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Characterization of the hyperfine interaction in europium-doped yttrium orthosilicate
and europium chloride hexahydrate
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We present characterization of the hyperfine interaction for the europium in hydrated europium chloride and
as a dopant in yttrium orthosilicate. The Zeeman and pseudoquadrupole tensors were determined by measuring

the hyperfine splittings while rotating the direction of a weak (~300 G) magnetic field. The hyperfine spectra
were recorded using Raman-heterodyne spectroscopy, an radio-frequency optical double resonance technique.
For both materials magnetic field values were identified where there is no first order Zeeman shift in a
europium hyperfine transition. These field insensitive transitions will have application in achieving very long

hyperfine coherence times.
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I. INTRODUCTION

The coherent optical spectroscopy of rare-earth ion dop-
ants provides a pathway to possible quantum computation
and communication devices.!™

Very long optical coherence times® are possible in rare-
earth ion systems, however historically the hyperfine coher-
ence times have been relatively short. Often the hyperfine
coherence times are only slightly longer than the optical co-
herence times. The dominant hyperfine dephasing mecha-
nism is the magnetic field fluctuations with the nuclear spins
in the crystal host. This dephasing mechanism can be greatly
reduced by using transitions with zero first order Zeeman
shift (ZEFOZ transitions), such transitions can be found at
particular field values because of the interplay between the
anisotropic pseudoquadrupole and Zeeman terms in the spin
Hamiltonian. Using a ZEFOZ transition coherence times ap-
proaching one second have been observed’ in Pr: Y,SiO5 and
using dynamic decoherence control techniques this has been
extended to half a minute.® When using electromagnetically
induced transparency (EIT) to perform light storage, the
length of time that the light can be stored is determined by
the coherence time for the ground state transition. The ZE-
FOZ technique enabled light storage for times greater than
one second,” much longer than has proved possible in atomic
systems.

Pr:Y,SiO5 was used for the initial exploration of the ZE-
FOZ technique, because its hyperfine structure had been well
characterized.'® Here we present results of the hyperfine
characterization of two other rare-earth ion systems,
Eu:Y,SiO5 and EuCls-6H,0, and show that the ZEFOZ
technique will be applicable for these materials.

Europium-doped yttrium orthosilicate (Eu:Y,SiOs) is an
attractive system for quantum computation, its very long op-
tical coherence times has lead to it being used in a number of
quantum computing demonstrations.*> The small nuclear
magnetic moment of europium and the very long population
lifetimes suggest it is a good candidate for long hyperfine
coherence times.

The crystal EuCl;-6H,O contains europium not as a dop-
ant but in stoichiometric quantities. In contrast to doped sys-
tems where the dopants inevitably cause some distortion of
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the crystal lattice, EuCl;-6H,O can provide a very high den-
sity of europium ions in a system with very little crystal
strain.!! The high density and low strain lead to samples that
are very optically thick with very low inhomogeneous broad-
ening, which is attractive for quantum optics proposals based
on atomic ensembles.?

II. HYPERFINE STRUCTURE FOR RARE-EARTH
DOPANTS

The theory of hyperfine interactions has been covered
elsewhere!'®!3 so only a brief treatment will be given here.

The following Hamiltonian describes the europium
nucleus and f electrons,

H={HFI+HCF}+{HHF+HQ+HZ+HZ}' (1)

The six terms on the right represent the free ion, crystal
field, hyperfine, nuclear quadrupole, electronic Zeeman, and
nuclear Zeeman Hamiltonians, respectively. The first group
of terms are much larger than the second and are what de-
termine the electronic energy levels. In the systems under
consideration there is no net electron spin or orbital angular
momentum and as such the second group of terms on the
right of Eq. (1) are all of similar magnitude and it is the
perturbation from these terms that adds hyperfine structure to
the electronic levels.

Treating the second group of terms in Eq. (1) as second
order perturbations to the first group gives the effective spin
Hamiltonian'#

H=B-(g7uzA) -B+B - (yyE +24,g,u5A) - 1+1
(AJA+Tg) - T (2)

=B-(gjuzA)-B+B-M-1+1-Q-IL (3)

The tensor A is given by

2J+1
(017 4n){n|J 50)
Agg= >, ———E, (4)
B AE,

n=1

also E is the 3 X3 identity matrix, B is the magnetic field,
and I is the vector of nuclear spin operators, g; is the Landé
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FIG. 1. The hyperfine level structure in zero magnetic field for
SRy, for the ground electronic state of the two systems investi-
gated in this work. These splittings were first measured by Yano
et al. for Eu:Y,SiOs (Ref. 16) and Martin et al. for EuCly-6H,0
(Ref. 11).

g value, yy is the nuclear gyromagnetic ratio, and A; is the
hyperfine interaction parameter. The term I-Tq-I describes
the nuclear electric quadrupole interaction. The term
A;I~A~I, which has the same form, is due to the second
order magnetic hyperfine, also known as the pseudoquadru-
pole interaction."

For this work the first term in Eq. (2) was neglected, as it
makes no changes to the hyperfine splittings and has only a
small effect on the optical frequency for the small magnetic
field values used. The Hamiltonian used to fit the data can be
written as

H=B-M-1+1-Q-1. (5)

Hence the goal of this work was to determing the effective
Zeeman M and quadrupole Q tensors for the systems stud-
ied.

Both the stable isotopes of europium have a nuclear spin
of 5/2. In zero magnetic field the quadrupolar term splits the
hyperfine states into three pairs of degenerate levels. The
zero field magnetic field energy level diagrams for the
ground state hyperfine structures, for the two systems studied
in this work are shown in Fig. 1.

III. THE MATERIAL SYSTEMS

There are two stable europium isotopes '>'Eu and **Eu
which occur in approximately equal concentrations. This
work concentrated on the 151 isotope. When compared to
153Eu, the '*'Eu isotope has a larger nuclear magnetic mo-
ment and a smaller electric quadrupole moment. This com-
bination suggests that magnetic fields required to use the
ZEFOZ technique will be smaller for "'Eu. Against this
choice is the expected smaller second order Zeeman shifts
for ZEFOZ transitions for 153Eu, again because of smaller
magnetic dipole moment and larger quadrupole splittings for
SEu. So by using 'SEu it is expected one would obtain
(even) longer coherence times but with the requirement of
higher magnetic fields.

The Y,SiOs structure has symmetry given by the Cgh
space group with four formula units of Y,SiOs per transla-
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tional unit. This gives eight different positions at which eu-
ropium can replace yttrium. The four positions, each with C,
(no) point symmetry, can be divided into two sets with the
members of each set related to each other by the crystals C,
axis and inversions. The measurements presented here are of
one set, “site 17! which exhibits the longer optical coher-
ence times.

The doping of europium in the Y,SiO5 sample used was
0.1%.

The EuCl;-6H,O structure has symmetry given by the
C;h subgroup with the europium ions sitting in a site with
point symmetry C, and exist in two different, but magneti-
cally equivalent, orientations related by an inversion.

IV. EXPERIMENT

The crystal was cooled to liquid helium temperatures and
mounted in a set of small superconducting XYZ coils which
enabled fields of ~300 G to be generated with currents
~3 A.

To take Raman-heterodyne, spectra light from a fre-
quency stabilized dye laser (1 MHz) was incident on the
sample. The frequency of the light was tuned to be resonant
with the transition from ’F, o to 5DO. A swept radio-frequency
(RF) field was applied to the sample using a six turn coil
wrapped around the sample. When the RF field is resonant
with a hyperfine transition a coherence is produced between
the hyperfine levels. This coherence, along with that induced
by the laser creates another optical field with the same mode
characteristics as the laser and a frequency shift given by the
RF frequency. This frequency shifted optical field is detected
as beat on the transmitted light. The task of generating the
RF driving signal and analyzing the detected signal was car-
ried out using a network analyzer. The output from the net-
work analyzer was averaged on a digital oscilloscope and
then stored on a PC. Along with computer controlled current
supplies, this enabled autonomous collection of the data.

The laser power used was approximately one milliwatt
and it was focused from a 1 mm collimated beam with a
20 cm lens. One watt of RF power was used and the network
analyzer swept at a rate of a few hertz.

In the case of Eu: Y,SiO5 an optical repumping beam was
needed to observe a Raman heterodyne signal. The transi-
tions driven are shown in Fig. 2. It is noteworthy that neither
scanning the laser nor redistributing hyperfine populations
with an RF driving resulted in a signal. We believe this is
because the optical pumping beam is important for more than
just overcoming spectral holeburning. Theoretically it can be
shown that you should not expect a Raman heterodyne signal
in a system where the optical inhomogeneous broadening is
large compared to the hyperfine splittings.?? This is because
in a situation where each of the excited states contributes
equally to the Raman heterodyne signal, their contributions
will sum to zero. The optical pumping overcomes this prob-
lem by redistributing population to break this symmetry.
However it should also be appreciated that the arguments of
Alexander?® suggest that one should not observe a Raman
heterodyne signal in many other rare-earth ion systems
where they are observed experimentally. We believe that this
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FIG. 2. Optical repumping scheme for Eu: Y,SiOs. When mea-
suring the +1/2+« +3/2 transitions field. A takes on the role of
probe beam and field B repump. When investigating the
+3/2 > +5/2 transitions the roles are reversed.

is due to relaxation mechanisms (which are too small to be
effective in Eu:Y,SiOs) breaking the symmetry.

V. RESULTS

On applying a small magnetic field to Eu:Y,SiO5 each
one of the +a/2+ +b/2 manifolds splits into eight lines.
Removing the degeneracy of the +x/2 states results in four
possible transitions, two sets of these four are observed be-
cause of the two different orientations of the ions’ environ-
ment. For EuCl;-6H,0 the two orientations are magnetically
equivalent and so a four line pattern is observed.

For the *1/2+ +3/2 and *+3/2+ +5/2 manifolds of
both EuCl;-6H,0 and Eu:Y,SiOs5 spectra were taken for
200 different magnetic field values. The two hundred stacked
spectra for the +1/2+ +3/2 manifold in Eu:Y,SiO5 are
shown in Fig. 3. The magnetic field values are shown in Fig.
4, they trace out a spiral wrapped around an ellipsoid.

VI. EXTRACTING SPIN HAMILTONIAN PARAMETERS

The positions of all the peaks were determined manually
from the recorded spectra and the simulated annealing
method described in Ref. 10 was used to extract the param-
eters of the spin Hamiltonian.

Along with the orientation of the principal axes two pa-
rameters are required to determine the pseudoquadrupole
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FIG. 3. Image showing the experimentally obtained spectra for
the £1/2+ £3/2 transition in EuY,SiOs. Each vertical slice is a
spectra for a particular magnetic field value with the darkness de-
noting the strength of the Raman heterodyne signal.

tensors. For Eu:Y,SiO5 the following parametrization was
used:

-E 0 O
Q1=R(aQ,BQ77Q) 0 E O RT(aQ,BQ,‘yQ), (6)
0 0 D

where R(a, B, 7) is the rotation matrix defined by the three
Euler angles («, 3, 7),

cosa —sina 0 cosB 0 sinf
R(a,B,y)=|sina cosa 0]|X 0 1 0
0 0 1 —-sinf8 0 cospf
cosy —siny 0
X |siny cosy O][. (7)
0 0 1

For the Zeeman tensor there are six independent param-
eters in general and the following parametrization was used:

g. 0 0
M, = R(ay. B )| O 8y 0 RT(CVM’,BM’VM)~ (8)
0 0 g,

The parameters describing the quadrupole and Zeeman
tensors and the position of the C, axis were determined by
minimizing the difference between the experimental field
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FIG. 4. The 200 magnetic field values that were used to gather
each of the hyperfine spectra rotation patterns.
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values and what could be expected from a pair of systems
with Hamiltonians

H1=B'M1'I+I'Q1'I,

H2=B'M2'I+I'Q2'I. (9)

Here each X, and X, are related to each other via the C,
axis, the position of which was specified by the two param-
eters

Re, = (cos ¢ sin 6, sin ¢ sin 6,cos 6). (10)

So 6 specifies the angle the C, axis makes with the the z axis
and ¢ is the angle that the projection of the C, axis on to the
xy plane makes with the x axis.

For EuCl;-6H,0 the C, symmetry of the site dictates that
for both M and Q one of the principal axes must lie along
the C, axis and the other two in a plane perpendicular to it.
Because of this the M and Q tensors were parametrized,

_E 0 0]
Q=R(a.B,79)| 0 D 0 RT(a,,B,‘yQ),
0 0 E
g 0 0]
M=R(a,B, )| 0 g, O R(e, B, yy)- (11)
0 0 8z ]

Choosing Euler angles « and B the same for both rota-
tions means that the principal axes that were both in the z
direction for the diagonal tensors will still be both in the
same direction. This way the a and 8 define the direction of
the C, axis. In the parametrization of the Q tensor the order
of the eigenvalues has been changed, this is because the ei-
genvalue corresponding to the direction of the C, axis is E.

The results here are given in terms of the lab coordinate
system defined by the XYZ coils. For both materials the po-
sition of the C, axis was nominally along the z axis but was
allowed to vary as a parameter because of the misalignment
between the coils and the sample this was of the order of 10°.
Other than the position of the C, axis, which could be deter-
mined from the results taken, the relationship between the
lab coordinate system and the crystallographic axes of the
crystal was not known. Orientating Eu:Y,SiO5 to match our
orientation will be helped by the observation that when a
beam is directed along the C, axis the optical transition is
partly polarized. The maximum absorption occurs when the
light is polarized along our x direction, with an uncertainty of
about 10°.

The parameters D and E were allowed to vary from the
values determined by the zero field splittings because the
zero field lines were broader than those observed for the
magnetic field. This was a result of a small background mag-
netic field.

The results of the fitting are shown in Fig. 5 and Fig. 6
and the parameters inferred are tabulated in Table I and Table
II. The rms difference between calculated and observed peak
positions was 15 kHz for Eu:Y,SiOs and 7.4 kHz for
EuCl;-6H,0, in both cases much smaller than the observed
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FIG. 5. (Color online) The peak positions from the measured
spectra for Eu:Y,SiO5 are shown with the crosses for each of the
200 spectra taken. The lines are the transition frequencies calculated
from the extracted spin Hamiltonian parameters.

linewidths. Also tabulated are the uncertainties calculated as-
suming all errors are Gaussian random noise in the peak
frequencies. In reality the effect of such errors are much
smaller than the systematic errors. The major systematic er-
rors influencing the result are errors in the calibration of the
field coils of approximately 5% and errors in determining the
peaks positions of what are in some cases asymmetric spec-
tral lines. As our results are reported in terms of our labora-
tory XYZ frame, there is no uncertainty due to misalignment
of the sample. For results that were given in terms of the
crystal axes and where the 5% uncertainty in the calibration
of the coils was taken into account, the results of Tables I and
II can be used but with uncertainties of 5% in the g values
and 10° in the angles.

VII. TRANSITIONS WHERE THERE IS ZERO FIRST
ORDER ZEEMAN SHIFT

Given the spin Hamiltonians determined in the above sec-
tion one can find magnetic field values were there is no first

Freq (MHz)
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FIG. 6. (Color online) The peak positions from the measured
spectra for EuCls-6H,O are shown with the crosses for each of the
200 spectra taken. The lines are the transition frequencies calculated
from the extracted spin Hamiltonian parameters.
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TABLE 1. Spin Hamiltonian parameters for Eu:YSO with coor-
dinates defined by the XYZ coil axes. The A values are the uncer-
tainty in the fit, systematic errors such as the uncertainty in the
calibration of the magnetic field coils is not included.

Quantity Value A Units
ay 144.9 0.1 degrees
Bu 349 0.1 degrees
Yu 98.1 0.6 degrees
g1 0.443 0.002 kHz/G
g 0.5682 0.0007 kHz/G
g3 1.1183 0.0010 kHz/G
C,0 10.11 0.03 degrees
Crd 165.2 0.2 degrees
ap -39.3 0.2 degrees
Bo 76.49 0.06 degrees
Yo 149.9 0.1 degrees

E 2.73500 0.00007 MHz

D 12.3797 0.0001 MHz

order change in the a transition frequency with magnetic
field. Such a situation is shown in Fig. 7

To find ZEFOZ transitions we used first and second order
time independent perturbation theory to calculate first order
and second order Zeeman coefficients for a given energy
level.

1%
&_Biwk(B) = <¢k(B)|Mij1j| &(B)), (12)
& o (D(B)| M T, | ¢i(B)X Bi(B)|M,ul,| $(B))
oB,3B, w(B) = E; wi(B) — w(B) '

(13)

Subtracting these expressions to obtain results for transi-
tion frequencies, one can easily find the Zeeman gradient
vector and curvature tensor,

TABLE II. Results for EuCls-6H,0O with coordinates defined by
the XYZ coil axes. The A values are the uncertainty in the fit,
systematic errors such as the uncertainty in the calibration of the
magnetic field coils is not included.

Quantity Value A Units
ay -80 2 degrees
Bu 9.7 0.4 degrees
Yu 143 2 degrees
g 150.13 0.08 Hz/G
o 390.3 0.2 Hz/G
g3 280.4 0.3 Hz/G
Yo 123 2 degrees

E 2.4663 0.0002 MHz
D 8.1128 0.0003 MHz
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FIG. 7. An example of a ZEFOZ transition. The graph shows
the calculated energy levels for one orientation of Eu:Y,SiOs as a
magnetic field is increased from zero in a particular direction. At
1.82 T, for the transition marked, the slope of the two energy levels
with magnetic field are equal. This means that, to first order, a
change in the radial magnetic field component will have no effect
on the transition frequency and cause no dephasing. Not shown in
this figure is that the the transition frequency is also insensitive to
field changes in the other two dimensions.

d
v¥(B) = a—B[wM(B),

C(B) = wy(B). (14)

Here wy,;=w;—w; is the frequency difference between the
kth and the Ith energy level.

The ZEFOZ transitions we are looking for is where
v¥(B)=0. This can be found rapidly by the iteration

B,., —B-2Cv (15)

if B is close enough to the ZEFOZ transitions for the fre-
quency region encompassing both to be approximated by a
quadratic function.

Such ZEFOZ transitions were tabulated by starting the
search on a three dimensional grid of magnetic field values.
The weakness of the search method was the grid has to be
made fine in order to find ZEFOZ transitions with high cur-
vature. We probably have not found all the ZEFOZ transi-
tions but we are confident that we have found all the lowest
curvature ZEFOZ transitions. Fortunately it is precisely these
low curvature ZEFOZ transitions that are of interest for gen-
erating long coherence times. After making the grids twice as
coarse, the procedure failed to find only a handful of the
ZEFQOZ transitions. The ZEFOZ transitions that were missed
with the coarser grids had curvatures among the highest.

Beyond a certain magnetic field value the energy levels
will vary linearly with magnetic field as the Zeeman term
dominates the pseudoquadrupole term, for this reason we can
be confident that there are no ZEFOZ transitions at magnetic
fields larger than where we searched. The mesh size for the
search for ZEFOZ transitions used was 60 G for Pr:Y,SiOs,
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FIG. 8. (Color online) A scatter plot showing the different ZE-
FOZ transitions that have been identified for three systems. The
magnetic field required is plotted vs the second order Zeeman de-
pendence. The second order Zeeman coefficient is a tensor valued
quantity, it is reduced to a single number by taking the largest of the
absolute values of the eigenvalues. According to the spin Hamilto-
nians determined here and in Ref. 10 the ZEFOZ transitions marked
A, B, and C occur at magnetic fields of (=732 G, =173 G, 219 G),
(=104 G, =378 G, =143 G) and (1.77 T, -0.63 T, -0.45 T) and
have transition frequencies of 8.65 MHz, 7.27 MHz, and
29.18 MHz.

1 kG for Eu:Y,SiOs, and 2 kG for EuCls-6H,O0.

All the ZEFOZ transitions found for the two systems
measured in this work are shown in Fig. 8. Also shown are
the ZEFOZ transitions found for Pr:Y,SiOs, the only system
to date where the ZEFOZ technique has been applied. For
each of the three systems approximately 60 ZEFOZ points
were found.

It should be noted that the magnetic field values required
for the ZEFOZ technique to be applied in Eu:Y,SiO5 and
EuCl;-6H,0 are much higher than the fields used for the
characterization employed here. This “extrapolation” to
higher field values is possible because the low field measure-
ments determine the spin-Hamiltonian parameters and the
spin-Hamiltonian is valid up to very large fields. This ability
to gather the required information using low magnetic field
data and then use the characterization at higher fields was
demonstrated in the ZEFOZ work on Pr:Y,Si0s.7%10

As has been reported in previous work,? being very close
to the ZEFOZ field value is required for the long coherence
times to be observed. An accuracy better than one part in one
thousand was required in Ref. 8. The ZEFOZ field values
calculated in this work will be limited by the 5% uncertainty
in the calibration of the field coils which may not be precise
enough to obtain the longest coherence times. The procedure
used in Refs. 7 and 8 was to start at the calculated field and
then tweak from this field to the ZEFOZ field in a two step
process. The first step was to adjust the magnetic field and
observe the transition frequency and the second was to adjust
the field to maximize the coherence time measured with spin
echoes.

VIII. PROJECTED COHERENCE TIMES

The two circled points for Pr: Y,SiO5 are those for which
coherence times have been measured. The one labeled “A”
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was where the long coherence times’® using this technique

were first demonstrated and where the long term stopped
light experiments were carried out.” The one labeled “B” was
identified in this work and is on the face of it superior. The
curvature is flatter, suggesting longer coherence times and
the magnetic fields required are smaller (~420 G). In recent
spin echo experiments we have measured a slightly longer
coherence time of 1.4 s (compared to 0.8 s for “A”). The
dynamic decoupling techniques which have proved so effec-
tive in extending the coherence time for “A”® have not yet
been investigated for “B.”

The ZEFOZ transitions of the europium systems have
much smaller second order Zeeman dependence than for
Pr:Y,SiOs, suggesting longer coherence times can be
achieved. This assertion can be to some extent quantitative
because magnetic field fluctuations causing dephasing should
have the same origin in both Pr:Y,SiOs; and Eu:Y,SiOs,
namely the yttrium nuclear spins.

Using a very simple model of dephasing one arrives at

! =S,(AB)?, (16)
153

where S, is the second order Zeeman coefficient, defined
here as the largest of the absolute values of the eigenvalues
of C, t, is the coherence time, and (AB)? is the variance of
the magnetic field fluctuations. This model can be thought of
as the result of a simple second order power series expansion
of the transition frequency as a function of magnetic field

Af=S,(AB)?. (17)

The ZEFOZ transition “A,” occuring at around 780 G for
Pr:Y,SiOs, has a t, of 0.8 s and a second order Zeeman
coefficient of 60 Hz/G?>. From this one infers a fluctuating
magnetic field of \/(AB)?=0.14 G. This is consistent with the
field one would expect from a yttrium nucleus at the dopant-
yttrium separations in Y,SiOs.>! To give an example of the
coherence times that may be possible in Eu: Y,SiOs, the ZE-
FOZ transition marked “C” in Fig. 8, occurs at a field of
1.9 T£5% and has a second order Zeeman coefficient of
0.17 Hz/G?. This second order Zeeman coefficient is 370
times smaller than for the “A” transition in Pr:Y,SiOs, sug-
gesting possible coherence times of the order of hundreds of
seconds (370 times longer than the 0.8 s that has been mea-
sured for Pr:Y,SiOs at “A”). The dynamical decoupling
techniques that have been very successful in extending the
coherence time for Pr:Y,SiOs at ZEFOZ transitions from
0.8 s to tens of seconds, should be just as applicable for the
Eu:Y,SiO5 system, suggesting that even longer coherence
times will be possible. An exciting possibility from a funda-
mental point of view is that a situation where the effect of
magnetic dephasing so greatly reduced will be a good test of
our current understanding of dephasing mechanisms.?!

The EuCls-6H,O system displays even flatter ZEFOZ
transitions, however, this will be to some extent offset by the
larger magnetic fluctuations in the hydrated crystal due to the
large nuclear magnetic moment of the protons in the water.
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IX. CONCLUSION

By taking spectra while rotating the orientation of a small
magnetic field we have determined the parameters of the spin
Hamiltonians describing the hyperfine structure of °!Eu in
Eu:Y,SiO5 and EuCly-6H,0. The spin Hamiltonian allows
one to determine all the transition frequencies and oscillator
strengths for hyperfine transitions for different magnetic
fields. We used the derived spin Hamiltonians to find mag-
netic field values where a transition frequency is insensitive
to magnetic field perturbations. As the dominant dephasing
mechanism is magnetic field fluctuations from nuclear spins
in the host, long hyperfine coherence times should be ex-
pected in such situations. A simple comparison with
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Pr:Y,SiOs, where such coherence times have been mea-
sured, suggests hyperfine coherence times of hundreds of
seconds will be possible with Eu:Y,SiOs at field values of
about 1.9 T. The dynamic decoherence techniques,® which
were very successful in extending the coherence times of
Pr:Y,SiOs, should be just as applicable for Eu:Y,SiOs,
leading to even longer coherence times.
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