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We have employed spectral-hole-burning, coherent-transient, and optical-rf double-resonance
techniques to measure various parameters associated with the 580.8-nm "F,-°D,, transition of Eu**
doped into Y,0;. In particular, we have measured the hyperfine splittings of the terminal levels (for
both '*'Eu and '*Eu), an effective thermalization rate of the ground-state ("F;;) hyperfine manifold
over the temperature range of ~4-15 K, and the homogeneous linewidth of the optical transition
over the range of ~14-35 K. Large ratios of inhomogeneous to homogeneous linewidth at elevated
temperatures (10° at 25 K) and long ground-state hyperfine thermalization times (> 30 h at 4 K)
make this an interesting crystal in the context of spectrally addressable optical memories.

I. INTRODUCTION

Rare-earth atoms doped into various hosts are known
to exhibit very sharp optical lines—especially at cryogen-
ic temperatures.! > In this context, the "F,-D, transi-
tion of the europium in Eu®":Y,0; stands out because of
its kilohertz-scale* homogeneous linewidth for tempera-
tures in the range of 1 K. In the present paper, we
present measurements of the homogeneous linewidth of
this transition as a function of temperature. We also
present measurements of effective population thermaliza-
tion rates of the 'F, ground-state hyperfine sublevels as a
function of temperature. Finally, we have measured the
hyperfine splittings of both terminal levels of the transi-
tion. The narrowness of the optical transition and the
stability of the hyperfine populations at relatively high
temperatures make the "Fy-D,, transition of Eu®*:Y,0,
interesting from the prospective of advanced frequency-
selective optical memories.’ 8

II. EXPERIMENTS

The "F,->D,, 580.8-nm optical transition studied corre-
sponds to Eu®* ions located at C, symmetry sites.” The
crystalline field at these sites is sufficiently nonsymmetric
to relax the free-space selection rules forbidding the J =0
to J =0 transition under investigation. The crystal (2%
Eu®t:Y,0;) used is 5 mm in length. At liquid-helium
temperatures the 'F,->D, transition in this crystal
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displays roughly a 10-GHz inhomogeneous absorption
width and a line-center weak signal absorption of 77%.
Both of europium’s almost equally abundant isotopes,
Eu and '**Eu, have nuclear spin I=3. The nuclear
quadrupole moment interacts with the electric field at the
nucleus, splitting the electronic levels into triplets of dou-
bly degenerate hyperfine levels. Measured* at the center
of the inhomogeneous absorption profile, the 1.6 K
homogeneous width of the 'Fy->D,, transition is an ex-
tremely narrow 2.5 kHz.

A. Hyperfine structure

The hyperfine splittings of the ground ('F,) and excited
(°D,) states of the two Eu isotopes were determined using
a combination of optical-hole-burning'® and optical-rf
double-resonance techniques.!! In the hole-burning ex-
periments, a single-frequency standing-wave dye laser
with ~2-MHz bandwidth, 15-uW power, and 80-um spot
size at the sample, was used to burn a hole near the
center of the inhomogeneous absorption profile. A total
exposure time of 10 sec was used to completely bleach the
sample. The bleaching occurs because the population of
a ground-state hyperfine level is depleted by the laser
while the population of the two other hyperfine levels is
enhanced. Following the burn cycle, the laser was at-
tenuated in power by 1000 times and used to obtain an
absorption spectrum in the spectral vicinity of the hole.
Such a spectrum is shown in Fig. 1. The large transmis-
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FIG. 1. Hole burning in a segment of the "Fy->D, inhomo-
geneous absorption line of 2% Eu’':Y,0; at 4.5 K. (a) Mea-
sured transmission spectrum. (b) Spectrum calculated using the
hyperfine-level splittings given in Table I.

sion peak in the center of the trace corresponds to the
frequency of the primary absorption hole. For each Eu
isotope, three side holes and 21 antiholes corresponding,
respectively, to decreased and enhanced absorption are
expected on each side of the primary hole. The frequency
separations between the primary hole and side holes yield
the excited-state hyperfine splittings. Certain frequency
intervals between the primary hole and the antiholes
represent ground-state hyperfine level splittings, while
others represent sum and difference frequencies of the
excited-state and ground-state splittings. The relative
depths of the holes and antiholes depend on the charac-
teristics of the optical pumping cycle and the oscillator
strengths of the transitions between upper- and ground-
state hyperfine levels.

From the spectrum of Fig. 1(a) it is possible to deduce
the frequencies of the excited-state hyperfine splittings.
Observe that only four of the six expected side holes are
clearly present in the spectrum. However, the almost
doubled intensity of the second hole (from the central
peak) indicates a peak overlap. It also turns out that
another hole is not observed because of overlap with an
antihole. Nevertheless, using the fact that for each iso-
tope the sum of two of the splittings is equal to the third
one, it is possible to deduce all six frequency splittings
which are summarized in Table I.

The complexity of the antihole features makes it

difficult to extract the ground-state hyperfine splittings.
Instead, we have used an optical-rf double-resonance
technique.!! A narrow absorption hole was burned in the
inhomogeneous profile. With the burning laser still on,
fluorescence was measured as a function of the frequency
of an applied rf field. When the rf was resonant with
ground-state hyperfine transitions, increases in fluores-
cence intensity were produced. Six resonances were ob-
served, and Fig. 2 shows the observed fluorescence signal
corresponding to one of them. The noisy aspect of the
spectrum is due to laser jitter producing occasional jumps
of the laser frequency out of the burned hole and result-
ing in a large fluorescence increase. The observed reso-
nances are listed in Table I, also listed are the observed
linewidths which are probably due to inhomogeneous
broadening of the hyperfine levels.

The consistency of the results of the hole-burning and
optical-rf double-resonance measurements were checked
by numerically simulating the hole-burning spectrum
starting from the observed hyperfine splittings. We used
a linear-absorption model, where the burned hole is sup-
posed to be Gaussian in shape and to have a 8-MHz [full
width at half maximum (FWHM)] linewidth. We also as-

- sumed that the population pumped out of one hyperfine

sublevel was, after relaxing, equally distributed between
the remaining two, and that the transition probabilities
from the ground state to the excited state are the same
for all possible pairs of hyperfine levels. The calculated
spectrum is shown in Fig. 1(b). The differences in the
peak intensities between this spectrum and the experi-
mental one are due to the total neglect of the selection
rules in our model. The overall agreement between the
theoretical and observed spectrum confirms the hyperfine
splitting assignment.

The knowledge of the hyperfine structures of the
ground and excited states provides some information
about the quadrupole electronic tensor for these states.
From the observed splittings one can deduce the asym-
metry parameter!? 7. Using the usual convention for
which the quantization axis is chosen to correspond to
the larger quadrupole moment, we obtain 7, =0.83 and
1, =0.51 for the ground and the excited states, respec-
tively. The fact that both values are different from zero
indicates a strong asymmetry of the electric field at the
Eu nucleus. It should be pointed out that since the site
symmetry is C,, the ground and excited states need only
to have one common quadrupole principal axis. There-
fore, the above values of 7 refer, in principle, to different

TABLE 1. Hyperfine level separation and linewidth for states ’F, and D of *'Eu’" and 'Eu®* in

2% Eu’t:Y,0; at 4.5 K.

151Eu 153Eu
v (MHz) Avpwam (MH2) v (MHz) Avpwav (MH2)

Fo 29.35 (0.02) 0.17 (0.02) 73.3 (0.1) 0.4 (0.1)

34.0 (0.05) 0.22 (0.02) 87.8 (0.2) 1.0 (0.2)

63.3 (0.05) 0.14 (0.05) 161.1 (0.3) 12 (0.2)
5Dy 58 (2) 147 (5)

89 (7) 225 (7)

147 (5) 372 (10)
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FIG. 2. Observed optical-fluorescence signal, as a function of
the applied rf frequency. The resonance at 63.3 MHz corre-
sponds to a ground-state—hyperfine transition of 'Eu®*. The
sharp features in this spectrum are due to laser jitter (see text).

choices of axes.!> In fact, the observed hole-burning

spectrum provides an indication that the axes are not the
same. For a given choice of axes, it is possible to diago-
nalize the nuclear-quadrupole Hamiltonian'? and then to
calculate the overlap factors between excited- and
ground-state nuclear eigenstates. If we assume that the
axes are the same, this calculation results in strong ap-
proximate selection rules coupling a given hyperfine level
of the ground (excited) state to one hyperfine level of the
excited (ground) state. The observed spectrum showing
antiholes at all possible frequency combinations is not
consistent with such strong selection rules, indicating
that the axes are not the same in the ground and excited
states. Finally, we note that the ratio of the splittings of
the two isotopes agrees well with the ratio of the
nuclear-quadrupole moments [Q('*Eu)/Q(!*'Eu)=2.54]
previously measured.!*

B. Optical pumping and relaxation
of ground-state sublevels

lumination of the "Fy->D,, transition by two resonant
laser-light pulses (referred to as pulses 1 and 2) optically
delayed with respect to each other by time ?,;, has the
effect of creating a frequency-dependent population
transfer between the ground- and excited-state hyperfine
manifolds.!”> The magnitude of the population transfer
oscillates in frequency space with period 1/¢,;,. As the
excited atoms relax via radiative decay (millisecond time
scale), a frequency-dependent nonthermal population dis-
tribution (FDNTPD) among the ground-state hyperfine
levels develops. In general, information can be encoded
in the frequency dependence of the population modula-
tion. The decay rate associated with the ground-state
FDNTPD determines how long this information can be
stored.

To measure an effective FDNTPD decay rate, the sam-
ple was illuminated by a series of laser-pulse pairs.'® The
pulses within each pair were temporally separated by t,;,
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and pulse pairs were repeated at 5-10 Hz. Successive
pulse pairs had the effect of increasing the amplitude of
the ground-state FDNTPD. After terminating the train
of excitation pulse pairs, the amplitude of the ground-
state FDNTPD was measured using stimulated echo
techniques.'>'® In particular, after various delays, at-
tenuated readout pulses were employed to generate
stimulated echo signals. The intensity of each echo signal
is proportional to the squared amplitude of the ground-
state FDNTPD then present in the sample.

An excimer-pumped, pulsed dye laser (up to 10-Hz re-
petition rate) was used to produce the light pulses de-
scribed above. The dye-laser pulses had a temporal
FWHM of 4 nsec, a spectral width of ~5 GHz, and fre-
quency jitter of =3 GHz. The dye-laser output was opti-
cally divided and delayed to achieve pulse-pair separa-
tions, f,;’s, of up to 425 nsec. Mechanical shutters in
each path were used to determine whether one or two
pulses from each pair would illuminate the crystal. The
two light beams were recombined and focussed to a 100-
pm spot at the crystal. Pulses employed to generate a
ground-state FDNTPD had peak powers of ~1 kW at
the crystal. At this power level, it was observed that sin-
gle pulses did not saturate the transition. Pulses used to
generate stimulated echoes and thereby measure the
ground-state FDNTPD were attenuated to have peak
powers of ~10 W. After the crystal, the light beams
were collimated and sent through a dual Pockels-cell-type
optical shutter. This shutter, which extinguished the in-
put pulses, was gated open to transmit the echo signals.
The integrated intensity of each detected echo signal was
recorded and stored. Decay rates measured were found
to be independent of pulse intensities and laser repetition
rates.

For temperatures above 12.5 K, the ground-state
FDNTPD was found to decay on time scales of less than
a minute, and the following experimental procedure was
employed. A FDNTPD was achieved by illuminating the
sample with a series of pulse pairs (¢,; =22 nsec). There-
after, a train of single pulses was employed to generate
stimulated echoes, and the decay of individual echoes
versus time was recorded. Data obtained from numerous
repetitions of the same procedure were averaged and fit
to an exponential decay function. Results are shown in
Fig. 3. It should be noted that the FDNTPD decays at
half the rate of the stimulated echo intensity.

For lower temperatures, the FDNTPD decay rate de-
creases dramatically and a different measurement pro-
cedure was employed. Following the build up of a
ground-state FDNTPD as described above, a train of up
to 400 stimulated echoes (which required up to 40 sec)
was produced at various delay intervals. Exponential de-
cay rates were determined by fitting to the measured de-
cay of the train-averaged echo intensity versus time. In
all cases, the echo-train durations were set much smaller
than the relaxation time under study. The above pro-
cedure was repeated for temperatures ranging from 4.5 to
12.3 K and for t,, =22 and 400 nsec. The results are
shown in Fig. 3. No difference was detected between the
decay rates measured with 7,; =22 nsec and ¢,; =400
nsec, suggesting that there is no significant spectral
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FIG. 3. Ground-state ("F,,) frequency-dependent nonthermal
population distribution decay rate of 2% Eu**:Y,0; as a func-
tion of temperature. The results obtained for two different
values of ¢, are reported.

diffusion of the ground-state FDNTPD over frequency
intervals larger than (400 nsec) .

The two measurements of the long FDNTPD relaxa-
tion time at 4.5 K were made by comparing the intensity
of the stimulated echoes generated shortly after a
FDNTPD was built with the intensity of echoes generat-
ed after a ~ 13 h delay. The stimulated echo intensity de-
creased to 60120 % of its original value over this period,
corresponding to a 1/e FDNTPD amplitude relaxation
time of 80+50 h. The actual relaxation time at 4.5 K
may be considerably longer since there are other factors
(such as beam misalignment) which might contribute to
decreases in echo intensities on the time scale of 13 h.

It should be noted that the relaxation times for the
populations of the different hyperfine levels may not be
identical. If this were the case, one would expect to see a
complicated multiexponential decay of the stimulated
echo intensity as a function of time. In most cases,
single-exponential decay provided a good description of
our measured echo-decay curves; nevertheless, the ade-
quacy of a single decay rate in describing the FDNTPD
decay in this system needs further investigation. Pending
the outcome of such an investigation, our measured de-
cay rates should best be thought of as effective decay
rates.

C. Homogeneous linewidth measurements

The homogeneous decay time of the "F->D, transition
as a function of temperature was determined by measur-
ing!” the temperature dependence of the intensity of the
two-pulse photon echo, Iy, for fixed excitation pulse
temporal separation, ¢,;. This measurement is complicat-
ed at low tempertures (below 14 K) because of the long
ground-state FDNTPD relaxation times. At these tem-
peratures, any attempt to repeat a two-pulse echo mea-
surement produces at a time ¢,; after the second pulse, in
addition to the echo of the first pulse, a stimvlated echo
from all previous pulse pairs present in the sample within
the ground-state FDNTPD relaxation time (a few days at
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the lowest temperatures). However, at temperatures
greater than 14 K, the echoes stimulated from the
ground-state FDNTPD decay rapidly and do not lead to
appreciable stimulated echo intensities at the 10-Hz re-
petition rate employed. Fortunately, for the ¢,; values
studied, the decay of the photon-echo intensity versus
temperature above 14 K provides the most useful infor-
mation.

In measuring the decay of echo intensity with tempera-
ture, the temperature was raised in steps from ~4 K up
to a value at which the two-pulse photon echo signal be-
came comparable to the background, and was then
lowered stepwise to its original value. After each temper-
ature step, the echo intensity Ipg(7T) was averaged over
400 echoes and recorded. In Figs. 4 and 5, a set of data
obtained with #,, =22 nsec (400 nsec) is displayed. Two
additional sets of data with 7,, =22 nsec were obtained
which produced results similar to the data displayed in
Fig. 4.

The intensity of the photon echo as a function of tem-
perature can be written in the form

IPE(T):IO(ZZI) €xXp [—4t21 /Tz(T)] ’ (1)

where T,(T) is the homogeneous decay time
(Av,=1/7T,) at temperature T. The proportionality
constant Iy(¢,,) depends on the experimental conditions
and can have a nonexponential dependence on #,; (i.e.,
quantum beats).!> However, with the experimental con-
ditions and ¢,; fixed, I,(¢,;) can be considered constant
and independent of temperature. This assumes that the
homogeneous decay time is the only temperature-
dependent parameter which affects the intensity of the
photon echo.

As was measured by Macfarlane and Shelby (Ref. 4),
the nonphonon contribution to the homogeneous width
at absorption line center is only 2.5 kHz. Phonon-
induced broadening can occur via several processes,18 but
because the terminal levels of the F,->D,, transition are
energetically isolated, the dominant process mechanism
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FIG. 4. Two-pulse photon-echo intensity as a function of
temperature with ¢,; =22 nsec. The solid line represents a fit of
the data to Egs. (1) and (2) for ®,=230 K and H=210X10°

-1
sec” .
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FIG. 5. Two-pulse photon-echo intensity as a function of
temperature with ¢,; =400 nsec. The solid line represents a fit
of the data to Egs. (1) and (2) for ®, =230 K and H=210X10°

—1
sec” .

in the present case is expected to be the two-phonon Ra-
man process.'* 2! Provided the electron-phonon cou-
pling is sufficiently weak,?! we should be able to write
O, /T x6e*
= +H(T/®,) dx————
T,(T=0) b J; (e*—1)2

>

(2)

where T,(T =0) is the low temperature, nonphonon con-
tribution to the homogeneous decay time (130 usec), ®p
is the Debye temperature of the crystal, and H is the
phonon-electron coupling parameter. The dominant
dependence of T, on T is given by the (T /®p )" factor.
However, as seen in Fig. 6, there is a significant departure
from a T law of the logarithm of the observed echo in-
tensity with #,; =22 nsec. This indicates that, in the
present case, the Debye temperature is low enough to al-

t, =22 nsec

log,, [ECHO INTENSITY (arb. units)]
w
o

0.0 2.0 4.0 6.0
T? (|OIO K?)

FIG. 6. Two-pulse photon-echo intensity plotted as a func-
tion of the seventh power of the temperature. The solid line
represents a fit of the data to Egs. (1) and (2) for ® , =230 K and
H=210X10° sec”!. The data sets shown here and in Fig. 4 are
the same.
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FIG. 7. Homogeneous decay time of the "F,->D, transition of
Eu’*:Y,0; vs temperature, calculated from Eq. (2) for ®, =230
K and H=210X10° sec”!. The low-temperature value was set
according to the measurements of Ref. 4.

low the integral in expression (2) to vary appreciably over
the considered temperature range. Consequently, both H
and ®@p can be deduced from our data with ¢,; =22 nsec.
From a least-squares fit of our data to Egs. (1) and (2), we
obtain @, =230+30 K and values of H on the order of
2X 10! sec.”1.22 A fit of our data with ¢,; =400 nsec is
consistent with these values. The Debye temperature
measured here is comparable to values deduced by other
means.?* Because of the problems mentioned above, only
the data for 7> 14 K was used in the fitting procedures.
Using the values of ®; and H given above, we have cal-

. culated the solid lines plotted in Figs. 4—6 and the varia-

tion of the homogeneous decay time 7', with temperature
shown in Fig. 7. The T =0 intercept of the plot in Fig. 7
was set using the measurement of Ref. 4.

III. CONCLUSION

In summary, the hyperfine splittings of the "!Eu* and
133yt isotopes doped into Y,0; have been determined
for the >D, and "F,, energy levels. An effective relaxation
time of the FDNTPD produced in the 'F, ground-state
hyperfine levels was measured over the temperature range
of 4.5 to 14 K and was found to vary from a few seconds
to a few days, suggesting that long term storage of infor-
mation in ground-state FDNTPD is possible. The optical
homogeneous decay rates were measured up to 35 K and
the phonon-electron coupling parameter and the Debye
temperature were deduced.
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