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Hyperfine interaction in ground and excited states of praseodymium-doped yttrium orthosilicate
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We present characterization of the hyperfine interaction for the grothig) (and one optically excited state
(1D,) of praseodymium impurities in a yttrium orthosilicate crystal. The Zeeman and pseudoquadrupole
tensors were inferred by measuring the hyperfine splittings while rotating the direction of a wdék G)
magnetic field. The hyperfine spectra were recorded using Raman-heterodyne spectroscopy, a rf-optical double
resonance technique.
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. INTRODUCTION H={Hg+Hce +{Hpet Ho+ H,+ Hb. (1)

Praseodymium doped,%iOs has received increased at- The six terms on the right represent the free ion, crystal field,
tention of late because of its use in the demonstration of solifyPerfine, nuclear quadrupole, electronic Zeeman, and
state optical EIT (electromagnetically induced huclear Zeeman Hamiltonians, respectively. The first group
transparency’ as well as its use in quantum computing Of terms are much larger than the second and are what de-
proposalé and its use in slow light and light storage termine the electronic energy levels. The perturbation caused
experiments. It was chosen for such experiments because oby the second group of terms gives the electronic levels hy-
its small inhomogeneous broadening in the ground state hyperfine structure.
perfine levels, its long coherence times and adequate oscilla- In the case of Pr:¥SiOs theL — S coupling present it g,
tor strengths. breaks the degeneracy of thé?4configuration. The crystal

Current EIT experiments using this matetihhave been  field (H.;) breaks the degeneracy of these multiplets, and
performed in zero magnetic field due to the absence of fulhecause of the low symmetry of the crystal field each mem-
knowledge of the hyperfine structure. Working with nonzeroper of the multiplets is an orbital singlet. Due to this
magnetic fields provides a promising way to improve the«qyenching” of angular momentum there is no first order
limiting parameters in such experiments. For small fields theertrhation resulting from the second group of terms of Eq.
inhomogeneous broadening for tHex/2<—>1x/2 spin ran- (1) The hyperfine and magnetic effects appear at the level of
sition will be fmuch Iesshthallqn fOEX/ZH—yI/.Z’ a_I(IjO\r/]w?g h second order perturbations. We are interested in the transi-
narrower EIT features. The homogeneous linewidth for the;, o penyeen the lowest members of these multiplets. Ap-

spin transition can also be significantly reduced by applying_,. . : ; : .
a magnetic field. This work provides the required informa- gplylng .th'S secoqd praer perturbatlo_n gives for_a partlcylar
yperfine  manifold the following effective spin

tion on oscillator strengths and transition frequencies as iitonian®
function of magnetic field for the design of further EIT Hamitonian:
experiments.

= . 2 2 . . .
Yttrium orthosilicate has symmetry given by th&$, H=B-(g5usA)-B+B- (\E+2A,0,u8A) |

space group with four formula units of,$i0; per transla- 1 (AZA+ To)-I. 2
tional unit. This gives eight different sites at which the
praseodymium can substitute yttrium. The four sites can be ©)

divided into two groups of four with the members of eachThe tensorA is given by

pair related to each other by the cryst@ls axis and inver-

sion. (013In)(n|34/0)
The pairs have different crystal field splittings. Here we Aup= 2 AE :

are only concerned with “site 1,” for which the optical tran- n=1 n.0

sition between the lowest energy components offigand  E js the 3¢ 3 identity matrix,B is the magnetic field, ant

D, multiplets is at 605.7 nm. The sites hallg symmetry. s the vector of nuclear spin operatog, is the Landeg

While in many applications this is useful in that the low 4)e, yy is the nuclear gyromagnetic ratio, add is the

symmetry relaxes selection rules in the hyperfine manifold:;|,1ypencine interaction parameter. The tetaTo- | describes

it does make interpreting the spectra more difficult as thergne nuclear electric quadrupole interaction. The term

are no symmetry conditions. The crystal on which the mean2|. A .| which has the same form dsT~-1 is due to the

surements were performed consists of 0.05% praseodymiuggcond order magnetic hyperfine aQIso known as the

which has only one naturally occurring isotope ®r pseudoquadrupole interactién. ’

|=5/2). For this work the first term in Eq2) was neglected, as it
makes no changes to the hyperfine splittings and has a small
effect on the optical frequency for the small magnetic field

The following Hamiltonian describes the Praseodymiumvalues used. Hence the Hamiltonian used to fit the data can
nucleus and electrons: be written as

2J+1

4

Il. THE THEORY OF HYPERFINE INTERACTIONS
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FIG. 1. Zero field energy level diagram for PSiOs. transmittedw, .

H=B-M-I1+1-Q-1. (5) With a computgr controlled current supply this enabled au-
tomated collection of the data.
For the ground state the the spectra were recorded as the

The zero field energy level diagram for PyMO; in
9y g BHOs magnetic field was rotated in a spiral of the form

“Site 1” is shown in Fig. 1. Each of the six membered hy-
perfine manifolds are split into three degenerate pairs by the

term|-Q-Il. At zero magnetic field Raman heterodyne sig- BO\/l—tzcos 6t

nals can be seen at 10.2, 17.3, 4.6, 4.8 MHz. The application B v

of a magnetic field splits the degenerate pairs and for a 40 G B=| Boyl-tisinbat |, te[-1.1]. )
magnetic the splitting is of order 1 MHz. For each orienta- Bt

tion of “site 1” in the crystal, each of the above Raman
heterodyne lines splits into four. The line splits into eight in - The experimental data for the ground state is shown in

general because of the two possible orientations of “site 1.'rjq 3 and the magnetic field values used are plotted in Fig.

The inhomogeneous broadening in the hyperfine levelg "rqr the excited state the magnetic field was rotated in
comes from the inhomogeneous broadening iNAh®NSOr  cones about each axis, as it was desirable to have larger

of Eq. 2. It can be seen that for small fields the inhomogesig|gs for the excited state to help resolve all the lines
neous broadening in the Zeeman term will pe small. Th'spresent. This was most easily achieved by having a larger
could allow narrower EIT to be observed using the/2  noncomputer-controlled current supply one of the three

hyperfine levels as ground states. channels. The experimental data for the excited state is
shown in Fig. 5 with the magnetic field values used plotted
IIl. EXPERIMENT in Fig. 6.

The crystal was cooled to liquid helium temperatures and
mounted in a set of small superconductiXgy, andZ coils IV. FITTING PROCEDURE
which which enabled a field of-40 G to be generated in
any direction. To take Raman-heterodyne spéétriight
from a frequency stabilized dye las@r MHz) was incident
on the sample. The frequency of the light was tuned to b
resonant with the transition from the lowest level to the low-
est level of the®H, and D, multiplets. A swept radio-
frequency(rf) field was applied to the sample using an six- —-E 0 O
turn coil wrapped around the sample. When the rf field is _ T
resonant with a hyperfine transition a coherence is produced Q=R(a.gy)| 0 E 0|RY(aB.y) )
between the hyperfine levels. This coherence, along with that 0 0D
induced by the laser, creates another optical field with the
same mode characteristics as the laser and a frequenghereR(«,B,v) is the rotation matrix defined by the three
shifted by the rf frequencysee Fig. 2 This created optical Euler angles &,83,7).° For the Zeeman tensor there are six
field is detected as a beat on the transmitted light. The signahdependent parameters and the following parametrization
was averaged on a digital oscilloscope and stored on a P@as used:

Along with the orientation of the principal axes two pa-
rameters are required to determine the pseudoquadrupole
densors. For this work the following parametrization was
used:
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FIG. 3. The hyperfine spectra obtained for the ground state. Each vertical slice is one spectra with darkness indicating intensity of Raman
heterodyne signal. The field was varied along the horizontal axis as described in the text.

ge 0 O The positions of all the peaks were determined manually

_ 0 T from the recorded spectra. This data was then fed into a

M=R(a,B,y)| 0 9y Ri(a.B,7). ® computer program that minimized the difference between the

0 0 g, experimental values and those expected from a pair of sys-
tems, one with a Hamiltonian

In the case of system with no true quadrupole interaction H=B-My-1+1-Qy-1 )
it can be easily seen from E(R) that the principle axes of
the two tensorsvl and Q will be aligned. Further to this as
the parameter apart frolk are known there are only threef H=B-M,-1+1-Q,-1. (10)
parameters in addition to the orientation of the tensors which
are independent. The absolute values of the paraméters Here eachX; and X, are related to each other via ti®&
and E can be determined from zero-field quadrupole split-axis. The tensor#!;, Q;, and the position of th€, axes
tings; however, their signs cannot. Three different modelsvere the varied parameters.
were used to try and fit the data: one where it was assumed The minimization was carried out using a simulated
that there was no real quadrupole interaction, one where thannealing® method. When implementing such an algorithm
tensorsM and Q were taken to share the same axes but thehere is freedom in choosing two characteristics, how you
principle values were allowed to vary freely, and one wherdower the “temperature” and how you choose the proposed
no relationship was assumed between the two tensors.  state. In order to find the solution which minimized the error,

The position of theC, axis was nominally along thg the initial temperature was chosen at a level corresponding to
axis but was included as a parameter because of the smalluncertainty in the spectral lines of about 1 MHz. It was
misalignment between the coils and the sample. There ithen lowered exponentially to 1 kHz over two million jumps,
uncertainty in the parameteis and E obtained at zero field at which point it was no longer changing. This was repeated
and hence their value is allowed to vary on fitting the dataa few times with different initial conditions and random
This uncertainty arises from a small background field givingnumber seeds to confirm that the true minimum had been
the lines an extra broadening at zero applied field. found. For the evolution step one of the system parameters

and the other with a Hamiltonian
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FIG. 4. Magnetic field values used to obtain ground state hyperfine spectra.

Field No.

FIG. 5. The hyperfine spectra obtained for the optically excited state. Each vertical slice is one spectra with darkness indicating intensity
of Raman heterodyne signal. The field was varied along the horizontal axis as described in the text.
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FIG. 6. Magnetic field values used to obtain excited state hyperfine spectra.

was chosen at random and a random variable with a Loreneand they axis represents how well the crystal was aligned in

zian distribution was added to it. The initial widffit has  the xyz coils. It should be noted that the crystal was taken

infinite variance of this distribution was chose to be about out and remounted between the collection of the ground and
five degrees for angles and 10% of the expected results faxcited state data.

other quantities. These were also reduced exponentially but For the ground state the difference between the principle

at a rate three times slower than the temperature. axes of the Zeeman and pseudoquadrupole tensors was re-
solved, but the difference was smat6°). This would be
V. RESULTS expected if the pseudoquadrupole was much greater than the

real quadrupole interaction, however, the data could not be
The spectra along with the best theoretical fit are shown invell explained by a model where the real quadrupole contri-
Figs. 3 and 5. The r.m.s. deviation between the measured afition was neglected. In the excited state the Zeeman and
fitted lines is 23 kHz for the ground state and 7 kHz for thepseudo quadrupole tensors are not aligned, however, the
excited state. Uncertainties in the determined parameters

were found by reducing the “temperature” to a value above TABLE I. Results for fitting of the ground state.
zero in the annealing algorithm. Such a method can be
shown to be rigorous if all the uncertainty was due to GaussQuantity Value Random uncertainty Total uncertainty Units
ian noise in the peak positions. In this situation, however,
various systematic errors were also important. E 0.5624 0.0002 0.003 MHz
The “final temperature” was chosen to correspond to aP 4.4450 0.0003 0.003 MHz
standard deviation of 30 kHz in the peak positions, roughlydx 2.86 0.07 0.07 kHz/G
equal to the linewidths of the hyperfine spectra. The result§y 3.05 011 011 kHz/G
are shown in Tables I and Il. The random errors are due t@: 11.56 0.03 0.1 kHz/G
the uncertainty in the fit while the total error includes variousay —99.7 0.4 1 deg.
systematic errors. These include the measurement of the frgy 55.7 0.2 1 deg.
guency, background magnetic fields, and imperfections inyy, —40 20 20 deg.
the xyz coils but do not include uncertainty due to mis- aq -94 1 1 deg.
alignment of the crystal. This misalignment is the greatesp, 58.1 0.4 1 deg.
source of uncertainty in the determined values and is of thg, -20.7 2.0 2 deg.
order of 5°. C, azimuth 87.8 0.1 1 deg.
The position of theC, axes were in both cases close to c, elevation —1.9 0.1 1 deg.

they axis. The difference between the position of @eaxis
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TABLE Il. Results of fitting of the excited state. TABLE lll. Overlap of the nuclear states between the ground
and optically excited hyperfine manifold. Each column refers to a
Random uncertainty Total uncertainty Units particular ground state level and each row refers to a particular

Quantity Value

E 0.4228 0.0001 0.003 MHz excited state level. The states are labeled by the conventional nota-
D 1.3575 0.0002 0.003 MHz tion =n/2 wheren=1,3,5 although it should be noted that the
Oy 1.56 0.05 0.05 KHz/G eigenstate_s of the Hamiltonian are in general far from angular mo-
ay 1.44 0.02 0.02 kHz/G Mentum eigenstates.
iz 731;{; 2 0(')072 OfS k;eZéG =52 =32 =12 +1/2 +3/2 +5/2
IBM 59 6. 0.6 1 degl —5/2 099 +0.03 +0.09 -0.00 -0.06 +0.00
M 116 1é 18 de ' -3/2 +0.00 -0.88 -0.00 -0.19 -0.43 +0.08
ZM 90.1 0.7 1 deg. -1/2 +0.07 -0.09 +0.98 -0.02 +0.18 -0.00
Be o4 ; N o9 412 —000 018 +002 +098 —009 —0.07
© 15.8 16 5 deg. +3/2 +0.08 +043 +0.19 -0.00 -0.88 -0.00
2_/;2 az 86 9 0'2 1 de% +5/2 —-0.00 -0.06 -0.00 -0.09 -0.03 -0.99
C, elev. 238 0.4 1 deg.

are shown in Table Ill. The axis for the calculation was the
major axis of the pseudo-quadrupole ellipsoids, which is the
pseudoquadrupole tensors for both the ground and exciteshme for both the ground and excited states.
state are aligned. The states are labeled by the conventional notation2

The authors recognize that working with such a low sym-yheren=1,3,5 although it should be noted that the eigen-
metry system increases the chance that the fit may be fortutates of the Hamiltonian are in general far from angular
itous. We are confident in our result because of the range ghomentum eigenstates. To illustrate this the value$Jof
magnetic field directions used and the robust nature of simugre +2.49+0.85+0.39 for the ground state hyperfine lev-
lated annealing. Values for some of the parameters werg|s and+2.43+1.10+0.17 for the excited state hyperfine
known independent of the fitting proceduiguadrupole pa- |evels.
rameters and position of the, axis) and the fitted and In order to create EIT in such materials one needs to
priori values agreed with each other within the respectiveshoose two ground state levels and one excited state level.
uncertainties. These should be chosen to obtain a reasonable oscillator
strength for each transition. The results of Table Il suggest
the “+1/2" and “*+3/2" as ground states and either the

o h q q | 47 ; tor b “ +=1/2" or “ =3/2" excited state should be used for efficient
nce the pseudoguadrupole and £eeman tensors for OE]T in the case of zero magnetic field. This confirms the

the ground anq excited state are known_|F is possible _to Caléhoice of the transitions used by Haehall
culate the oscillator strengths and transition frequencies for
each transition and for each magnetic field value. As an ex-
ample of this we calculate the relative optical oscillator
strengths for optical transitions between ground and excited We have characterized the hyperfine manifolds for the
state hyperfine manifolds. The nuclear projection does noground and one optically excited state of praseodymium dop-
change in an optical transition and thus the relative strengthnts in Y,SiOs. This enables the transition frequencies and
of a transition is given by the overlap of the nuclear states.oscillator strengths for any transition between or within the

The Hamiltonian for both the ground and excited states irmanifolds to be calculated for an arbitrary applied magnetic
zero field was numerically diagonalized and the inner prodfield. This allows the conditions for future EIT experiments
uct between each pair of eigenvectors calculated. The resulis this material to be optimized.

VI. CALCULATED OSCILLATOR STRENGTHS

VII. CONCLUSION
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