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Abstract. We have measured inhomogeneous linewidths and coherence times (T3) of
nuclear spin transitions in a Eu3*:Y,03 transparent ceramic by an all-optical spin echo
technique. The nuclear spin echo decay curves showed a strong modulation which was
attributed to interaction with Y nuclei in the host. The coherence time of the 29 MHz
spin transition in *!Eu®* was 16 ms in a small applied magnetic field. Temperature
dependent measurements showed that the coherence time was constant up to 18 K and
was limited by spin-lattice relaxation for higher temperatures. Nuclear spin echoes in
153Eu3+ gave much weaker signals than for the case of '»'Eu3*. The spin coherence
time for the 73 MHz spin transition in »*Eu®* was estimated to 14 ms in a small
magnetic field. The study shows that the spin transitions of ceramic Eu?t:Y,03 have
coherence properties comparable to the best rare-earth-doped materials available.
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1. Introduction

Nuclear spin transitions of rare earth doped crystals are ideal as qubits, the units of
quantum information, because they can show long coherence times at low temperatures
[1-3]. In addition, rare-earth-doped nuclear spins can be coherently addressed through
optical transitions, which have made it possible to realize optical memories with spin
storage [4-7] and high fidelity single qubit and gate operations [8-10].

In particular, the nuclear spin transitions of Eu?* in Y,SiO5 can have population
lifetimes of several days and coherence times T3, of tens of ms, which are about one order
of magnitude longer than the optical coherence times [11-13]. In addition, by applying
coherence control techniques like specific magnetic fields and trains of rf pulses, T5,
can be extended to hundreds of ms at low magnetic field [13] and to 6 hours at higher
fields [1]. These results suggest for example that long storage time optical quantum
memories could be obtained in this system [5]. Although there are several crystals
that are currently investigated for applications in quantum information processing with
rare earth ions, Eu®" nuclear spin coherence lifetimes have only been reported so far in
Y5Si05 bulk single crystals.

In this paper, we report on the nuclear spin properties of Eu* in Y503, which
can be obtained not only as single crystals, but also transparent ceramics and
nanocrystals. In all these forms, very narrow optical linewidths (1-100 kHz) have been
demonstrated [14-19], which make this material interesting for quantum technologies.
Moreover, transparent ceramics and nanocrystals represent attractive alternatives to
single crystals. For example, Y503 transparent ceramics of large volumes and high
optical quality are much easier to obtain than single crystals [20], whereas nanocrystals
can be used for efficient single ion detection [21,22] and coupling to other nanoscale
quantum systems for hybrid quantum devices. Measurements were performed with an
all-optical technique on a transparent ceramic of Eu*:Y,03 that had previously shown
long optical coherence lifetimes [18,19]. We found nuclear spin coherence lifetimes for
the two europium isotopes in the range from 14 ms to 16 ms under magnetic fields of a
few mT. These values are comparable to the longest ones observed in rare earth doped
crystals, i.e. B'Eu®T in Y,SiO5 (Ty, = 15-20 ms [12,13]) and 5Nd3T:Y,Si05 (s, =
9 ms [3]), which suggests that nuclear spins in Eu®":Y,03 could be used as optically
addressable, long lived qubits.

2. Sample

The investigated sample was a transparent ceramic of Eu*:Y,03 containing 0.5 at.%
Eu?". Tt was prepared according to the procedure described in [17] but using 99.999%
pure Y203 and EuyO3 powders. The sample is described further in [19], contained no
sintering additive and was not thermally processed after hot isostatic pressing. These
materials are polycrystalline with crystallite size of about 2 um as determined by optical
microscopy.
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Eu?t is replacing Y37 in the crystal lattice and can occupy two sites in cubic Y2Oj
with Cy and Sg symmetry respectively. All experiments were performed on the C,
symmetry site where electric dipole transitions are stronger.

Eu?t has two almost equally abundant isotopes, *'Eu and '*3*Eu, both with nuclear
spin I = 5/2. The "F ground state as well as the °Dy excited state in both isotopes are
split up into three doubly degenerate hyperfine levels by a nuclear quadrupole interaction
with the electric field gradient in the crystal. Figure 1 shows the spin level structure of
the two isotopes and the optical transition used in this study [23]. The ordering of the
levels is here assumed to be the same as in the case of Eut:Y,SiOs, with the smallest
splitting between the higher energy levels in the ground state and between the lower
energy levels of the excited state. The ordering of the spin levels however does not
influence the results and conclusions of this work.
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Figure 1. Relevant energy levels of 'Eut and »*Eu®* in Y503. The "Fy ground
state and the 5Dy excited state are split up into three doubly degenerate levels by a
nuclear quadrupole interaction. Laser fields at two frequencies wy; and wy couple two
of the ground state nuclear spin levels to one of the optically excited states. (Color
online)

3. Method

The sample was placed inside a Janis optical helium bath cryostat and was cooled down
to 4 K by a flow of cold helium gas. The temperature was monitored with a temperature
sensor attached to the sample surface with thermally conducting grease. The sample
could also be kept at higher temperatures, up to 22 K, by fine tuning the helium gas
flow and the pressure inside the cryostat. Helmholtz coils sitting outside the cryostat
were used to apply magnetic fields up to 6 mT perpendicular to the beam propagation
direction.

The beam from a Sirah Matisse dye laser, with a linewidth of approximately 200
kHz and operating at 580.88 nm (vac.), was split into two beams in a polarizing beam
splitter and each was sent through an acousto optic modulator, AA Optoelectronic
MT200-B100A0,5-VIS, in double pass configuration. The beams were overlapped in a
50/50 beam splitter and focused onto the sample by a 50 mm lens. The transmitted
laser beam was aligned onto a photo detector, Thorlabs PDB150A, and the laser power
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Figure 2. a) Pulse sequence used in the spin echo measurement. Two two-color pulses
(w1 +wa) are used to generate a spin echo. At the time of the spin echo, a third (read)
pulse at frequency w; transfers the coherence to the optical transition, which causes an
optical emission at frequency wy. The echo is detected as a beating in the transmitted
light, created by the coherent sum of the read pulse and the optical emission from the
ions. b) Before the echo sequence, a spectral hole is burnt within the inhomogeneous
absorption profile to create a population difference between the spin levels addressed
by the two-color pulses. The read (w;) and emitted (w2) pulses sit respectively on the
side of and inside the spectral hole

incident on the sample was monitored by a second photo detector, Thorlabs PDA10A-
EC.

Nuclear spin echoes were generated and detected using an all-optical Raman-scheme
[12,24]. The optical pulse sequence is shown in figure 2 a). A 60 MHz wide spectral hole
was first burnt within the inhomogeneous absorption profile to pump the ions into one
ground state level, for example the 1/2-spin level, see figures 1 and 2 b). A two-frequency
laser pulse (w; + ws) addressing the "Fo-°Dy optical transition in Eu** was used to excite
a coherence between two ground state spin levels (1/2 and 3/2 in figure 1), separated
by wy - wy, in a subgroup of ions within the inhomogeneously broadened absorption
line. After a wait time 7 another two-frequency pulse was used to flip the phase of the
spin coherence. The nuclear spin coherence rephased a time 7 after the second pulse.
By applying a single-frequency optical pulse at frequency w;, the coherence of the spin
levels was transferred into an optical coherence at a frequency ws, which caused an
optical emission inside the spectral hole. Together with the excitation laser pulse at
frequency w; the emission created a beating pattern at the spin transition frequency in
the transmitted light [25,26]. The echo originating from the spin transition was then
measured by making a real time fast Fourier transform (FFT) of the signal from the
photo detector on an oscilloscope, LeCroy Wavesurfer 24MXs. All pulses were optimized
to maximize the echo amplitude for a pulse separation 7 = 10 ms, which resulted in 80
us long pulses of approximately 20 mW power.

It can be noted that the optical coherence time of the sample is 42 ps which is
short compared to the delay times of several ms used in this work [18]. In addition,
since the excitation pulses were much longer than the optimal values for optical echoes,
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the beating signal was only related to the spin echoes. This allowed us to detect the
spin echo at frequency wo, which is the same frequency as the excitation pulses, without
overlap with unwanted photon echoes. In previous studies, the coherence of the ground
state spin levels was transferred to a different excited state with a laser pulse at a third
frequency ws which generated an echo pulse at a forth frequency wy, to avoid overlap with
photon echoes [27]. Since Eu** has large hyperfine splittings in the °Dy excited state
(figure 1) this would put high requirements on the bandwidth of the setup. Moreover,
with the technique used here, a larger sub-ensemble of ions within the inhomogeneous
profile can contribute to the echo, since the laser frequency can match optical transitions
to any one of the excited state spin levels. After each echo sequence a series of strong
chirped erasure pulses were used to re-shuffle the ions between the ground state levels
and prevent permanent hole burning.

4. Results

4.1. Inhomogeneous linewidth

The inhomogeneous absorption linewidths of the two spin transitions in "»'Eu®* were
measured by tuning the frequency difference wy - w; of the two-color pulses while
recording the amplitude of the spin echo, for a fixed pulse separation 7 = 5 ms.
Lorentzian lines could be fitted to the data and the inhomogeneous linewidth was
measured as the FWHM of the fitted curve. The first spin transition was centered
at 29.33 MHz, and had a linewidth of 10445 kHz as shown in figure 3 a). The second
spin transition was centered at 33.99 MHz, and the linewidth was 156413 kHz, see
figure 3 c).

The center frequencies are consistent with previously measured transitions in a
bulk single crystal [23,28]. The inhomogeneous linewidths are consistent with the lines
measured in [28] and 30-40% narrower than the values given in [23]. The inhomogeneous
broadening of the spin transitions is most likely caused by strain in the crystal lattice
due to the dopants themselves as well as other impurities and point defects, which, at
low concentrations give Lorentzian lineshapes [29]. The difference in inhomogeneous
linewidth can then be explained by a difference in doping concentration between the
samples, or alternatively by the large uncertainty associated with the method used in
[23]. Indeed, the optical inhomogeneous linewidth in our sample is 20 GHz, almost
identical to bulk Eu**:Y,03 crystals of similar concentration [18,30], suggesting that
no significant additional strain is present in the ceramic.

0.1 % concentrated Eu?*:Y,SiO5 shows inhomogeneous spin transition linewidths
of 21 kHz and 38 kHz respectively for the ground state transitions of "' Eu®* [13]. This
is 4-5 times narrower than the linewidths measured here, which can be explained by the
difference in Eu®" concentration which is 5 times lower in the Y,SiO5 sample. It is also
possible that a larger number of intrinsic defects, like oxygen vacancies [19], in the Y503
host material as compared to Y3SiOj is responsible for part of the broadening. Indeed,
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Figure 3. Figures a) and c¢) show the inhomogeneous lines of the spin transitions in
151, centered at a) 29.33 MHz and c¢) 33.99 MHz together with fitted Lorentzian
curves (red lines). The inhomogeneous linewidths (FWHM) are a) 10445 kHz and ¢)
156+13 kHz. Figures b) and d) show typical echo decay curves for b) the 29.33 MHz
spin transition and d) the 33.99 MHz spin transition at zero magnetic field. The decays
are fitted with an exponential function (red dashed line) modulated by a squared cosine
function (red solid line), as described in the text. The coherence times at zero field
are 11.6+£0.9 ms for the 29.33 MHz transition and 10.5+0.6 ms for the 33.99 MHz
transition. (Color online)

the optical inhomogeneous line is about 10 times broader in Eu?T:Y,03 as compared to
Eu?T:Y,SiO5 of similar concentration [11,18, 30]

4.2. Coherence time

The spin echo amplitude was recorded as a function of the pulse separation time, 7, for
the 29 MHz transition and the 34 MHz transition respectively, see figure 3 b) and d). The
echo decay curves showed a strong echo envelope modulation effect [31] at a frequency
of 200 Hz. Very similar echo envelope modulation at 200 Hz has previously been seen in
spin echo decays of Eu?":Y,SiO5 [12, 13]. It was then interpreted as due to the splitting
of the +=M; hyperfine levels by a small residual magnetic field. A ceramic sample
however, as used in this study, contains crystalline regions with all possible orientations
relative to an applied magnetic field. As Eu®" ions are located in a site of low symmetry,
the nuclear gyromagnetic tensor, which includes an electronic contribution, is expected
to be anisotropic, as observed in Eu**:Y,SiO5 [32]. The magnetic field would then result
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in a broadening of the spin inhomogeneous line rather than a well defined splitting.
Such a broadening would not give rise to a well defined modulation frequency in the
echo decay. Another possible explanation of the observed echo envelope modulation is
superhyperfine interaction with 8Y nuclear spins (100 % abundance, I = 1/2) in the
crystal lattice, which has been previously studied in the case of electron spin echoes in
Er¥t:Y,Si0O5 [33].

To investigate these possibilities and determine the coherence time (T3,), echo

decays were fitted with a function of the form
E(r) = ae~ ¥/ 1 4 mcos%%)] (1)
shown by the red solid line in figure 3 b) and d). The coherence times were 11.64+0.9
ms and 10.5+0.6 ms for the 29.33 MHz and 33.99 MHz transitions respectively. These
values are in the same range as those measured in Eu*":Y,SiO5 (19 ms at zero magnetic
field [13]). This is consistent with a dephasing mechanism dominated by magnetic
fluctuations due to yttrium spin flips.

When applying a small magnetic field across the sample, the echo envelope
modulation depth decreased and the modulation frequency increased, as shown in figure
4. The modulation frequency increased by 2 kHz/mT up to an applied magnetic field
of 0.15 mT, see inset in figure 4. The calculated Larmor frequency of an yttrium ion
with a nuclear magnetic moment of 0.14 py is 2.1 kHz/mT, in good agreement with
observation. This indicates that interaction with nearby yttrium nuclei in the crystal
lattice is responsible for the observed echo modulation. For higher fields than 0.15 mT
it was no longer possible to resolve the modulation (figure 4).

4.8. Temperature dependence

To obtain smoother curves with smaller modulation depth and hence more reliable
coherence lifetime estimations, a magnetic field of 3 mT was applied across the sample.
For magnetic fields larger than 3 mT the signal strength was weaker due to broadening
of the inhomogeneous line. The echo decay is slightly non-exponential, which can be
seen clearly in figure 5 a) where some decay curves are plotted with a logarithmic y-axis.
The non-exponential behavior is a sign of spectral diffusion due to relaxing spins in the
crystal lattice surrounding the Eu®* ions. The echo decay can be fitted to a function

E(r) = Eye~ /T’ 2)

where x is a stretch parameter and 7Ty, is the phase memory of the ions [34]. In
this case x = 1.3 provided the best fit to the data.

At 4 K, the phase memory time Tj; of the 29 MHz spin transition increased to
16 ms in a 3 mT field. This is attributed to a slow down of the yttrium spin flip-flop
processes in a magnetic field and therefore a lower contribution to Eu®* decoherence,

and a possible decrease of the sensitivity of the transition to magnetic field fluctuations
[12,13].
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Figure 4. Echo decay curves for increasing magnetic fields; no field, 0.1 mT, 0.15 mT
and 0.6 mT respectively from the bottom to the top, all recorded at a temperature
of 4K. An offset is added to the curves for better visibility. With increasing field
the modulation frequency increased and the modulation depth decreased. For applied
fields larger than 0.15 mT the oscillation could no longer be resolved and the curve
approached an exponential. The inset shows the increase in modulation frequency as
a function of applied magnetic field, with a linear slope of 2 kHz/mT. (Color online)

In figure 5 the homogeneous linewidth I';, of the 29 MHz spin transition is plotted
as a function of temperature. The homogeneous linewidth is here calculated from the
phase memory time by I'y, = 1/(nT)s). The temperature dependence of the homogeneous
linewidth fits well to an Orbach process [35] with a temperature independent offset,

Tomach(T) = A/ (e2EFT — 1) +T(0), (3)

as shown by the red dashed line in figure 5. In the expression above AE = 199.4
cm™! is the energy gap to the closest crystal field level above the ground state, "F; [36].
The model indicates that the coherence time is limited by spin-lattice relaxation for
temperatures above 18 K [37]. A least squares fit gives an offset I'(0) = 20 Hz (T» =
16 ms), and Orbach coefficient A = 1.3 - 10® Hz. As mentioned above, the temperature
independent broadening, I'(0), is ascribed to nuclear spin flips of yttrium ions in the
crystal lattice.

The constant spin coherence lifetime up to 18 K contrasts with the optical coherence
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Figure 5. Temperature dependence of the homogeneous linewidth, 'y, of the 29 MHz
spin transition, with an applied magnetic field of 3 mT. In a) echo decay curves for
some different temperatures with a logarithmic y-axis. An offset is added to the curves
for increased visibility. The decays are slightly non-exponential which denotes spectral
diffusion due to spin flips in the host crystal. The dashed lines are least squares fits
to (2). In b) the homogeneous linewidth, I'y, is plotted as a function of temperature.
The dashed red line is a fit to the Orbach process with a constant offset of 20 Hz which
corresponds to a coherence time of 16 ms up to 18 K. (Color online)

lifetime which is affected by two-phonon Raman processes. As a result, the optical
homogeneous linewidth increases as 77 from about 7 K [18]. Long nuclear spin coherence
lifetimes at elevated temperatures could nevertheless be useful in schemes where the
optical transitions coherences are only used for short times.

4.4. Investigations of 1*3Fu

153Fu has larger energy separation between the nuclear spin levels than °*Eu. Measuring
spin echoes with an all-optical technique in '**Eu puts higher demands on the bandwidth
of the AOMs used. In this study AOMs with bandwiths of 100 MHz were used, which
gives 200 MHz tuning range when aligned in double pass configuration. A tuning range
of 200 MHz is enough to address both transitions in the ground state of 73 MHz and
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Figure 6. a) The inhomogeneous line of one of the spin transitions in 3Eu, centered
at 73.23 MHz together with a fitted Lorentzian curve (red line). The inhomogeneous
linewidth (FWHM) is 165412 kHz. b) The echo decay curve for the same spin
transition with an applied magnetic field of 5.7 mT. The decay is fitted with an
exponential function (red dashed line) modulated by a squared cosine function (red
line). The coherence time is estimated to 14+4 ms. (Color online)

88 MHz respectively [23]. The holeburning and erasure pulses used are however less
efficient due to a lower AOM efficiency at large detuning from the center frequency.

Despite the limitations mentioned above it was possible to detect weak spin echoes
from the 73 MHz transition. The echo signal was about 30 times smaller than for the
case of ®'Eu. For the 88 MHz transition no echo could be detected. One possible
explanation of the low echo efficiency can be weaker optical transitions between levels
with different spin projections in the ground and excited states (e.g. 1/2e to 3/2g, see
figure 1). This would decrease the efficiency of the two-colour excitations and read out
scheme.

Figure 6 a) shows the inhomogeneous line of the 73 MHz spin transition in
1533Eu. The peak of the line is found at 73.2340.01 MHz, consistent with previous
results in single crystals [23]. The inhomogeneous linewidth (FWHM) is 165+12 kHz.
As discussed above for ®'Eu, this is significantly narrower than the inhomogeneous
broadening measured in [23] of 4004+100 kHz. It is also expected that the inhomogeneous
linewidth scales with the energy of the spin transition. This is in qualitative agreement
with our data for ' Eu and '"3Eu, where the higher energy spin transitions also have
larger inhomogeneous linewidths. The scaling is however not linear, which has also been
seen in other materials [38].

To measure the echo amplitude as a function of pulse separation a magnetic field of
5.7 mT was applied to the sample, which caused the echo signal to increase by almost a
factor of 2, which could be related to an increase in coherence lifetime. For even higher
fields the signal was weaker, probably due to broadening of the inhomogeneous line.
The coherence time could be estimated to 1444 ms, as shown in figure 6 b).

All results are summarized in table 1. The 87.8 MHz spin transition in **Eu has
not been measured in this work.
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Table 1. Summary of the nuclear spin inhomogeneous lines (peaks v and widths Av),
as well as the nuclear spin coherence times (T3) of a Eu3*:Y503 transparent ceramic.

151 gy,
v 29.33+£0.01 MHz  33.99+0.01 MHz
Av (FWHM) 10445 kHz 156+13 kHz
Ty (no field)  11.6£0.9 ms 10.5+0.6 ms
Ty (3 mT) 16+3 ms -

153Eu
v 73.23+0.01 MHz 87.8+0.2 MHz [23]

Av (FWHM) 165412 kHz ;
Ty (no field) - -
Ty (5.7mT) 1444 ms -

5. Conclusion

A transparent ceramic sample was used to study the nuclear spin properties of Eu3*t
ions in Y50s3. Using an all-optical scheme, nuclear spin echoes could be detected on the
1/2-3/2 and 3/2-5/2 ground state transitions for 'Eu*" and on the 1/2-3/2 transition
of 3Eu*. Inhomogeneous linewidths in the range 104-165 kHz were measured by
monitoring the echo amplitude as a function of the excitation frequency. For »'Eu3*
these values are similar to those of bulk Y503 crystals, indicating similar strain between
ceramics and single crystals.

The coherence time of the 29 MHz spin transition in '*'Eu is 12 ms in zero magnetic
field and increase to 16 ms in 3 mT. The coherence time is constant up to about 18
K, and is lifetime limited for higher temperatures. These values are similar to those
measured in Eu?T:Y,SiOs5, which suggests that dephasing is due to Y3* nuclear spin
flip-flops. This in turn is promising for applying dephasing control techniques that can
increase coherence lifetimes by several orders of magnitude. We also identified an echo
envelope modulation effect which was concluded to be due to superhyperfine coupling
to nuclear spins of yttrium ions in the host lattice. As was pointed out in [33], this
Eu-Y interaction could potentially be used to build multi-qubit systems.

These results show that Eu®™:Y,03; is a promising system to design optically
addressable qubits with long lifetimes. This study also shows that long nuclear spin
coherence lifetimes can be observed in samples with micron size crystalline domains.
An especially interesting question for further investigations is wether spin coherence are
preserved in the Eu®*:Y,03 nanocrystals that show narrow optical linewidths.
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