(—)ml (mg=-1) 12 ENDOR, HE, NMR
my =—iesl (m Sww}} 4 18 ENDOR, HB
my =0zl (mg=0} 47 ENDOR, HB, NMR
my =0 e -1 {mg=0) 53 ENDOR, HB, NMR
my =0 ¢+1 {m_=-1} 7.0 ENDOR, HE, NMR

a Forbidden transitions

b H{B: hole burning

7-1-1. Determioation of Hyperfine and Quadrupole Parameters

Figures 7-6 and 7-7 plot the NMR frequencies as 4 function of magnetic field strength and
direction with respect to the {111] axis. The dots are experimental data and the curves are the
best-fits caleulated using the Hamiltonian of Eq.{1-11). For field strengths less than 1028 G
(LAC) only two NMR transitions were observed,

The ENDOR frequencics as a function of magnetic field strength and orientation are shown in
Fig.7-8 and 7-9, again compared with the calculated results using a A Hamiltonian., As can be
seen in Figs. 7-6 to 7-9, the experimental data are in good agreement with the triplet Hamiltonian.

This is additional evidence that the 3A is indeed the ground state of the N-V centre.
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The calculations were performed by diagonalizing the Hamiltonian matrix of Eq.(1-11) with
corresponding experimental values of the magnetic field strengths and directions. By adjusting the
parameters Ay, A, and P (the values of D, yand ¥, were fixed in the calculations) the best-fit
races were obtained. In Table 7-2 the hyperfine and quadrupole parameters determined from the
experiments are listed and compared with previous results. The sign of D has been determined to

be positive as discussed in Chapter 6.

TABLE 7-2 Zero-fleld splitting, hyperfine and quadrupole parameters of the 3A ground state

determined from experiments.

D (GHz) 1A / /! (MHz) IAJ_I (MHz) Pl (MHz)
a
This Study +2.880+0.005 2.301£0.02 2.10%0.10 5.04+0.05
Previous b.c.d
Results +2.88010.005 2.30+£0.03 - B

2 Only sign determined in this study
b Loubser and van Wyk (1977)

¢ Bloch et al. (1985)

d Reddy et al, (1987)

The magnitude of zero-field splitting D was first determined using conventional EPR
spectroscopy (Loubser and van Wyk 1977), and later confirmed by RF-optical excitation (Bloch er
al. 1985b) and two laser hole burning (Reddy er al. 1987) experiments. The magnitude of A, was
also measured by Loubser and van Wfk (1977) from the hyperfine splittings in the EPR spectra.
However, A, and P were not previously determined. For our experimental setups, the NMR and

ENDOR spectra were relatively insensitive to A, therefore it has lower accuracy.
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7-1-2. Transition Intensity

In the NMR spectra, it was found that the me=0cr-1{m =) transition was much stronger
than the others, particularly compared o the m=0¢>1(m=0) transition within the same mg=0
staie. As has been already noted in Chapter 6, the Raman heterodyne intensity does not depend.
only on the dipole moment. Instead, the signal magnitude in the iow RF power regime is linear in
the triple factors, 44423 3, and the population difference, P ~P;, between two levels involved

{see Fq.(6-2)), and the latter can be disturbed significantly by optical pumping effects.

By ransforming the magnetic dipole moment matrix of Eq.(1- 14) into the representation in
which the Hamiltonian ig diagonal, the matrix elements for NMR transitions can also be obtained.
The calculations show that the magnitudes of i, for the four allowed transitions (Amy=t1) are
the same at most field strengrhs within an error of ~10%,

The magnitude of a marix element can be guantitatively measured using the Autler-Townes
effect (see Chapter 8). The Autler-Townes splitting occurs when one of the levels involved in a
mransition is coupled to a third level by a second {perturbing) RF field. The splitting is equal to the.
Rabi frequency of the fransition driven by the second RF. Therefore, by introducing an additional
RF field, one not only can distinguish the levels involved in an NMR transition but also can
establish the dipole moment of a particular transition by measuring the amount of splitting. Using
this technique in Chapter 8, we have confirmed the labelling of the four NMR lines, as indicated in
Table 7-1. Keeping the perturbing RF power unchanged, we found that the m=0¢>—1(m=0) and
m =0 L(mg=0) transitions had the same amount of splitting. This indicates that their dipole
moments (), are the same, being in agreernent with the calculations.  In the NMR measurements,
however, the former was observed with a much greater strength (by a factor of 5~20) compared
with the latter. As no appreciable change in the dipole moments associated with the optical
travsitions is expected, the varying Raman heterodyne signal size can thus be atwributed to the

population factor.
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The transitions associated with the mg= 0 state were found to be stronger than those within
the my=—1 state in most cases, as can be seen in Figs. 7-1 to 7-4. In addition, for field strengths
less than 1028 G only the two allowed transitions in the m =0 state were observed in the NMR.
This is attributed to the spin alignment in the 3A state and therefore the m,=0 levels are more highly

populated than the me=1 levels, resulting in the greater transition intensities.

It was also noted that when the field was exactly aligned along the [111] axis at a field of
1019 G, the ENDOR signals were still detectable (Fig.7-4), whereas the Raman hererodyne EPR
signal aimost disappeared (Fig.6-3). This phenomenon supports the interpretation for the collapse
of EPR signal as a consequence of equal populations in the two electron spin levels. The
appiication of the second RF field altered the populations within the hyperfine sub-levels so that

the EPR signal was greatly modified and became detectable in the ENDOR measurements.

7-2. HOLE BURNING

When an additional strong RF is introduced into the EPR measurement, it selects a subgroup
of N-V centres within the inhomogeneous distribution and saturates its absorption. This results in
holes or antiholes in the EPR spectra probed by sweeping the first RF of a relatively low power

(Manson and Silversmith 1987).

Figure 7-10 shows two typical hole burning spectra in the EPR, where the second RF was
tuned to 42 MHz and 50 MHz respectively, indicated by arrows, and the first RF was swept from
40 to 50 MHz. The holes are 4.9 and 5.2 MHz away from the burning RF in both cases, giving
the hyperfine level separations in the m=0 state.

The population hole burning processes corresponding to Fig. 7-10 are illustrated in Fig.
7-11. Due to the state mixing, the saturating RF field could drive a forbidden EPR transition. In

trace (b) of Fig.7-10, the second RF at 42 MHz depleted the population in the m=—1(mg=—1) level
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and a hole appearad, at 5.2 MHz relative to the saturating RF frequency, whes the first RF was
swept through the me=—-1¢200m=—1} ransition. Similarly, in trace (¢}, the second RF at 50 MHz
drove an my=Q0(mg=13em=—1(m=0} transition and depleted the population in the m=0{my=~1}
fevel, resulting in a hole when the first RF was swept through the me=—1¢30 {(m=0) ransitgon.

Both of the holes at 5.2 MHz have a linewidth (FWHM) of 70 kHz.

Figure 7-12 illustrates soms of the differental EPR spectra showing hole burning effscts at
various samrating RF powers. The signals were obiained by applying a second RF field driving
the m¢=—1++0(mp=0) ransition at 74MHz. At the lowest power (—-35dB), two holes, separated
by 3.25 and 7.0 MHz, and an anghole, separated by 5.2 MHz, clearly appear. Increasing power
level deepened and widened the holes and antiholes. In addition, two sharp holes at 4.95 and 5.3
MHz were observed to appear as superimposed in the broadened 5.2 MHz anthole at the power of
—~15dB. Another amtihole at 5.0 MHz turned out on the other side at a power of 5dB. The
superpositon of holes on the antiholes is a consequence of optical pumping and spin-laitice
relaxations within the 2A state. Similar hole burning spectra were also obtained with the saturating
RF field tuned to the other EPR resonances,

Figure 7-13 plots the hole and antihole frequencies measured when the saturating RF field
was uned to different EPR lines. The results are compared with the energy level separatons

ealcuiated using the Hamilionian of Eq.(1-11), where a goad agreement is found.
7-3. INTERFERENCE EFFECTS

Application of a second RF field also has prominent effects on the NMR signals. In the
NMR measurements, the 5.5MHz line was found to be much stronger than the 4.7MHz line in

most cases. By introducing an addidonal RF at 5.5 MHz, the relative size of the NMR lines was
found to vary with different power levels of the second RF field (Fig. 7-14). Itis clear that
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increasing power of the second RF field increases {decreases) the 4.7 MHz (5.5 MHz) line
appreciably. This indicates that the second RF ﬁel& ingreases the population difference between
the r=0 and mp=1 levels, but tends to equalizes the populations in me=0 and myp=-1 levels in the
me=0 states. The effect supports the interpretation that the difference in the Raman heterodyne
NMR signal size is due to the population factor, When the second RF power was increased to &
higher value, the 4.7 MHz line was observed to be split into a doublet, {e. Autler-Townes

splitting, which will be discussed in detadl in Chapter 8.
7-4, SPIN DENSITY DISTRIBUTION

For axial symmetry, the hyperfine parameters can be expressed as (Smith ez al. 1959),

A, = yph? (O + 2T) (7-42)
A b= w2 (0 - T, (7-4b)

where O represents the isoropic or contact interaction, i.e. the s orbital contribution and T7is the
anisotropic interaction due to the p, d orf orbital contributions. The contact interaction is related to

H,
the density {}f}\titnpaired 3§ electron: at the nuclens by (Abragam 1961),
O = (8n/3} jylr i , (7-3)

where y(r) is the wave function of the electrons and r, is the position of the nuclens,
Suppose all except the 5 and p orbital contributions can be neglected. This is valid for
diamond as the carbon atom bonds have 5 and p atomic orbitals easily available, while the d orbital

is very high in energy. Let the normalized molecule orbital be,

W=)es Vs +0p Wy (7-6)

whete Gumenabion i oem B s v\zieiklmm;niz



where Wy and y, are the s and p orbitals, and ¢; and ¢p are two coefficients. The amount of the,

unpaired electron in the 5 and p states are given respectively by (Loubser and van Wyk 1978),

cg2 = OI0* . (772
Cp2= Tir* | {(7-7b)

where O* and T* are respectively the isotropic splitting for an s electron and the anisotropic
splitting for a p electron in the free atom. The values of O* and T* can be calculated e.g. from
self-consistent-field wave functions (Ramsey 1953, Watson and Freeman 1961a, b, Atkins and

Symons 1967).

Using the experimental data |4,i=2.30 MHz and |A ;|=2.10 MHz for the 4N hyperfine

interaction in the N-V centre, one has,

Oy =0.38x10% cm3 = 0.056 atomic unit

Ty =0.012x10% cm3 = 0.0018 atomic unit,

where the atomic unit is in a,~3, where a,=0.52924 is the Bohr radius. The value of Oy implies a
finite density of the unpaired electron. at the nitrogen nucleus |y(r,)|2 = 0.045x1024 cmn3 .
Using the theoretical results for the free nitrogen atom (Brown et al. 1933, Torrance 1934,

Barnes and Smith 1954), we have

Oy* = 38.0 atomic units

Ty* = 1.01 atomic units.

One thus has the coefficients for the nitrogen, ¢g? = 0.0015 and cp2= 0.0018. This gives a ratio

of p to s orbital for the nitrogen, (p/s)y = 1.2.
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Likewise, one can obtin the results for the carbon. Using the hyperfine parameters for the
13C, 14,/=2204.9 Hz and |4 ,7=2123.3 KHz determined by Loubser and van Wyk {1977, 1978),

the isotropic and anisotropic terms for the carbon aref rx@iiéchnﬁ ovdap ctteds)

Op =7.6x102% c3 = 1.1 atomic units

Te = 1.4x10% conr® = (.21 atomic unit,
For the free carbon atom { Brown ef af. 1933, Torrance 1934, Barnes and Smith 1954),

Op* = 24.6 atomic units

7% = 0.4% atomic unit.

These give the coefficients for the carbon, ¢4? = 0,045 and {:pzﬂ 0.44, and the orbital ratio,

(ﬁfS}g\FQ‘S;

The spin population of one ynpaired electron localized in the nitrogen is therefore 0.002 and
that focalizedan the three equivalent carbons 15 0.73. This shows that the unpaired electron. spend

most of timean the three carbons and very little timeen the nitrogen.

7-5. QUADRUPOLE INTERACTION AND LOCAL ELECTRIC FIELD

The quadrupole parameter £ is related to the nuclear quadmupole moment (2 and the electric

field gradient eq arsing from other nuclel and electrons {2.¢. Coben and Reif 1957},

_ 3e%0 i
P TOLL {7-8)

The field gradient is given by,
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where E (r) and V(r) are the electric field and potential, respectively, due to the surroundings and
z is the coordinate axis along the N-C pair. For the 4N nucleus, @=0.01x10-24 cm? (Cook and

Whiffen 1966).

For the P1 centre (substitutional nitrogen) in diamond, the nuclear quadrupole parameter
associated with the 4N has been measured using conventional ENDOR techniques (Cook and
Whiffen 1966), 1Pl=3.97 MHz. Compared with the P1 centre, the quadrupole parameter associated
with the 14N in the N-V centre, [P'=5.04 MHz, is about 25% larger. If there is no distortion in the
defects, the difference in the electric field gradient is, to a large extent, due to the carbon vacancy
next to the nitrogen as the vacancy is the dominant factor that could disturb the local electric field.
However, Smith er al. (1959) argued that the P! centre probably experiences the Jahn-Teller effect
(Jahn and Teller 1937} where the length of the N-C bond is likely to be 10~14% longer than the
usual N-C bond length. On the other hand, the N-V centre does not show any evidence of
Jahn-Teller effect (Loubser and van Wyk 1978) and therefore the role the vacancy plays in

determining the local electric field needs further examination.

7-6. ENERGY LEVELS AND WAVE FUNCTIONS OF THE A STATE

As all the parameters in the Hamiltonian have been fully determined, the energy levels and
wave functions of the triplet can be obtained. Figures 7-15 and 7-16 show the eigenvalues of the
3A ground state (mg=1 state is not included) calculated using Eq.(1-11) as a function of magnetic
field sorength and direction with respect to the [111] axis near the anticrossing. The zero-field
splitting, hyperfine and quadrupole parameters listed in Table 7-2 were used in the calculations.

As shown in Fig. 7-15 the mg=0 and mg=-1 levels anticross at 1028 G, in this region the state
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FIG. 7-15 Energy levels of the 3A ground state (the rg=1 state is not shown) in the level

anficrossing region as a function of magnetic field strength.
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FIG. 7-16 Energy levels of the triplet as a function of field orientations with respect to the

{111] axis at a field of 1019 G.
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are an admixture of lmg my», In addition, the hyperfine sub-levels m;=t1 anticross as well at
about 1019 and 1035 G. In Fig.7-16, two sub-levels (m; =t1) in the mg=0 state also anticross at

approximately £.3°

Table 7-3 lists the normalized and orthogonal wave funcdons, |n> (#=1,2,....6} in terms of
img myp> basis at various magnetic field strengths. In the calculadons the field misalignment to the
[1117 axis was taken to be (,25° and other parameters were the same as those used above. Ag can
be seen in Table 7-3, for field strengths less than 980 G and greater than 1080 G, one of the im;
ap> componenis dominates (>99.6%). At 1016 and 1030 G, the state mixing is about 98% 10 2%,
while at 1028 G {L.AC), the states are almost equally mixed.

TABLE 7-3 Wave functions of the 3A ground state (ng=1 state is nor included} in terms of

Ing mp> in the ievel anticrossing region.

{ay H=980G
I [mS S
- > f~ O b > [0 - 00> 0+ >

i1 0.0016 -0.06232 0.0176  —0.2266 09972 -0.0282
2> -0.0005  0.0020 0.0604 0.0078  -0.0280 09977
3> 0.0629 -0.0157 ~0.0000 -09975  0.0279  -0.0071
14> —0.0497 09966  -0.0204 0.0143  -0.0614  -0.0013
15> 0.9968 -0.0486  -0.0017 0.0637  -0.0029  —0.0001
o> 0.0007  -0.0194 0.9978 0.0004 00171 0.0608
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TABLE 7-3 {Continued)

(b H=1010G
. Ims m, >
[ > - 0> fe > 0 - 00> 0+ >
1> 00104 -0.1627 0.0466  -0.0676 09811  —0.0650
2> -0.0118  0.0149 0.1515 0.0698  -0.0649  —0.9837
3> 0.1668  —0.0323 0.0071 09800 00794  -0.0658
4> ~3.1303 09773 00511 0.0231  0.1573  -0.0091
3> 09772 01227  -0.0109 0.1719  -£.0185  —0.0018
6 > 0.0042 00464  0.9860 0.0026  -0.0442 0.1542
{¢) H=1028 G
> lms m, >
[ > = 0> -+ > 10— 100> 10 + >
1> -0.1241  0.6506 -0.1427 0.1859 &.?953 0.0950
2> -0.6915  -0,0488 0.1454 0.6595 0.2007 -0.1517
[3 > 0.1413 01814  —0.5932 0.1102 0.1084  0.7559
4> 02374 -0.6951 ~0.0910 01261  -0.6375 -0.1728
15> ~0.6534  0.2096 0.0998 07052 0.1148  0.0929
6> 0.0556  -.1197 0.7670 0.0716  -0.1760  0.5984
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TABLE 7-3 (Continued)

(& H=1050 G
= ims i
f- > - 0> > 0 -> 00> 0+ >
> 0.0941  -0.9824 00468 -0.0466  0.1468  -0.0064
2> 0.9855 0.0981  -0.0092 01372 -0.0156 0.0013
3> -0.0048  -0.0533  -0.9865 -0.0013  -0.0328 0.1513
4> 0.0096 0.1432  -0.0285 0.0618 0.9842  0.0788
5> 0.0053 0.0085  .0.1540 0.0367 0.0708  -0.9848
16> 0.1406  -0.0421 0.0071 09868  -0.0595 0.0317
{e) H=1080G
. im ¢y >
f - - O -+> 0 -> 100> 0+
1> 0.0457  ~09965 00210  -0.0181 0.0646  -0.0013
[2> 0.9969 0.0466 —0.0018  -0.0626  -0.0031 0.0001
13> -0.0009 00221 -0.9975 -0.0003  -0.0152 0.0654
[4> 0.0018 00639  0.0144 0.0278 0.9969 0.0335
5> 0.0004 0.0019  —0.0659 0.0069 0.0323  -0.9973
16> 0.0634 . 00170 00008 0.9975  -0.0271 0.0060




7-7. CONCLUSIONS

In the NMR experiments, four altowed transitions were observed, whereas in the EKDOR
experiments, all six nuclear spin transitions were detectable. The NMR and ENDOR frequencies
measured using Raman heterodyne spectroscopy have been well accounted for by the Hamiltonian
of a 3A state. The hyperfine and gquadrupole parameters were obtained from the NMR and
ENDOR spectra measured at various magnetic field strengths and orientations with respect to the
[111] axis and all the parameters in the Hamiltonian of Eq.(1-3) have been fully determined. Holes
and antiholes have also been observed by inwroducing an addirional RF field into the EPR
experiment, which saturates a subgroup of N-V centres within the inhomogeneous distribution.
Thetr spectral positions were found to be in good agreement with the energy levels caleulaied using
the A Hamiltonian.

The 1somopic and amdsotropic hyperfine interactions due o the 5 and p orbital contributions in
the N-V centre have been calculased for the nitrogen as well as the carbon. On comparing with the
theoredcal results for the free nitrogen and carbon atoms, it is concluded that the unpaired electrons
in the N-V cenire are localized mainly in the three equivalent carbons,

Although the NMR and ENDOR frequencies were accounted for, optical pumping effects on
the Raman heterodyne signals are far less understood quantitadvely. The optical pumping transfers
the popuiation of a hyperfine level to another level in the 3A ground state via optical excitation to
the 3E levels with subsequent relaxations. This action creates a non-thermal equilibrium spin
population distribution that determines the NMR a3 well as the ENDOR signal intensity. Such
effects have not been included in the theoreiical model of Raman heterodyne speciroscopy because
of its complexity. Both theoretically and experimentally, we have demonstrated that optical
pumping effects substantially change the signal magnitdes, which differ from those expected
from the magnedc coupling strengths.

It was found that the resonances associated with the m=0 levels are stronger than those

associated with the mg=—1 levels. This effect is arributed to the spin alignment as observed in the
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EPR experiment. If was also found thar the ENDOR signals were detectable close to the level
anticrossing, where the EPR signal almost disappeared. This supports the interpretaton for the

collapse of EPR as a consequence of equal populations in the two EPR levels.
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Clhepier 8
THE AUTLER-TOWNES EFFECT

When a monochromatic electromagnetic field of high power at frequency ;) is tuned to 2
resonance la>eslb> (Fig.8-13, the states involved in the transition are strongly mixed, This
causes each of the levels to be split into two components by the dynamic Stark effect {Autler and
Townes 1955). If 2 weak field @, is scanned, which connects one of the levels 15> to 2 third
level e, the splitting may be observed in the [b>e3ie> tansition, The phenomenon i3 the well
known Autler-Townes effect and has been observed both in the RF range (e.g. Autler and
Townes 1955} and in the optical range (e.g. Schabert ef al. 1975, Picque and Pinard 1976, Fisk
eral 19864, b, ¢l

This chapter deals with the Raman heterodyne detection of the Autler-Townes effect in the
3A sta{% of the N-V centre. The splitting was measured at various perturbing RF powers with
different detection schemes and compared with theory (Autler and Townes 1955, Whitey and
Stroud 1976). Using the Autler-Townes effect, the spin levels involved in a magnetic transition
can be convensently identified by introducing an additional RF source in Raman heterodyne
measurements. For instance, in Fig.8-1, the resonance associated with the >3l ransition
probed by the weak field @, is observed to be split when the strong RF field @; couples one of
the levels to another fevel lg>. As they share a co;zzmon Ievel, if the former ransition is known,
the latter can be identified, and vice versa. In addition, the matrix elements of dipole moments
for magnetic transions can be examined and their magnitudes can be easily compared as they are
related to the amount of spliting. This is heipful for a better understanding of the Raman

heterodyne signal intensity, as discussed ealier (see Chapter 7).
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FIG. 8-1 An energy level diagram and characteristics of the RF fields in the
Autler-Townes splitting measurgments. A strong RF ¢, drives the la»<slb> ransition and
causes the levels to be split. The spliting is then probed by a weak field @, which couples

another transition 1b>¢»ic> sharing a conumen level,
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The Raman heterodyne measurement of Autler-Townes splitting utilizes the same
techniques as for measuring the NMR and EPR except there is an additional (perturbing) RF
field. The probing RF field @, scans in frequency and monitors an NMR transition |5><lc>in
the 3A state, which is displayed by the spectrum analyzer. The perturbing RF field w; is then
applied, which couples one of the NMR levels |56> to another level lz>. This strong perturbing
RF field drives an additional magnetic transition la><+ib>, either another NMR or an EPR in the

3A state, and causes the ib>«lc> NMR line to be split.

3-1. THE AUTLER-TOWNES EFFECT IN NMR AND EPR TRANSITIONS

The Autler-Townes effect observed in the 3A ground state is shown in Figs. §-2 and 8-3,
where the spectra were obtained by scanning the probing RF through the m=0¢>-1 (m=0)
transition centred at 5.5 MHz. Both phase and amplitude detections were used. In the
experiment, the probing RF power was set in the low power regime and therefore no power
broadening is expected. In each figure, the splittings are presented for at various perturbing RF
powers as indicated. |

The energy levels and transitions corresponding to the measurements are shown in Fig.
8-4, In the measurement of Fig.8-2, the strong perturbing RF field was tuned to 4,6MHz
associated with the m;=0¢51(n =0) NMR transition. This is an m; =101 (m=0) three
fevel system, where both transitions are NMR. In the measurement of Fig.8-3, the perturbing
RF drove the mg=0¢5—1(m;=~1) EPR transition and the Autler-Townes effect occurred in an
mp=--1{me=—1) >m=-1(ms=0) &>m=0(m(=0) three level system involving both NMR and

EPR. In both cases, the splittings appear clearly using either phase or amplitude detection.
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Autier-Townes Effect: Perturbing RF 4.6 MHz
{a) Absorptive Lineshape
0dB
—-5dB
s |\ ~_
c -10dB
=
: RVARVA
g
o] ~15dB
G —
@ | W
o)
=
= -20dB
E
<
g
o -25dB
o
o e
=
=z
unperturbed
L. I i
5.25 5.50 575

RF Frequency (MHz)
FIG. 82 Autler-Townes effects in the 5.5MHz NMR line with a perturbing RF at

4,6MHz. (2) Absorptive, (b) dispersive and (c) amplitude iineshapes.
141



NMA Signal Ampilitude {(arbitrary units)

!

{b} Dispersive Lineshape

%

Autler-Townes Effect: Perturbing BF 4.6 MHz

0dB

R

-5dB

~-10dB

~15d8

-20dB

-256d8

unperturbed

5.25

5.50
RF Frequency (MHz)

FIG. 8-2 {Continued)

142

5.75



NMR Signal Amplitude (arbitrary units)
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Autler-Townes Effect: Perturbing RF 27 MHz
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FIG. 8-3 Autler-Townes effects in the 5.5MHz NMR line with a pernurbing RF at 27MHz.

(a) Absorptive, (b) dispersive and (¢) amplitude iineshapes.
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Autler-Townes Effect: Perturbing RF 27 MHz
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FIG. 8-4 {a} Level splitting in the static magnetic field, where the hyperfine interaction is

not shown, and the hyperfine sub-levels and magnetic transitions in the 3A ground state

cotresponding 1o the Autler-Townes splitting measurements in (b) Fig. 8-2 and {¢) Fig. §-3,

where ©;is the perturbing RF field and @, is the probing RF field.
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3-2, DOUBLET SPLITTING

For a simple three level system shown in Fig.8-1, the Autler-Townes doublet frequencies
depend on the perturbing RF detuning, 4;, and the Rabi frequency of the magnetic wansition
coupled by wy, B=,,H /%, where i, is the dipole moment matrix element of the transition
la=<3lb> and H, is the magneric field strength of @, (Autler and Townes 1955, Whitley and

Stroud 1976),

4 +5 {8-1)

where @ and @y denote, respectively, the frequencies of the low and high energy components
of the doublet, and g is the unperturbed NMR frequency of the transition b>esle>. The

amount of splining,

- , 112
@~ mizl; + B

(8-2
is equal to the Rabi flopping frequency. If the detuning of the perturbing RF is negligible
(4,0, the doublet is symmetric with respect 10 &, and their separation is equal 1o the Rabi

frequency B

Figures 8-5 and 8-6 plot the Autler-Townes doublet frequencies measured at various
perturbing RF powers compared with Eq.(8-1). In the calculations, the relative magnitudes of
the Rabi frequencies were set according to the experimental values of RF powers bt their
absolute values were adjusted to obtain the best-fits, The Rabi frequencies were §8,/2n=1~600
kHz for Fig. 8-5 and f§,/2n=0.2~200 kHz for Fig. 8-6. The detunings 4; were measured from
the centre frequencies of the doublets. In Figs. 8-5 and 8-6, the results are found to be in good

agreement with Eq.(8-1) except arthe highest power level of the perturbing RF field muned to
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FIG. 8-5 The measured Autler-Townes splittings in the 5.5MHz NMR line (dots)
compared with theoretical results (solid lines), where the perturbing RF field connects another

NMR at 4.6MHz,
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FIG. 8-6 The measured Autler-Townes splittings in the 5.5MHz NMR line (dots)

compared with theoretical resuits (solid lines), where the perturbing RF field connects an EPR at
27MHz,
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27MHz, where there is a significant discrepancy. This is due to the fact that at this high power
there are several contributing EPR signals and all the transitions have to be considered. In this
case, the levels invoived in the Autler-Townes splitting measurement can no longer be described
as a simple three-level system,

In Fig.8-7, the doublet splittings are plotted against the perturbing RF power on a
logarithmic scale, where the square roor dependency is also plotied for comparison. The resulrs
are again in good agreement with the theoretical dependence ~(RF power)!/”2 except at the

highest power of the perturbing field, which connects the EPR.

It is clear in Figs.8-2 and 8-3 that the width of each component increases with the
increasing RF power. Theoretically, the width of the doublet should not be affected by the
power level. This phenomenon is possibly due to the inhomogeneity of the RF field strength
inside the sample produced by the five-turn coil, Being described by Eq.(S«é};, the field
inhomogeneity increases with the RF power. As the Autler-Townes splitting of a centre is
proportional to the RF field strength at the site where it is located, any spatial inhomogeneity of

the field stength may result in addinonal inhomogeneous broadening of the doublet,

The amplitude of the doublet was found to decrease with the increasing perturbing RF
power. This is attributed to the change of population in one of the NMR levels coupled by the
strong perturbing field (Whitley and Stoud 1976}, Consequently, the Raman heterodyne signal

size is modified by the change in the population factor.

8-3. MATRIX ELEMENTS OF THE m=0¢>41(m (=0) TRANSITIONS

In the Raman heterodyne NMR measurements (see Chapter 7), we observed that the my=
0e>—1 (me=0) trapsition is much stronger than the m=0¢21 (my=0) wansition in most cases.

This is an interesting observation upon which we wish to comment here. The Raman
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FIG. B-7 The measured splittings of the 5.3MHz NMR line (dots} compared with the

square root dependency on the RF power (solid lines).
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heterodyne signal is propormional w0 both the magnetic dipole moment and the population factor,
(see Eq.(6-2)). However, it is not at all clear why one line should appear stronger than the other
using Raman heterodyne detection. The problem can be examined by measuring the
Autler-Townes splitting, from which one can establish the magnitude of a matrix element. The
amount of splitting i3 proportional to the Rabi frequency, B;= g, H,/#, when the perturbing
field is at resonanee, and consequently a quantitative comparison of ratrix elements (£} can be

made if the perturbing RF power (~H,?) is kept unchanged in the measurements.

We have measured the splittings in both the 4.6MHz line associated with the mp=0¢>1
(mg=Q) wransition and the 5.5MHz line with the m=0¢s~1 (m=0) ransition. Two of the traces
are shown in Fig. 8-8, where amplitude detection was employed. The dispersive-like lineshapes
in the 4.6MH?z line are due 1o the interference effect between the NMR and the background EPR
signal. In the measurements, the perturbing RF was tuned to 4.6 and 5.5MHz, respectively,
with the same power level ard the NMR signals were measured by scanning the weak RF in the
range of 4~6 MHz. As can be seen in Fig.8-8, the splittings in both the NMR lines are found to
be the same.

In Fig.8-9, the splittings of the 4.6 and 5.5MHz NMR lines obrained with various
perturbing RF powers are plotted. The RF voltage here is the RMS voltage across the terminals
of & 5062 load, which is connected in series to the RF coil. It is therefore proportional to the
magnetic field magnitude of the perturbing field. The splittings of both lines are found to be very
close 1o a linear dependence. This establishes that, within an error of ~5%, the matrix element
has the same magnitude fur both the 4.6 and 5.5 MHz NMR transitions, whereas in the NMR
measurements we observed that the latter is stronger thén the former by 2 factor of 5~20 (Fig.
8-8). We have thus experimentally demonstrated that the Raman heterodyne signal magnitude
not only depends on the transidon matrix element but also is affected greatly by the populaton

factor.
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FIG. 8-8 (a) The unperturbed NMR signals and the Autler-Townes splittings (b) in the
4.6MHz line with the perturbing field at 3. 5MHz and {¢) in the 5.5MHz line with the perturbing

field at 4. 6MHz.
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FIG. 8-9 The Autler-Townes splittings of the 4.6 and 5.5 MHz NMR lines measured with

the perturbing RF field tuned 10 the alternative transitions (dots) compared with theoretjcal

prediction {solid line).
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8-4. CONCLUSIONS

By inmroducing a perturbing RF field into Raman heterodyne measurements, the
Antler-Townes splitting has been observed. The splittings in the 5.5MHz NMR have been
measured with the perturbing RF field of various powers mned to ¢ither another NMR or an EPR
transition ir the 3A state. The measured doublet frequencies were found to be in good agreement
with the theoretical results for a three-level system except in the case of the EPR transition being
driven by 2 very strong perturbing RF field. At this power level, several EPR gansitions have to
be considered and therefore the simple three-leve! system does not apply.

As they share a common level, both of the m=0¢3Z1 (m=0) mansitions were observed 1o
be split when a perturbing field was mined at the alternative transitions, The magnimdes of the
dipole moment matrix elements for the m=0¢s£1 (=0} transitons were compared by
measuring the amounts of Autler-Townes splittings with the same perturbing RF power level.
The measurements confirm that their matrix element magnitudes are the same within the
experimental error. Comparison of this result with the NMR signal size indicates that the Raman

heterodyne signal intensity is affected greatly by the population factor,
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COHERENT SPIN TRANSIENTS

This chapter deals with the coherent spin transients in the A ground state of the N-V centre
measwred using Raman heterodyne techniques. In the experiments, the RF field was pulsed
while the laser was kepi in the CW mode. After the RF palse or puises excited a particular
magnetic transition, the associated Reman heterodyne signal was recorded as a function of time.
Coherence properties in the time domain provide useful information about spin relaxation
behaviour {(see, ¢.g. Farrar and Becker 1971, Poole and Farach 1971, Steinfeld 1978) and
important parameters such as the homogeneous linewidth of a magnetic wansition can be

deermined.

Using Raman heterodyne techniques we have measured nutations and echoes in the NMR
and EPR mansidons. The homogeneous linewidths asseciated with both the NMR and EFR
ransitions were determined from echo measurements. Spin coherence transfer was also
observed in the ENDOR measurement by puising the RF field which drove the NMR transition
while monitoring the change of the EPR signal driven by 2 OW RF field. In addition, Zeeman
beating in the nuclear guadrupole resonance (NQR) was observed. The beat signal arises from
the interference between the mp=0o11(me=0) u'ansirioﬁs, which were excited by an RF pulse

whose Fourier linewidth was larger than the Zeeman splitting of the my=11 levels.
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9-1. NUTATION

Nutation ocowrs when a strong RF field tuned to or close to a2 magnetic resonance 18
suddenly applied to a system at thermal equilibrium {Torrey 1949, Ferretti and Freeman 1966).
The signal arises from the alternating absorption and sdmulated emission of the radiation between
the two levels involved untdl the population reaches an equilibrium state. The observed signal

oscillates at the Rabi flopping frequency (Farrar and Becker 1971},

‘ a 172
Yer =8 ar +ﬁ§p} o-1)

Ed

with an exponential decay characterized by a relaxation time related to both T, and T, where Agy
is the RF detuning from the resonance centre frequency and Sgr is the Rabi frequency. If the

detuning is negligibie {Agp=(), the system "flops” at the Rabi frequency S

One of the nutation signals associated with the m=0e>~1(m =0) wansidon at 5.5 MHz
measured by the Raman heterodyne technique is shown in Fig. 9-1. In the experiment, the
magnetic field was 1040 and phase detection was employed. The RF field was applied at the
time =0,

At higher RF powers, we observed modulation patterns in the nutation signals. One of the
sxperimental traces is shown in Fig, 9-2. The phenomenon became more evident when the RF
power level was increased further. This is almost certainly due to the invobverment of the adjacent
4.6 MHz NMR wansition. When the RF power is increased, the NMR transitions are broadened
such that the 4,6MHz line becomes coupled to the 5.5MHz line. The fast Fourier wransform
(FFT} analysis clearly shows two peaks, corresponding to the two nutation frequencies

associated with the 4.6 and 5.5 MHz NMR transitions.
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5 5MHz NMR Nutation

Signai Amplitude (arbitrary units)
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FIG. 9-1 The 5.5 Mz NMR nutation measured using Raman heterodyne techniques.
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5.6MHz NMR Nutation
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FIG. 9-2 An NMR nuiation signal with the modulation pawern arising from the
interference berween the 5.5 and 4.6 MHz NMR mansitions. The inset is its fast Fourier

transform (FFT) spectrum.
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The Rabi frequencies and the Rabi flopping frequencies measured from the NMR nutations
are plotted in Figs. 9-3 and 9-4 as a function of RF power and detuning. The signals are again
associated with the my =0¢+—1(m=0) transition at 3.5 MHz. In Fig.9-3, the RF detuning is
negligible (Az7=0), and the signal oscillates at the Rabi frequency Sz, which increases with
~{RF power)Z. In both Figs.9-3 and 9-4, very good agreement is found between the

experimens and Hg.{9-1}.

Nutation signals associated with the other NMR and the EPR transidons were also
observed. One of the EPR nutations measured at a magnetic field of 1038G is shown in Fig. 9-3.
Due to the hyperfine interzction, both the allowed and forbidden transitions appear in the EPR

specira, resulting in a non-exponential pattern similar to those observed in the NMR.

9-2. SPIN ECHO AND HOMOGENEOUS LINEWIDTH

When a magnetic transition is excited by a /2 pulse and a following 7 pulse separated by a
delay time 7, the system may emit zn echo pulse delayed from the second incident pulse by a ime
equal to T (Hahn 1950). The echo signal appears even in an inhomogeneously broadened system
as the rephasing of magnetic moments is independent of the inhomogeneous broadening. As a
consequence, tis technique enables one to probe the dephasing process or the homogeneous
Hinewidth embedded within an inhomogeneous transition. It has been shown (Famrar and Becker

1871 that the echo amplitude varies with an exponential decay,
Allyps) = Apexp(=27/Ty) , (9-2)
where f,., =2Tand T, is the spin-spin relaxation time. The dephasing time T, can therefore be

mapped out by measuring the echo amplitodes with a series of delay times 7. The homogenecus

linewidth (FWHM) of a transition 4/ is related to T; by,
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FIG. 9-3 The Rabi frequencies measured from the 5.5 MHz NMR amations at various RF

powers (dots) compared with the square root dependence (solid line).

162



3 . 5.5MHz NMR Nutation

®  experiment
-— theory

Square of Rabi Flopping Frequency (1 0% k rad %57

o 5 4 5 s

Square of RF Detuning  (10%kHz 2)

FIG. 9-4 The Rabi flopping frequencies measured from the 5.5 MHz NMR nutations at
various RE detunings (dots) compared with theoretical predicdon (solid line).
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29MHz EPR Nutation

Signal Amplitude (arbitrary units)

FIG. 9-5 An EPR nutation signal measured at 29 MHz. The moduladon pattern clearly

appears due to the hyperfine interaction.
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AfH *—":i}??ﬁTg (9'3)

and is obtained straightforwardly from T,,. In the echo measurements, the durations of %/2 and =
pulses are initially determined from the corresponding nutation signat for a particular RF power

level. Similar 1o the other transient experiments, phase detection was used.

9-2-1. NMR Transition

A typical echo signal associated with the m=0e>-1 (n=0) transition at 3. 5MHz is shown
in Fig.9-6, where the magnetic field was 1040 G. In the experiment, the n/2-pulse width was

7.3 s and the separation between the /2 and n pulses was 300 us.

‘The echo amplitudes associated with the m=0¢y—1 (m =0} transition at various delay times
kave been measured and plotted in Fig, 9-7, where the data were found to be in good agreement
with an exponential decay. The dephasing time and the homogeneous lingwidth (FWHM) for the

mp=0ea-1 {me=4)) gansition were then determiined to be,

Af;y=1.20£0.03 kHz.

The dipole-dipole interaction (van Vieck 1948, Bloembergen 1961) is expected to be one of
the important mechanisms that determine the homogeneous linewidth of the NMR gansitions
associated with the N-V centre. In the sample cach ¥N nucleus has neighbouring nuclei and the
spread in precession rates is produced by the local magnetic field that one nuclens produces at
another. As a result, if all the nuclei were precessing in phase at time =0, they would get out of

step ina time T; such that, ¥, H, Ty~1, where H,, isthe magnitude of the local field a
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FIG. 9-6 The 5.5MHz NMR echo measured using Raman heterodyne techniques.
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FIG. 9-7 The 5.5MHz NMR echo amplitudes as a function of delay rime. The results are

found in good agreement with an exponential decay, from which the dephasing time is

determined.
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typical 14N nucleus experiences, and the vector sum of the moments would have thus diminished
significantly. Another relaxation mechanism may arise from the interaction between the 14N
nuclear spin and the electric field gradient at the nucieus (Cohen and Reif 1957). As the spin
re-orients, the components of the quadrupole coupling tensor P become a random funtion of time
and provide a relaxation. A further study is needed to establish which relaxation mechanism is

dominant in the N-V centre.

We were not able to measure the echo signals associated with the other NMR transitions

because of their weak Raman heterodyne signals.

9-2.2. EPR Transition

Figure 9-8 shows a typical trace of the EPR echoes associated with the mg=0>~1(m;=0)
transition at 81 MHz and at a magnetic field of 1046 G, The n/2 pulse width was (.2 lis and the
separation between the r/2 and & pulses was 8 s,

Interference effects due to the hyperfine interaction leads to the non-exponential decay in
the EPR echo signals. However, the total signals measured at various magnetic field strengths
are still consistent with an exponential law, as shown in Fig.9-9. The dephasing time and the
homogeneous linewidth (FWHM) for the my=0¢—1(m;=0) mansition were determined from the

best-fit 1o be,

T,=8.041.5 s
Afy=40+7 KHz,

where the large error arises from the modulation patterns.
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FIG. 9-8 An EPR echo signal measured at an RF frequency of §1MHz .
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FIG. 9-83 The EPR echo amplimdes as a function of delay time measured at various
magnetic field stengths near the Ievel anticrossing, Despite the scattering of data due to the

hyperfine interaction, the total result is in agreement with an exponential decay.
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As can be seen in Fig.9-9, although the data points are somewhat scattered due to the
hyperfine interaction, the EPR dephasing time seems unchanged when the magnetic field
approaches 1628 (3. This result rules out the mechanism for the collapse of EPR signal as being

associated with any change in the dephasing process at the Jevel anticrossing (see Chapier 6},

9-3. COHERENCE TRANSFER IN ENDOR

In ENDOR measurements, when the RF driving an NMR transition is pulsed, the oansient
variation of the populations in the NMR levels causes a corresponding change in the EPR signal
monitored by a CW RF field. By recording the EPR signal amplitude as a function of time after
the RF field driving the NMR is applied, one can investigate the spin polarization and/or spin

coherence transfer from the nucled o the electrons.,

Figure 9-10 illustrates an NMR nutation and the comresponding transient EPR signal
measured at & magnetic field of 1050 G. The RF step pulse at 5.4 MHz was applied at time =0
to drive the m=0¢r—1(m=0) wansition and, as a consequence, the nutation appeared in the
NMR. The transient EPR was obtained by monitoring the signal amplitade associated with the
mg=0>-1{m=0} ransition driven by a CW RF field at 59 MHz. As can be seen, the EPR

signal oscillates in a similar way to the NMR netation.

The oscillaton frequency in the EPR signal depends on the power levels of both the RF
fields {(Whitley and Stroud 1976). In the experiment, the power of the RF ficid driving the EPR
transition could be adjusted such thar the Rabi frequency in the transient EPR was the same a5
that of the NMR nutation. Figure 9-11 shows the Rabi.ﬂoppiﬂg frequencies measured from the
transient EPR. at varicus detunings of the pulsed RF field from the NMR line centre (5.40 Miz).
The square of Rabi flopping frequency was plotied against the square of RF detuning and

compared with the theoretical dependency,
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FIG. 9-10 An NMR nutadon and the corresponding transient EPR signal monitored by a

CW RF field after a step pulse was applied at time =0 to the NMR transition.
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Xree=iigpt + Prg, {9-4)

predicted for the NMR nutation. The experimental data are found to be in agreement with the

above relation.

The method of polarization wansfer has been used 1o enbance the NMR wansitons with
smell dipole moments, such as selective population wansfer (SPT) and insensitive nucleus
gnhanced by polarization transfer (INEPT} expertiments (Pachler and Wessels 1973, Morris and
Freeman 1979}, In a systern where a weak NMR tmansitdon and a relatively smong tansition are
conpled, the weak NMR signal can be significantly enhanced if the popularions in the energy
levels involved in the strong transition are inverted. Such a scheme of polarization gansfer was
used for gansfering electron magnetization 1o nuclei, or for mansfering large ¥, nuclear
magnetization to lower %, nuclei (Feher 1956, 1957, Feher and Gere 1956). In the présent
experiment, however, the nuclear magnetization was able to be mansferred to the eleczrons. The
state mixing in the level antcrossing region greatly enhances the NMR transitions and

consequently leads to such a transfer being detectable.

9-4. ZEEMAN QUANTUM BEAT

When two closely spaced levels la» and &2 with the respective transition frequencies o,
and @, to a third level o> (Fig.9-12) are excited simutanecusly by a shon pulse, a beat at
frequency lw,—wy may appear in the detected emission signals after the end of the pulse. This
phenomenon is generally referred to as a quantum beat, which is a result of the interference
berween the decaying signal amplitudes of the coherently prepared excited states {e.g. Haroche o7
al. 1973, Demzoder 1982),

174



o>

FI(G.9-12 An energy level diagram for the quantum beat detection in a three-leve! system.

The coherence processes involved in the Raman heterodyne measurements are not shown.
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The guantum beat phencmenon can be treated with the semi-classical theory described
below (Corney and Series 19643, Suppose the Fourier linewidth of the exciting pulse is larger
than the separation of the la> and 1b> levels such that both of them are excited simu‘*lmamzséy‘ The
system at the end of the exciting pulse (=0} is in a coherent superposition of the two states o

and ib>, which can be written as,
(> = A, la> + Ay 15>, (9-53

where A, and Ay are two coefficients, which determine respectively the populations in the la>

and ib> levels. The system will decay at a time >0, when the wave function is,

e iy T

o i
> = Age laz> +Abel{mﬁ R

B {9-0)

where , and ¥, are respectively the spontancous decay rates of the la> and 16> states to the third

state i, The detected emission intensity depends on the polarization,
Py =t<elpggHpp (> 2| 9-73

where the transittons have been assumed to be magnetic dipole transiions, Substituting Eq.(9-6)

into Eq.(9-7} gives,

T 2 . i
PO =#f, ¢ M+ T +2Rela) 00 | (9-8)

L

where Aw=|w,~ayl, and the decay rate yand the Rabi frequency [Bpr are assumed to be the
same for both the la><3lc> and b>¢3le> ransitions. This asswmption is valid for the mp=0e521
(mg=0) transitions in the 3A state of the N-V centre (see Chapter 8). As described by Eq.(9-8),

the beat signal at frequency Acsis superimposed on the exponentdal signal with a decay rae 7.
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Using Ramuan heterodyne techniques, we have observed the beaung in the mp=06%1
(rry=()) transitions, which arises from the nuclear Zeeman splitting of the m=k1 (m=0) levels.
The experimental results measured at 1016 G are shown in Fig. 9-13. At a field of 101606, the
two ansition frequencies are 4,73 and 5.09 MHz, respectively, and the Zeeman splitting is
0.36MHz, which could be measured from the CW NMR specira,  In the experiments, the RF
field had a pulse width of 1us. The Fourier linewidth of the pulse was ~1MHz, which is larger
than the Zeeman splitting, Amplitude detection was used and conseguently the signal was solely
due to the interference effect in the total emissions.

The beating was measured at various RF frequencies between 4.73 and 5.09 MHz, whers
the beat frequency was determined to be Aw/Zn=36025 kiz and found 1o be unchanged at
different RF frequencies. This is in excelient agreement with the Zeeman ievel splitiing
(0.36MEHz), When the RF frequency was tuned 1o a value greater than 5.1MHz or less than
4. 7MHz, the beating was observed to disappear,

Zeeman quantum bear was also observed at other magnetic field strengths. The spliting of
the my=*1 Gng=0} levels changes with the magnetic field strength (see Chapter 7), and
accordingly the beat frequency changed as well. For all the field strengths, the beat frequency
was found to be equal to the level separation as determined from the CW NMR specira,

Changing the RF power level changed the magnitude of beat signal but did not affect the

beat frequency, as shown in Fig. 9-14.

9.5, CONCLUSIONS

Nutations in the NMR and EPR transitions of the 3A ground state have been measured
using Raoan heterodyne techniques. Modulation pattérns in the nutation signals were observed
at high RF powers due to the coupling of an adjecent transition, as confirmed by the fast Fourier
transform analysis.  The Rabi flopping frequencies of the m=06>-1(m =0} transition measured

at various RF powers and detunings were found to be in good agreernent with theory.
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FIG. 9-13 The detected emission signals after a 1us RF pulse tuned to various frequencies
showing the Zeeman beating arising from the 4.73 and 5.09MHz NMR mansitons,
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FIG. 9-14 The Zeeman beating signals after a Tps RF pulse waed 1o 4.9MHz measured at
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The spin echoes associated with the me0es-1{m=0) NMR mansition have been measured
and the homogeneous Hoewidih has thus been determined. The echoes associated with the other
NMR transitions have not been successfully observed because of their weak Raman heterodyne
signals. The EPR echoes associated with the me=0e3—] transition were also measured and the
homogenecous linewidih has been determined as well, The echo measurements at various
magnetic field strengths near the level anticrossing indicate that the dephasing time is unchanged
when the field approaches 1028G. This suggests that the collapse of EPR signal at the level
anticrossing is not related 1o the change of dephasing processes.

Spin coherence mansfer was observed in the ENDOR experiment by pulsing the RF field
connecting the NMR transition while monitoring the EPR signal coupled by a CW RF field.
The EPR signal was found to oscillate in a similar way to the NMR putation and the Rabi
flopping frequencies measured from the EPR signal were found o be in agreement with the
theoretical prediction for the NMR nutation. The state mixing in the level anticrossing region
significantly enhances the NMR trangition and leads to such a polarization transfer from the
nuclei to the electrons being detectable,

With a short RF pulse, the Zeeman quantum beat in NQR has been observed using Raman
heterodyne techniques, which arises from the splitting of the myp=11(m=0) levels. The beat
frequency was found to be in excellent agreement with the level separation at various magnetic

field strengths.
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Cinapler 70
SUMMARY

The Raman heterodyne detected NMR and EPR signals in the 3A ground state of the N-V
centre measured at Jower RF powers were found 1o have lineshapes described by Eqgs.{2-10a)
and (2-10b) as predicied by theory in the low RF power regime (Wong et . 1983). With
intense RF fields, the spectral lineshapes were observed to be broadened and saturated, The
sawration behaviour was found to be well described by the theoretical model developed by Fisk
et al. (1990}, which is based on the Bloch equadons. We have found that the %ﬁ;phase and
out-of-phase components of the Raman heterodyne signal have totally different saturation
characteristics, which result in anomalous lineshapes at high RF powers using amplitude

detection,

Yarious measurements such as the EPR, NMR, ENDOR and hole burning have been used
to study the YA ground state using Raman heterodyne techniques, In the level anticrossing
region, state mixing arising from the hyperfing interaction causes the NMR transitions to have
comparable strengths to the EPR transitions, This facilitates the detection of nuclear spin
resonances. The measured resonance frequencies were well accounted for by the Hamiltonian of
a4 state and all the parameters in the spin Hamiltonian have been fully determined. From the
values of hyperfine interaction parameters, one can coﬁclude that the unpaired electons in the
N-V defect are mainly localized in the three equivalent carbons.

Level anticrossing studies have shown the spin alignment in the 3A state under optical
pumping, being in agreement with the previous observaton using conventional EPR technigues

{Loubser and van Wyk 1577). The Raman heterodyne detected EPR signal was found to
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collapse at the level amticrossing, and this phenomenon is attributed to the equal populatiens in
the twe EPR levels doe to the state mixing and spin alignment, The interpretation was
substantiated by the RF power broadened lineshape, Rabl oscillation and spin echo
measurements. Tuaking into account the observation of NMR and ENDOR intensities with the
result of absorptive and emissive EPR signals at low and high fields, it is further claimed that the
crystal field splitting [ is positive, Le, the mg=t1 levels lie above the m =0 level at zero field.
Interesting wansient properties such as Zeeman qﬁantum beat and coherence transfer have
been observed nsing Raman heterodyne techniques. The state mixing near the level anticrossing
significantdy enhances the NMR transidons and leads 1o the spin polarzation transfer from the
nuclel to the electrons being detectable, Other coberent measurements such as spin echo

experimenis have vielded the homogeneous linewidihs of the NMR and EPR transitons.

On the other hand, optical pumping effects in the Raman heterodyne experiments are far
iess fully understood. The Autler-Townes splitting measurements in the 3A state have shown
that for the rwo NMR transitions which have vastly different Raman heterodyne signat
intensities, their transition dipole moments are equal. It is thus concluded that the different
Raman heterodyne signal magnitudes are because of different population factors and this can
arise from opucal pumping, which alters the spin population distribution in the 3A state through
optcal excitation to the 7E state with subsequent relaxations. However, the details of optical
pumping effects have not been included in the theoretical models, and the consideration of such

effectsmay - : 1equine facther woth,
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