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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 ground (3H4) and one optically excited state
( 1D2) 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 weak (;40 G)
magnetic field. The hyperfine spectra were recorded using Raman-heterodyne spectroscopy, a rf-optical double
resonance technique.
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I. INTRODUCTION

Praseodymium doped Y2SiO5 has received increased a
tention of late because of its use in the demonstration of s
state optical EIT ~electromagnetically induced
transparency!,1 as well as its use in quantum computin
proposals2 and its use in slow light and light storag
experiments.3 It was chosen for such experiments because
its small inhomogeneous broadening in the ground state
perfine levels, its long coherence times and adequate osc
tor strengths.

Current EIT experiments using this material1,3 have been
performed in zero magnetic field due to the absence of
knowledge of the hyperfine structure. Working with nonze
magnetic fields provides a promising way to improve t
limiting parameters in such experiments. For small fields
inhomogeneous broadening for the1x/2↔2x/2 spin tran-
sition will be much less than for6x/2↔6y/2, allowing
narrower EIT features. The homogeneous linewidth for
spin transition can also be significantly reduced by apply
a magnetic field.4 This work provides the required informa
tion on oscillator strengths and transition frequencies a
function of magnetic field for the design of further EI
experiments.

Yttrium orthosilicate has symmetry given by theC2h
6

space group with four formula units of Y2SiO5 per transla-
tional unit. This gives eight different sites at which th
praseodymium can substitute yttrium. The four sites can
divided into two groups of four with the members of ea
pair related to each other by the crystalsC2 axis and inver-
sion.

The pairs have different crystal field splittings. Here w
are only concerned with ‘‘site 1,’’ for which the optical tran
sition between the lowest energy components of the3H4 and
1D2 multiplets is at 605.7 nm. The sites haveC1 symmetry.
While in many applications this is useful in that the lo
symmetry relaxes selection rules in the hyperfine manifo
it does make interpreting the spectra more difficult as th
are no symmetry conditions. The crystal on which the m
surements were performed consists of 0.05% praseodym
which has only one naturally occurring isotope (Pr141,
I 55/2).

II. THE THEORY OF HYPERFINE INTERACTIONS

The following Hamiltonian describes the Praseodymiu
nucleus andf electrons:
0163-1829/2002/66~3!/035101~6!/$20.00 66 0351
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H5$HFI1HCF%1$HHF1HQ1Hz1HZ%. ~1!

The six terms on the right represent the free ion, crystal fie
hyperfine, nuclear quadrupole, electronic Zeeman,
nuclear Zeeman Hamiltonians, respectively. The first gro
of terms are much larger than the second and are what
termine the electronic energy levels. The perturbation cau
by the second group of terms gives the electronic levels
perfine structure.

In the case of Pr:Y2SiO5 theL2S coupling present inHFI
breaks the degeneracy of the 4f 2 configuration. The crysta
field (HCF) breaks the degeneracy of these multiplets, a
because of the low symmetry of the crystal field each me
ber of the multiplets is an orbital singlet. Due to th
‘‘quenching’’ of angular momentum there is no first ord
perturbation resulting from the second group of terms of E
~1!. The hyperfine and magnetic effects appear at the leve
second order perturbations. We are interested in the tra
tions between the lowest members of these multiplets.
plying this second order perturbation gives for a particu
hyperfine manifold the following effective spin
Hamiltonian:5

H5B•~gJ
2mB

2L!•B1B•~gNE12AJgJmBL!•I

1I•~AJ
2L1TQ!•I . ~2!

~3!

The tensorL is given by

Lab5 (
n51

2J11
^0uJaun&^nuJbu0&

DEn,0
. ~4!

E is the 333 identity matrix,B is the magnetic field, andI
is the vector of nuclear spin operators,gJ is the Landeg
value, gN is the nuclear gyromagnetic ratio, andAJ is the
hyperfine interaction parameter. The termI•TQ•I describes
the nuclear electric quadrupole interaction. The te
AJ

2I•L•I which has the same form asI•TQ•I is due to the
second order magnetic hyperfine, also known as
pseudoquadrupole interaction.6

For this work the first term in Eq.~2! was neglected, as i
makes no changes to the hyperfine splittings and has a s
effect on the optical frequency for the small magnetic fie
values used. Hence the Hamiltonian used to fit the data
be written as
©2002 The American Physical Society01-1
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H5B•M•I1I•Q•I . ~5!

The zero field energy level diagram for Pr:Y2SiO5 in
‘‘Site 1’’ is shown in Fig. 1. Each of the six membered h
perfine manifolds are split into three degenerate pairs by
term I•Q•I . At zero magnetic field Raman heterodyne s
nals can be seen at 10.2, 17.3, 4.6, 4.8 MHz. The applica
of a magnetic field splits the degenerate pairs and for a 4
magnetic the splitting is of order 1 MHz. For each orien
tion of ‘‘site 1’’ in the crystal, each of the above Rama
heterodyne lines splits into four. The line splits into eight
general because of the two possible orientations of ‘‘site

The inhomogeneous broadening in the hyperfine lev
comes from the inhomogeneous broadening in theL tensor
of Eq. 2. It can be seen that for small fields the inhomo
neous broadening in the Zeeman term will be small. T
could allow narrower EIT to be observed using the6x/2
hyperfine levels as ground states.

III. EXPERIMENT

The crystal was cooled to liquid helium temperatures a
mounted in a set of small superconductingX,Y, andZ coils
which which enabled a field of;40 G to be generated in
any direction. To take Raman-heterodyne spectra7,8 light
from a frequency stabilized dye laser~1 MHz! was incident
on the sample. The frequency of the light was tuned to
resonant with the transition from the lowest level to the lo
est level of the 3H4 and 1D2 multiplets. A swept radio-
frequency~rf! field was applied to the sample using an s
turn coil wrapped around the sample. When the rf field
resonant with a hyperfine transition a coherence is produ
between the hyperfine levels. This coherence, along with
induced by the laser, creates another optical field with
same mode characteristics as the laser and a frequ
shifted by the rf frequency~see Fig. 2!. This created optica
field is detected as a beat on the transmitted light. The sig
was averaged on a digital oscilloscope and stored on a

FIG. 1. Zero field energy level diagram for Pr:Y2SiO5.
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With a computer controlled current supply this enabled
tomated collection of the data.

For the ground state the the spectra were recorded as
magnetic field was rotated in a spiral of the form

B5F B0A12t2cos 6pt

B0A12t2sin 6pt

B0t
G , tP@21,1#. ~6!

The experimental data for the ground state is shown
Fig. 3 and the magnetic field values used are plotted in F
4. For the excited state the magnetic field was rotated
cones about each axis, as it was desirable to have la
fields for the excited state to help resolve all the lin
present. This was most easily achieved by having a la
noncomputer-controlled current supply one of the th
channels. The experimental data for the excited state
shown in Fig. 5 with the magnetic field values used plott
in Fig. 6.

IV. FITTING PROCEDURE

Along with the orientation of the principal axes two p
rameters are required to determine the pseudoquadru
tensors. For this work the following parametrization w
used:

Q5R~a,b,g!F 2E 0 0

0 E 0

0 0 D
GRT~a,b,g!, ~7!

whereR(a,b,g) is the rotation matrix defined by the thre
Euler angles (a,b,g).9 For the Zeeman tensor there are s
independent parameters and the following parametriza
was used:

FIG. 2. Energy levels involved in the Raman Heterodyne det
tion. The applied optical and RF fields arevL and vHF, respec-
tively. The produced Raman fieldvL1vHF gives a beat with the
transmittedvL .
1-2
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FIG. 3. The hyperfine spectra obtained for the ground state. Each vertical slice is one spectra with darkness indicating intensity
heterodyne signal. The field was varied along the horizontal axis as described in the text.
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M5R~a,b,g!F gx 0 0

0 gy 0

0 0 gz

G RT~a,b,g!. ~8!

In the case of system with no true quadrupole interact
it can be easily seen from Eq.~2! that the principle axes o
the two tensorsM andQ will be aligned. Further to this as
the parameter apart fromL are known there are only thre
parameters in addition to the orientation of the tensors wh
are independent. The absolute values of the parameteD
and E can be determined from zero-field quadrupole sp
tings; however, their signs cannot. Three different mod
were used to try and fit the data: one where it was assu
that there was no real quadrupole interaction, one where
tensorsM andQ were taken to share the same axes but
principle values were allowed to vary freely, and one wh
no relationship was assumed between the two tensors.

The position of theC2 axis was nominally along they
axis but was included as a parameter because of the s
misalignment between the coils and the sample. Ther
uncertainty in the parametersD andE obtained at zero field
and hence their value is allowed to vary on fitting the da
This uncertainty arises from a small background field giv
the lines an extra broadening at zero applied field.
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The positions of all the peaks were determined manu
from the recorded spectra. This data was then fed int
computer program that minimized the difference between
experimental values and those expected from a pair of
tems, one with a Hamiltonian

H5B•M1•I1I•Q1•I ~9!

and the other with a Hamiltonian

H5B•M2•I1I•Q2•I . ~10!

Here eachX1 and X2 are related to each other via theC2
axis. The tensorsM1 , Q1, and the position of theC2 axes
were the varied parameters.

The minimization was carried out using a simulat
annealing10 method. When implementing such an algorith
there is freedom in choosing two characteristics, how y
lower the ‘‘temperature’’ and how you choose the propos
state. In order to find the solution which minimized the err
the initial temperature was chosen at a level correspondin
a uncertainty in the spectral lines of about 1 MHz. It w
then lowered exponentially to 1 kHz over two million jump
at which point it was no longer changing. This was repea
a few times with different initial conditions and rando
number seeds to confirm that the true minimum had b
found. For the evolution step one of the system parame
1-3
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FIG. 4. Magnetic field values used to obtain ground state hyperfine spectra.

FIG. 5. The hyperfine spectra obtained for the optically excited state. Each vertical slice is one spectra with darkness indicating
of Raman heterodyne signal. The field was varied along the horizontal axis as described in the text.
035101-4
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FIG. 6. Magnetic field values used to obtain excited state hyperfine spectra.
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was chosen at random and a random variable with a Lor
zian distribution was added to it. The initial width~it has
infinite variance! of this distribution was chose to be abo
five degrees for angles and 10% of the expected results
other quantities. These were also reduced exponentially
at a rate three times slower than the temperature.

V. RESULTS

The spectra along with the best theoretical fit are show
Figs. 3 and 5. The r.m.s. deviation between the measured
fitted lines is 23 kHz for the ground state and 7 kHz for t
excited state. Uncertainties in the determined parame
were found by reducing the ‘‘temperature’’ to a value abo
zero in the annealing algorithm. Such a method can
shown to be rigorous if all the uncertainty was due to Gau
ian noise in the peak positions. In this situation, howev
various systematic errors were also important.

The ‘‘final temperature’’ was chosen to correspond to
standard deviation of 30 kHz in the peak positions, roug
equal to the linewidths of the hyperfine spectra. The res
are shown in Tables I and II. The random errors are due
the uncertainty in the fit while the total error includes vario
systematic errors. These include the measurement of the
quency, background magnetic fields, and imperfections
the xyz coils but do not include uncertainty due to mi
alignment of the crystal. This misalignment is the great
source of uncertainty in the determined values and is of
order of 5°.

The position of theC2 axes were in both cases close
they axis. The difference between the position of theC2 axis
03510
t-

or
ut

in
nd

rs

e
s-
r,

y
ts
to

re-
in

t
e

and they axis represents how well the crystal was aligned
the xyz coils. It should be noted that the crystal was tak
out and remounted between the collection of the ground
excited state data.

For the ground state the difference between the princ
axes of the Zeeman and pseudoquadrupole tensors wa
solved, but the difference was small (,5°). This would be
expected if the pseudoquadrupole was much greater than
real quadrupole interaction, however, the data could not
well explained by a model where the real quadrupole con
bution was neglected. In the excited state the Zeeman
pseudo quadrupole tensors are not aligned, however,

TABLE I. Results for fitting of the ground state.

Quantity Value Random uncertainty Total uncertainty Uni

E 0.5624 0.0002 0.003 MHz
D 4.4450 0.0003 0.003 MHz
gx 2.86 0.07 0.07 kHz/G
gy 3.05 0.11 0.11 kHz/G
gz 11.56 0.03 0.1 kHz/G
aM 299.7 0.4 1 deg.
bM 55.7 0.2 1 deg.
gM 240 20 20 deg.
aQ 294 1 1 deg.
bQ 58.1 0.4 1 deg.
gQ 220.7 2.0 2 deg.
C2 azimuth 87.8 0.1 1 deg.
C2 elevation 21.9 0.1 1 deg.
1-5
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pseudoquadrupole tensors for both the ground and exc
state are aligned.

The authors recognize that working with such a low sy
metry system increases the chance that the fit may be fo
itous. We are confident in our result because of the rang
magnetic field directions used and the robust nature of si
lated annealing. Values for some of the parameters w
known independent of the fitting procedure~quadrupole pa-
rameters and position of theC2 axis! and the fitted anda
priori values agreed with each other within the respect
uncertainties.

VI. CALCULATED OSCILLATOR STRENGTHS

Once the pseudoquadrupole and Zeeman tensors for
the ground and excited state are known it is possible to
culate the oscillator strengths and transition frequencies
each transition and for each magnetic field value. As an
ample of this we calculate the relative optical oscillat
strengths for optical transitions between ground and exc
state hyperfine manifolds. The nuclear projection does
change in an optical transition and thus the relative stren
of a transition is given by the overlap of the nuclear state

The Hamiltonian for both the ground and excited states
zero field was numerically diagonalized and the inner pr
uct between each pair of eigenvectors calculated. The re

TABLE II. Results of fitting of the excited state.

Quantity Value Random uncertainty Total uncertainty Uni
E 0.4228 0.0001 0.003 MHz
D 1.3575 0.0002 0.003 MHz
gx 1.56 0.05 0.05 kHz/G
gy 1.44 0.02 0.02 kHz/G
gz 3.41 0.02 0.05 kHz/G
aM 2178.2 0.7 1 deg.
bM 59.6 0.6 1 deg.
gM 116 18 18 deg.
aQ 90.1 0.7 1 deg.
bQ 54 2 2 deg.
gQ 15.8 1.6 2 deg.
C2 az. 86.9 0.2 1 deg.
C2 elev. 2.8 0.4 1 deg.
e

ev
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are shown in Table III. Thez axis for the calculation was th
major axis of the pseudo-quadrupole ellipsoids, which is
same for both the ground and excited states.

The states are labeled by the conventional notation6n/2
wheren51,3,5 although it should be noted that the eige
states of the Hamiltonian are in general far from angu
momentum eigenstates. To illustrate this the values of^Jz&
are 62.49,60.85,60.39 for the ground state hyperfine le
els and62.43,61.10,60.17 for the excited state hyperfin
levels.

In order to create EIT in such materials one needs
choose two ground state levels and one excited state le
These should be chosen to obtain a reasonable oscil
strength for each transition. The results of Table III sugg
the ‘‘61/2’’ and ‘‘63/2’’ as ground states and either th
‘‘ 61/2’’ or ‘‘ 63/2’’ excited state should be used for efficie
EIT in the case of zero magnetic field. This confirms t
choice of the transitions used by Hamet al.1

VII. CONCLUSION

We have characterized the hyperfine manifolds for
ground and one optically excited state of praseodymium d
ants in Y2SiO5. This enables the transition frequencies a
oscillator strengths for any transition between or within t
manifolds to be calculated for an arbitrary applied magne
field. This allows the conditions for future EIT experimen
in this material to be optimized.

TABLE III. Overlap of the nuclear states between the grou
and optically excited hyperfine manifold. Each column refers t
particular ground state level and each row refers to a partic
excited state level. The states are labeled by the conventional n
tion 6n/2 where n51,3,5 although it should be noted that th
eigenstates of the Hamiltonian are in general far from angular
mentum eigenstates.

25/2 23/2 21/2 11/2 13/2 15/2
25/2 0.99 10.03 10.09 20.00 20.06 10.00
23/2 10.00 20.88 20.00 20.19 20.43 10.08
21/2 10.07 20.09 10.98 20.02 10.18 20.00
11/2 20.00 20.18 10.02 10.98 20.09 20.07
13/2 10.08 10.43 10.19 20.00 20.88 20.00
15/2 20.00 20.06 20.00 20.09 20.03 20.99
.

.
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