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‘We have measured the temperature dependence of the spin-lattice relaxation and dephasing of the two nuclear

quadrupole transitions in the 7 Fy ground state of '>'Eu in yttrium orthosilicate up to 21 K. Spin-lattice relaxation
(Ty) is dominated by an Orbach process and decoherence comes from 7Y nuclear spin fluctuations at low
temperatures and is 7 limited at higher temperatures. The different contributions to relaxation and dephasing

are evaluated.

DOLI: 10.1103/PhysRevB.92.224401

I. INTRODUCTION

Nuclear spin transitions of rare earth ions are becoming
the subject of growing interest in the field of quantum
information (QI) technology [1-4]. This is in part due to
their long coherence lifetimes at low temperature (around
2-3 K), that were recently demonstrated to exceed 6 h under
certain conditions [5], combined with the possibility of optical
manipulation [6-8].

Most experimental demonstrations of QI, such as quantum
memories and teleportation, have been performed at low T
(<2 K) [9-13], where phonon-induced dephasing is negli-
gible. It would be technologically desirable to be able to
implement QI applications at elevated temperatures. Materials
for high-temperature QI applications have been proposed
[14-18], but systems preserving both long coherence times
and optical properties suitable for light storage at temperatures
significantly above 4 K remain elusive.

We present here the measurement of the temperature de-
pendence of rare earth nuclear spin coherence at temperatures
well above that of liquid helium, up to 21 K. We find that
usefully long coherence times of several milliseconds (ms) can
be obtained in Eu**-doped Y,SiO5 (YSO). Rare-earth-doped
YSO has been suggested as one of the most promising
materials for the next generation of quantum memories and
repeaters [9,10,13,19-21], often with Eu’t as the dopant
ion [22-24]. Eu** hyperfine structure could provide tens of
megahertz (MHz) of optical bandwidth for memories while
ground-state nuclear coherence can be extended and controlled
by magnetic [5] or electric [25] fields.

To measure the temperature dependence of the spin re-
laxation of the hyperfine transitions, we used Raman het-
erodyne detection of nuclear quadrupole resonance (NQR)
[26,27]. This technique is ideally suited to study open-shell
systems with narrow optical transitions and hyperfine structure
consisting of energy levels spaced by tens of MHz. The
technique is not very demanding in terms of laser stability
or power, and the excitation of spin states is provided by
readily available coherent rf sources. We measured spin-lattice
relaxation (77) and spin dephasing (73) up to 21 K, extending
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the range covered in the literature for this system and providing
a measurement of the temperature dependence of 7. The
relatively long decoherence time of 3.3 ms at 21 K makes this
material compatible with interesting QI-related applications at
elevated temperatures.

II. EXPERIMENTAL METHODS

The investigated sample was a 1 x2.5x 5mm?,
Czochralski-grown 0.1 at.% Eu’*-doped Y,SiOs single
crystal with natural '>'Eu abundance (44.77%). It has been
shown [28] that the optical coherence times are insensitive to
Eu* concentration in the range 0.02%—1%. Y,SiOs is mon-
oclinic, with cell parameters a = 1.041 nm, b = 0.6721 nm,
¢ = 1.249nm, and 8 = 102°39’. The crystal belongs to the
C gh space group and has eight formula units in a unit cell. Eu3*+
ions substitute for Y3* in two crystallographically inequivalent
sites of C| symmetry. The crystal is biaxial, with the optical
normal along the b axis and the other two principal axes (D1
and D2) in the a-c plane. The sample was cut along the D1, D2,
and b axes. The light, propagating parallel to the b crystal axis,
was polarized along D1 in order to maximize the absorption.
All the measurements refer to '>'Eu* in crystallographic site
1 [29]. Helmholtz coils were used to apply magnetic fields up
to 80 G along D1. The crystal was mounted in a Janis optical
helium bath cryostat with a temperature sensor attached
directly to the surface of the sample by thermally conducting
grease. To keep the temperature constant during the time of
the measurements we used a proportional-integral-derivative
(PID) controlled heating system and a fine control of helium
flow. In this way we could stabilize the temperature to 0.5 K
over 1 h. The rf pickup in the PID system was the main
limiting factor to the temperature stability. The technique used
for the investigation of the ground-state hyperfine transitions
in Eu3t is the Raman heterodyne detection of NQR [26,27],
which allows for direct excitation of the hyperfine transitions
by an rf field and optical detection of the coherence via
resonant scattering through an optical excited state—here the
5Dy level of Eu?t in site 1 of Y,Si0s at 17240.2cm™~'. Rf
excitation was delivered to the sample by a 6-mm-diameter,
1.5-cm-long silvered oxygen-free copper coil. The rf
waveforms were generated by an Agilent N8242A arbitrary
waveform generator and for pulsed experiments, the rf current
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FIG. 1. Energy level structure of 3'Eu**:Y,SiOs in zero mag-
netic field and in an external field B. The 7 F—> D, optical transition
is located at 17240.2 cm™"! for '3'Eu* in site 1. The figure shows one
of the Raman transitions that contribute to the signal for the 34.5 MHz
coherence.

in the coil was enhanced by lumped element resonant circuits.
The maximum available rf power dissipated in a 50-2 load
was 150 W. Optical transitions were excited by a Coherent
899-21 ring dye laser operating with Rhodamine 6G, and a
linewidth of ~1 MHz. The frequency and intensity of the laser
beam were controlled by acousto-optic modulators mounted
in a double-pass configuration. The laser also serves as a local
oscillator for the detection of the beating with the coherent
field emitted in the same spatial mode from the sample at a
frequency Q' = Q + w, where 2 is the frequency of the laser
and w is the frequency difference between the hyperfine levels
involved in the transition (Fig. 1). In our pumping scheme all
optical transitions are excited simultaneously, and the signal
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FIG. 2. Optical and rf sequences used for the different exper-
iments. Straight lines represent constant frequencies, sloping lines
frequency sweeps. The first rectangle in the laser axes represents
the optical pumping employed to obtain a nonthermal population
distribution within the spin states. This consists of a series of strong
(=10 mW) chirped optical pulses, burning a 10-MHz-wide hole
around the probe frequency. The spin echoes are sketched as dotted
lines. (a) Measurement of the hyperfine spectra: The rf is swept across
the transition while a weak optical probe is on. (b) 7; measurement:
The delay between the optical pumping and the rf echo sequence is
changed while keeping constant the 1f pulse separation #,, (200 us).
The optical probe is on during the echo emission. (c) Coherence time
measurement: The time interval T between the pulses is varied and a
decay of the echo signal is recorded. The optical probe is on during
the echo emission.
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is formed by the phase-sensitive detection of the rf-excited
hyperfine transitions. The optical signal was detected by a
Thorlabs PDB150A photodiode, demodulated, amplified by
low-noise amplifiers and recorded by a digital oscilloscope.
An overview of the rf and optical excitation and detection
sequences, described later in the paper, is given in Fig. 2.

III. RESULTS AND DISCUSSION

A. 7 Fy hyperfine structure

The spectra of the I, = £1/2 <+ £3/2 and I, = +£3/2 <
+5/2 transitions centered, respectively, at 34.54 and
46.17 MHz were measured at 4 K. The results are shown in
Fig. 3. In both cases, a small static magnetic field (up to ~80 G)
was applied along D1, removing the state degeneracy along the
quantization axis. The relatively large (38 kHz [23]) inhomo-
geneous linewidth of the I, = £3/2 < +5/2 transition and
the small y value of 1.1 kHz/G did not allow full separation of
the four lines, leading to an incompletely resolved spectrum.
The I, = £1/2 <> £3/2 transitions, on the other hand, could
be completely resolved. The width of the lines shown in Fig. 3
might be affected by some additional broadening due to a
slight misalignment of the magnetic field with respect to D1.
This is due to the nonequivalence under the application of an
external field of the two sub-sites in which Eu®* ions replace Y
in Y,SiOs [30]. The signal was observed using a weak optical
probe (=1 mW) while scanning with 4 W of rf across the transi-
tions [Fig. 2(a)]. The knowledge of the transition energies was
used to tune the rf resonant circuits to 34.58 MHz and 46.22
MHz for the following experiments. In this way, we were able
to efficiently drive the transitions using 1f pulses corresponding
to relatively high Rabi frequencies, of ~100 kHz, larger than
the inhomogeneous width of the driven transitions.

B. T; measurement

The relaxation dynamics of the spin states were investi-
gated by an inversion-recovery-like technique. A nonthermal
population distribution was first created by optical pumping;
then a standard spin-echo sequence consisting of closely
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FIG. 3. Spectra of the 7 Fy ground-state hyperfine transitions of
SIEu3*:Y,Si0s in a static magnetic field. (a) I, = +£1/2 — 43/2
(B =48G) and (b) I, = +£3/2 — £5/2 (B = 80G). The dashed
line shows a deconvolution of the unresolved spectrum.
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FIG. 4. T, measurement: decay of the echo amplitude for different
time delays ¢ between optical pumping and echo sequence measured
at different temperatures. The data refer to the I, = +1/2 — £3/2
transition (34.5 MHz).

spaced (200 us) m /2—m pulses was applied to the system. The
corresponding rf and laser sequences are shown in Fig. 2(b).
In Raman heterodyne scattering, the detected signal is propor-
tional to the population difference between the investigated
levels, so a decrease of the measured echo amplitude at
different time delays between the optical preparation step and
the echo sequence gives a direct measurement of the spin
relaxation time 77. The time resolution of this technique is
ultimately given by the separation of the two pulses of the
echo sequence. We do not expect significant spectral diffusion
effects on the optical transition, as the Eu?t concentration was
low [28] and the hole burnt by optical pumping was several
MHz wide.

Previous optical hole decay studies showed hole lifetimes
on the order of 1 min at relatively high temperature, around
12 K [28]. Although these measurements may result from a
combination of the different population decay rates among
the three quadrupole levels, they are a good indication of the
ground-state spin 7;. We focused on temperatures between
16 and 22 K, extending the range investigated by Konz
et al. [28]. We separately measured the decay rates of the
two ground-state transitions, namely /I, = +1/2 < £3/2 and
I, = £3/2 < £5/2. The experimental curves were obtained
by averaging the echo signals over 150 shots. The decays were
singly exponential (some are shown as examples in Fig. 4) and
the fitted decay time constants are plotted together in Fig. 5.
The main relaxation mechanisms giving rise to the temperature
dependence of nuclear spin states in solids are the Orbach
process [31] and inelastic Raman scattering of phonons [32].
Direct absorption of a single phonon between the individual
quadrupole levels is negligible because of the low phonon
density of states at these frequencies. The relaxation rate due
to the Orbach process is proportional to the phonon occupation
number n(AE) at the energy AE corresponding to the "F,-"F,
transition. Raman scattering of phonons typically exhibits 7
behavior. As already observed in [28], the main contribution to
the spin-lattice relaxation at temperatures above 12 K is given
by the Orbach process. Therefore we neglect the Raman term
and for the temperature range investigated here we describe
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FIG. 5. Temperature dependence of 7 for the two ground-state
hyperfine transitions. The solid lines are a fit to the data using Eq. (1).

the phonon-induced transition broadening as
Forbach = A/[¢!*F/F1) —1], M

where A is a constant describing the strength of the processes.
We set the value of AE in Eq. (1) to 201 cm~! according to
[28], and obtain the Orbach coefficients: A3s5 = 3.7 x 108 Hz
and A4, =2 x 108Hz for the I, = 1/2 < £3/2 and I =
+3/2 < +£5/2 transitions, respectively.

C. Decoherence (7,) measurement

We investigated the homogeneous linewidth of the ground-
state hyperfine transitions as a function of temperature up to
21 K via spin-echo decay measurements. The corresponding
rf and optical sequences are described in Fig. 2(c). The decays
were measured by increasing the delay between the rf pulses,
100 data points were taken for each decay, and each echo
signal was averaged over 200 shots at a repetition rate of
5 Hz. The decays were not exponential for temperatures below
~12 K, indicating the presence of spectral diffusion caused by
the distribution of Y spin fluctuation rates. From these decay
curves, we obtained the phase memory time 7}, defined as

S(t) = So exp —[(2t/Tm)"], @

where S(t) is the amplitude of the spin-echo signal corre-
sponding to a separation T between the two rf pulses, and x is
a stretch parameter [33], varying in our case between 1 and 2
(Fig. 6).

The results of the measurements are shown in Fig. 7. Both
transitions present a similar behavior: the coherence time is
basically constant, with an average value of 25 ms, up to about
16 K, when the phonon contribution to the dephasing sets
in strongly. At 21 K the coherence time reduces to 3.3 ms.
From the coherence times, we deduced the homogeneous
linewidths (I', = 1/7T,) of the two transitions [Fig. 8(b)]. At
low temperature (<16 K) the constant broadening is caused
by interaction with ¥’y spins of the matrix, which gives
a 14-Hz temperature-independent term. This compares with
the low-temperature ’Fy—>D, optical transition width of
~100 Hz, dominated by the population decay time of the
3Dy level at low temperature and broadened by the same
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FIG. 6. Echo decay curves at4 and 17.6 K (I, = +1/2 — £3/2
transition) in a magnetic field B = 60 G. The solid lines are fits to the
experimental data of Eq. (2) for x = 2 and x = 1, respectively.

thermal process as temperature increases [34] [Fig. 8(a)].
The thermally induced broadening of the nuclear quadrupole
levels above 16 K comes from essentially the same process as
that of 7. The Orbach process determining 77 occurs in two
steps: phonon absorption from one quadrupole level to ’ Fj,
followed by phonon emission to a different quadrupole level.
The first of those steps can be viewed as a direct process for
the homogeneous broadening and has the same magnitude and
temperature dependence as the Orbach process. As shown in
Fig. 8(b), at higher temperatures, the homogeneous linewidth is
T limited, being well described as the sum of the temperature-
independent contribution from %7y spin fluctuations and
the 7| process determined earlier. No additional parameters
are required to describe the homogeneous broadening. The
crossover between the thermal contribution and the 7y
magnetic contribution to the broadening is at 19 K. Where
the homogeneous broadening of the transition is dominated by
phonon-induced T}, techniques commonly used for extending
the coherence lifetime of the transitions are expected to be
ineffective. These techniques are based on a decoupling of
the spin transitions from the surrounding fluctuating magnetic
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FIG. 7. Phase memory time 7}, of the two ground-state hyperfine
transitions as a function of temperature in a static magnetic field
B = 60G. The reported values are a fit to the experimental data of
Eq. (2).
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FIG. 8. Temperature dependence of the homogeneous linewidth
of the optical (a) and two ground-state hyperfine transitions (b). In
(a) the linewidth of the 7 Fy—> Dy optical transition is extrapolated
from Ref. [28] to the temperature range covered by our experiments.
In (b) the dashed line is the 7} contribution to the broadening, related
to the faster of the two hyperfine transitions centered at 34.5 MHz.
The dotted line represents a 14-Hz constant term induced by the
interaction with ®’Y spins in the matrix. The solid line shows the
sum of the two previous contributions.

bath of 7Y spins [35,36]. Nevertheless, it is expected that the
87y flip contribution can be reduced, effectively increasing
T, up to the T; limit. This is particularly interesting in the
temperature region where 7 is still not completely limiting the
coherence. If one can eliminate or reduce the 14-Hz broadening
induced on the spin transition by 7Y flips, the coherence
lifetime is expected to potentially increase up to 1.3 s at
15 K and 22 ms at 19 K. These values represent an upper
limit to the achievable coherence lifetime, corresponding to
an ideally complete removal of the 87Y magnetic contribution
to the dephasing. In addition, no thermal effects on the 87y
magnetic contribution are taken into account. The optical
homogeneous linewidth in the same temperature range can
be estimated by extending the fit of Konz et al. [28] from the
low-temperature (<10 K) values. The corresponding optical
widths range from 1.2 MHz at 15 K to 6.4 MHz at 19 K
[Fig. 8(a)].

IV. CONCLUSION

We investigated the mechanisms that lead to spin-lattice
relaxation and spin dephasing in the ground state of Eu’* in
Y,SiOs in the 2-21 K temperature range. The experiments
were performed by Raman heterodyne detection of nuclear
magnetic resonance in the time domain. We measured the
spin 7 for the I, = £1/2 <> £3/2 and I, = £3/2 < +5/2
ground-state transitions by an inversion-recovery-like tech-
nique. An analysis in terms of a resonant Orbach process
gives a satisfactory interpretation of the experimental data.
Spin-echo decays showed hyperfine coherence times of 25 ms
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that were essentially constant between 2 and 16 K. In the same
temperature range, spin-lattice relaxation times decrease by
a factor of 107 [28]. For temperatures above 16 K, 7, drops
rapidly, reaching 7 ms at 19 K and 3.3 ms at 21 K and is
essentially 7 limited. The data presented in this paper show
the potential of this system in the field of quantum information
storage and processing at elevated temperatures.
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