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Abstract

Quantum memories for light are essential components in quantum technologies like
long-distance quantum communication and distributed quantum computing. Recent
studies have shown that long optical and spin coherence lifetimes can be observed in
rare earth doped nanoparticles, opening exciting possibilities over bulk materials e.g.
for enhancing coupling to light and other quantum systems, and material design. Here,
we report on coherent light storage in Eu?*:Y,03 nanoparticles using the Stark Echo
Modulation Memory (SEMM) quantum protocol. We first measure a nearly constant
Stark coefficient of 50 kHz/(V/cm) across a bandwidth of 15 GHz, which is promising
for broadband operation. Storage of light using SEMM is then demonstrated for times
up to 40 ps. Pulses with two different frequencies are also stored, confirming frequency-

multiplexing capability, and are used to demonstrate the memory high phase fidelity.


philippe.goldner@chimieparistech.psl.eu

These results open the way to nanoscale optical quantum memories with increased

efficiency, bandwidth and processing capabilities.
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Main text

Rare earth (RE) doped crystals are one of the leading solid-state platforms for quantum
technologies, offering optical, electron and nuclear spin transitions with long coherence life-
times T4 at liquid helium temperatures. ™ In RE doped bulk crystals, optical T, can reach
the ms range®™® and nuclear spin state can retain coherence over several hours.” These ma-

t72 with demonstrations

terials have been particularly successful for quantum storage of ligh
including high efficiency,*” long storage time™' and broad bandwidth.” At the nanoscale,
stronger coupling between RE and electromagnetic fields or other quantum systems can be
exploited. In nanostructured bulk materials for example, single ions and spins can be de-
tected and controlled, opening the way to scalable quantum gates and single photon-spin
entanglement.'#¥ Nanomaterials in the form of films and nanoparticles are also attracting a
strong interest, as they offer increased flexibility in design, composition and integration.t4*"
Eu?t:Y,05 nanoparticles are especially promising as they can show long optical and spin

I respectively, depending on particle size, syn-

coherence lifetimes, up to 10 us*' and 8 ms*
thesis and post-treatment. They can be inserted in tunable fiber micro-cavities to increase
light-ion coupling and increase fluorescence rates through the Purcell effect, as demonstrated
for Eut*24 and Er®* ions.”¥ Although these results are promising, functionalities that exploit
quantum coherence have not yet been reported in these nanomaterials.

Here, we demonstrate coherent storage of light in 100 nm Eu3*Y,03 nanoparticles using

an on-demand electro-optic quantum protocol. Memory time up to 40 us is demonstrated,



as well as frequency-multiplexed storage, a key requirement for efficient quantum memories.”

The phase fidelity of the memory is investigated and found to be very high, with an input-
output phase correlation over 0.99. Moreover, measurements of Stark coefficient indicate
that the storage bandwidth could be extended over several GHz. These results suggest that
RE nanoparticles are promising materials for multimode and long storage time nanoscale
quantum memories for quantum communications, distributed quantum computing and other
applications relying on coherent light-matter interfaces.

The storage protocol we use is called Stark Echo Modulation Memory (SEMM).** It uses

25721 and phase control by electric field induced frequency shifts to

double resonant rephasing
allow for low-noise and broadband quantum storage. We previously demonstrated SEMM
for RE nuclear spins in a bulk crystal, storing and retrieving coherent RF excitations with
high fidelity over the entire spin inhomogeneous linewidth.“* The work presented here is the
first to investigate this protocol in the optical domain.

SEMM is based on centers exhibiting a linear Stark effect, preferably in a centrosymmetric
crystal.?®29 This is the case for Eu?* ions in the Oy sites of Y503 in the cubic phase. The
permanent electric dipole moment g of Eu®" levels is oriented along the Cy axis, which is
parallel to the < 100 > family of crystallographic axes (Fig. ).30 There are therefore 6
possible orientations for the () sites, that can be grouped in three sets of two sites related
by an inversion symmetry. Eu?*t electric dipole transitions, such as the one of interest here
Fy <+5Dy, follow the same rule and are polarized along the Cy axes. The Stark shift for

a transition between ground (|g >) and excited (|e >) states is proportional to the applied

electric field amplitude E:%

v =Lép-E = EkFE cos(0), (1)

where L is the Lorentz correction for the material polarizability, du = p, — p, the difference

between ground and excited permanent dipole moments, k the Stark coefficient and 6 the



angle between dp and E. The dipole moments are proportional to the matrix elements
<lJr|l >, 1 = g,e. lons in sites with different Cy axis orientations will experience different
Stark shifts for an arbitrary electric field and are therefore generally non-equivalent. Those
related by an inversion symmetry experience an opposite Stark shift, giving rise to the so-

called pseudo-Stark splitting for non-degenerate levels like "Fy and ®D.
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Figure 1: Stark effect measurements in Eu**:Y,03. (a) Non equivalent Y37 sites (3 out of 6)
with Cy symmetry in Y03 crystal viewed along two different lattice orientations. Permanent
and transition electric dipole moments are along the Cy axis. (b) Electron microscope image
of 0.3% Eu®":Y,03 nanoparticles and experimental set-up. Nanoparticles in the form of a
powder are maintained between two transparent FTO electrodes separated by 0.5 mm and
located inside a helium bath cryostat. The laser at 580 nm is focused on the sample and
backwards scattered light collected by lenses and directed to an avalanche photo-diode. (c)
Top: pulse sequence for the Stark modulated photon echo experiment (black: light, red:
electric field). The stark pulse amplitude is varied, whereas other parameters (delays, pulse
lengths) are fixed. Bottom: evolution of states in the Bloch sphere. The Stark pulse causes
a decrease of the echo amplitude (right-hand sphere). (d) Normalized echo amplitude as a
function of the Stark pulse area (see text) for nanoparticles and a transparent ceramic. Solid
lines are fits to Egs. [3] and

Measurements were carried out on nanoparticles obtained by homogeneous precipitation

followed by high temperature annealing and micro-wave oxygen plasma treatment (see SI for
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details).®!' The non-agglomerated single crystalline particles had a 100 nm average diameter
(Fig. [Ib). The experimental set-up is shown in Fig. 2p) and was previously developed for
observing photon echoes in strongly scattering media.”® A coherence lifetime of 5.7 0.2 us
at 1.4 K was previously measured on these nanoparticles.!

We next used the very sensitive technique of Stark modulated echoes®* = to determine
Eu?t Stark coefficient k. The principle is shown in Fig. : a regular photon echo sequence
is set-up and an electric field pulse applied between the 7/2 and 7 pulses. The field induces
frequency shifts, corresponding to a rotation along z in the Bloch sphere (Fig. ) Tons
related by the inversion undergo opposite frequency shift and therefore rotate in opposite
direction in the Bloch sphere. Because of this rotation, refocusing after the 7 pulse can result
in a lower echo amplitude (Fig. ) Specifically, for ions with a Cy axis oriented parallel to

E, the echo amplitude A follows an oscillatory behavior:

|A| = Apl| cos(2mkETY)| (2)

where T} is the duration of the Stark pulse, assumed to have a square shape.

Fig. [1d displays the echo amplitude, recorded using heterodyne detection, on the nanopar-
ticles as a function of the Stark pulse area Ag = ET} (see SI for details). We did observe an
oscillation, with the echo decreasing to zero amplitude for Ag = 10 V/cm-us and reaching a
second maximum at Ag = 14 V/cm-us. The signal is also strongly damped with increasing
Ag. Such damping can be related to a distribution of Stark coefficients that produces an
inhomogeneous broadening not refocused in the echo sequence.®? This broadening increases
with increasing Ag, resulting in a damping. The different site orientations in Y503 can also
lead to echo amplitude modulations.”" In our case, however, the Stark coefficient distribu-
tion is dominated by the random orientations of the particles, and therefore of the Eu®*
Cs axis, with respect to the electric field. Another phenomenon to take into account is the

dependence of the echo amplitude on the angle between light polarization and the transition



dipole moment (see SI), also oriented along the Cy axis.""

These combined effects are clearly seen when the experiment is performed on a transpar-
ent polycrystalline Eut:Y,03 ceramic.®” In this case, damped oscillations are also observed
(Fig. ) and can be accurately modeled. Since the electric field and light polarization were

set perpendicular, the echo amplitude is expressed as (see SI):
w/2
|A| = Ao / cos(2mkAg cos 0)(sin §)*d6 (3)
0

Experimental data can be very well fitted by Eq. (Fig. [Id), giving & = 48.0 £1
kHz/(V/cm). The nanoparticles behave quite differently (Fig. [Id), which we attribute first
to randomization of the light polarization direction by the strong scattering in the powder
(see SI). Such a random distribution alone is however unable to reproduce the experimental
data and it was found that an additional exponential damping term was needed. We relate
it to electric field inhomogeneity due to the large sample volume in which the echo forms
because of light scattering and Y503 high dielectric constant (e, = 155%).

Nanoparticles data were fitted to the expression:
|A| = Ag| sinc(2kAg)|e s, (4)

The fit shown in Fig. gives k = 49.5 + 1 kHz/(V/cm) and a damping factor b = 6.4 +
0.8 X 1072 ecm/V /us. The Stark coefficient in the nanoparticles is therefore almost identical
to that found in the transparent ceramic. Crystallite size has therefore a low influence on k,
since it is 1-2 pm in the ceramic®” and only 100 nm in the particles. It thus suggests that
the polarizability correction factor and dipole matrix elements (Eq. [1)) in the nanoparticles
are close to bulk values, in agreement with other properties, such has optical line position
and width, which are also similar to bulk ones.?!

The Eu?t:Y,04 Stark coefficient value is comparable to those measured in Eu?*:Y,SiO5

(27 - 35 kHz/(V /em))=*% or Eu®*:YAIO;3 (33.5 kHz/(V/cm))“? bulk crystals. In the context



of RE quantum gates, k is a fundamental parameter to design pulse sequences and material.
Indeed, two-qubit gates are implemented by excitation of the control ion, which causes a
shift in the target ion frequency.®” The large value of k found in Eu*:Y,0j3 allows coupling
distant ions, and is therefore favorable to a high density of qubits that can interact. However,
it also enhances transition sensitivity to electric noise, which is likely to be a major source of
dephasing in the nanoparticles.*®4¥ Taking full advantage of large Stark shifts for quantum
gates will therefore require samples with low concentration of charged defects in volume or
surface.

We next investigated the dependence of the Stark coefficient across the nanoparticles
inhomogeneously broadened optical transition. Its half width at half maximum is 27 GHz
and we measured Stark modulated echoes for detunings of 0, 5, 10 and 15 GHz from line
center (Fig. [2h). Variations of echo amplitude as a function of electric field amplitude are very
similar despite the large detunings, although signals reduce when absorption decreases (Fig.
). Accordingly, the fitted Stark coefficients exhibit a low dependence on detuning, likely
within a few percent, the increase in error bars being essentially related to signal strength and
imperfect fit model. This result shows that ions located in perturbed environments, i.e. away
from line center, only slightly differ in . This suggests that Stark coefficient broadening
due to crystal field (CF) variations is indeed small. This is consistent with the second-order
dependence of permanent dipole moments on CF, through changes in wavefunctions. Small
variation of k with detuning also indicates that the optical inhomogeneous broadening is not
due to interactions between ions and nearby charged defects. A local electric field would be
present, modifying the effective Stark coefficient. Such defects, which are likely to be a major
cause of dephasing in the nanoparticles, as mentioned above, are therefore rather randomly
dispersed. This is in agreement with the nearly constant optical coherence lifetimes observed
across the inhomogeneous absorption line."*

Fig. [2| shows that Eut ions optical phase can be precisely controlled over a large band-

width by an electric field in nanoparticles. This is the basis for the storage experiments we
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Figure 2: Optical frequency dependence of Stark coefficient. (a) Excitation spectrum of
Eu3T:Y,03 "Fy —5Dy transition centered at 580.88 nm (vac.). (b) Normalized echo ampli-
tude as a function of electric field at different excitation frequencies (arrows in (a)). Data

are vertically translated for clarity. Solid lines are fits to Eq. [ (c) Fitted Stark coefficient
as a function of optical frequency from line center.



present now. The pulse sequence of the SEMM protocol is sketched in Fig. [Bp. Optical
rephasing of the input pulse is achieved by two 7 pulses in order that the final echo, i.e.
the output pulse, is emitted in a non-inverted medium. Fluorescence noise is suppressed,
allowing the protocol to be used with photonic qubits such as single photons.*” An important
part of the protocol is to suppress the intermediate echo (echo 1) that appears after the first
7 pulse. A Stark pulse producing a 7/2 phase shift can achieve this. The same pulse is
applied a second time to reverse the initial phase shift and recover the output echo with a
high intensity. It also suppresses the echo due to spontaneous photons emitted at the same
time as echo 1 and that would therefore be rephased at the same time as the output echo.?*
The delays between input and rephasing pulses are chosen to allow separating the output
pulse from the stimulated echo that can be emitted because of imperfect 7w pulses.

Experimentally, optical pulse amplitudes and lengths were tuned for maximal output
echo signal (see SI). Given the strongly scattering medium, Rabi frequencies greatly vary
across the sample and pulse area are not well defined. This prevents determining 7 pulses
from Rabi oscillations for example. We then set the Stark pulse area to a value of 10 V/cm-pus
in order to cancel echo 1 emission. The Fourier transform of the heterodyne detection pulse
shows an attenuation of echo 1 by a factor > 100 in amplitude, or 10* in intensity (Fig.
3R). Such an attenuation would be compatible with operation in the few photon regime,
assuming high fidelity optical 7 pulses.” In opposition to echo 1, the output pulse is well
recovered after the second Stark pulse. No significant difference in amplitude is observed
with or without electric field because the echo emissions have a low efficiency and only a
small fraction of ions are involved in echo 1 emission. We also note that the stimulated echo
is strongly attenuated by the Stark pulses. This is expected since the second Stark pulse has
no effect on the populations from which the stimulated echo arises and cannot recover the
phase shifts created by the first Stark pulse.

Storage time was determined by varying the delay between the input and the first =

pulses, leading to an effective coherence lifetime of 75 5y = 5.1 & 0.5 pus for the memory, in



good agreement with the photon echo 7T, = 5.7 4+ 0.2 us. This value is more than two orders
of magnitude longer than the one obtained in a nano-structured bulk crystal, although these
previous results were obtained at the single photon level. ' We also note that SEMM allows
for on-demand retrieval without spin storage. Output signals could be observed until about

40 us storage time, corresponding to a retrieval time adjustable within 22 us.
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Figure 3: Coherent storage in nanoparticles. (a) Upper panel: Pulse sequence for the Stark
Echo Envelope Modulation Memory (SEMM) protocol (black: light, red: electric field).
Lower panel: Fourier transform of the heterodyne detected echoes showing the strong can-
cellation of echo 1 and stimulated echo by the Stark pulses, as well as the output echo revival
(see text). The frequency origin is set at the heterodyne beat note (30 MHz). The FFT
resolution is limited by the ~ 1 us length of the echoes. (b) Output pulse amplitude in the
SEMM sequence as a function of the total storage time. Circles: experimental data, line:
single exponential fit. Effective storage time is T 5y = 5.1£ 0.5 ps.

The small variation of the Stark coefficient with optical frequency suggests that SEMM
storage could be obtained over broad bandwidths. First, we verified that strong cancellation
of intermediate echoes and efficient revival of output pulses was simultaneously possible at
two frequencies. As seen in Fig. [d] two successive input pulses, with frequencies separated
by 3 MHz, were stored and then retrieved by two pairs of 7 pulses also separated by 3 MHz.
Echoes were detected by a single heterodyne pulse long enough to probe both echoes. When
Stark pulses with the same area than in the single frequency storage are turned on, a strong

attenuation is achieved for echoes 1, whereas the output echoes are well retrieved, as seen
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in the FFT of the heterodyne pulses (Fig. [4)). This confirms the possibility of frequency-
multiplexed storage, although the experiment should be reproduced with larger frequency

differences or shorter pulses.
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Figure 4: Frequency-multiplexed storage with SEMM protocol. Left panel: photo-detector
and voltage source signals during storage of two pulses with frequencies separated by 3
MHz. The broad heterodyne pulse detects the two echoes 1 (upper graph) and the two
output echoes (lower graph). Right panel: Normalized Fourier transform of the heterodyne
detected echoes with or without Stark pulses. The Stark pulses cancel the two echoes 1
and restore the output echoes. Frequency origin is set at the heterodyne beat note with the
highest frequency echo (30 MHz).

We finally used multi-frequency storage to probe memory fidelity for phase qubits. Since
our laser has a coherence time of only about 1 us, it cannot directly provide a phase reference.
To circumvent this limitation, two-color laser pulses instead of successive pulses of different
frequencies were stored. Generating the pulses in a single acousto-optic modulator and
coupling the overlapping diffracted beams in a single-mode fiber gave an adjustable and
highly stable relative phase between the two frequencies. The output echo is again detected
by a heterodyne pulse and the relative phases between the two-colors, separated by 3 MHz,
analyzed by Fourier transform. The sequence is shown in Fig. [f| The two-color pulses show

a strong intensity modulation confirming the relative phase stability since these traces are
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averaged over =~ 1 s. Phase difference was set to zero for the two-color 7 pulses, and only
input pulse relative phase was varied.

The echo signals were clearly observed, but with lower signal to noise ratios (SNR) than
for storage of successive pulses. This is due to the low efficiency of the simultaneous two-color
generation. Fig. shows simulation and experimental data for the real and imaginary parts
of the heterodyne pulse FFT in the case of a 7/2 relative phase shift. As the heterodyne
pulse adds a random phase, it was necessary to increase SNR by averaging about 40 single-
shot experimental traces showing similar patterns, i.e. a positive real part at -3 MHz. A
complete analysis was performed by calculating phases at 0 and -3 MHz from the amplitudes
of FFT real and imaginary parts and averaging their differences over all available data. The
latter amounted to 200 traces for each relative phase (see SI). A high correlation between
input and output phases was found, as displayed in Fig. [Fc. Although this result is not
unexpected in echo based protocols, it nevertheless demonstrates the high phase fidelity of
the memory, a fundamental requirement for quantum storage.

We now briefly discuss how the results presented in this Letter can be applied to a
single particle inserted in an optical cavity. A high finesse, low volume cavity would first
allow for high storage and retrieval efficiency by increasing light-ion coupling.** The SEMM
protocol would be particularly well adapted to this case as it does not rely on spatial phase
matching® for intermediate echo suppression. In case of very high light-ion coupling, it may
also be necessary to reduce the cavity finesse during the storage time. This will reduce the
spontaneous emission that could be rephased at the same time as the memory output and
superradiant emissions.“*4%42 The fast tunability of the fiber cavity would be very useful
in this case.?® Only very small voltages would be needed to implement SEMM frequency
shifts since a single particle can sit very close to electrodes. The cavity can ensure high
Rabi frequencies across a broad frequency range and with a high spatial homogeneity. This
will enable 7 pulses with much higher fidelity than in experiments using bulk crystals, a

key requirement for low-noise operation in the quantum regime. Longer storage times could
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Figure 5: SEMM storage fidelity. (a) Photo-detector and voltage source signals for storage
of a two-color pulse (3 MHz frequency difference). The heterodyne pulse detects the output
echo. (b) Simulated (left) and experimental (right) Fourier transform of the heterodyne
detected output echo for a two-color input pulse with a 7/2 relative phase shift. (¢) Output
vs. input phase shifts in two-color storage. Circles: experimental data, line: linear fit,
correlation coefficient: 0.997.

be obtained by inserting high fidelity transfer pulses to nuclear spin states in the SEMM
sequence. Since spin coherence lifetimes can reach several ms in these nanoparticles,™ storage
time would be extended by three orders of magnitude. The relatively small number of ions
in a single particle, 3 x 10* in the present 100 nm diameter particles (Cy site), also opens
the prospect of single spin processing for entanglement purification or swapping.*24% Spins
would be controlled using 2-color selective optical excitations,** taking advantage of the
large inhomogeneous over homogeneous linewidth ratio in the nanoparticles (= 5 x 10°).
Applying electric fields to Stark shift optical transition would then provide an additional
control parameter to implement qubit gates.*

In conclusion, a quantum memory protocol for light based on the linear Stark effect has
been demonstrated in Eu?T:Y,03 doped nanoparticles. We measured a Stark coefficient for
the °Dy -Fy transition of 49.5 + 1 kHz/(V/cm), which shows variations lower than a few

kHz over the full width of the optical inhomogeneous linewidth. Using suitable electric field
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pulses, on-demand optical storage was achieved, with strong suppression of noisy signals
while maintaining output compatible with quantum operation. The memory effective coher-
ence lifetime is 5.1 4+ 0.5 ps. Frequency-multiplexed storage was demonstrated with similar
properties, confirming the small variations of Stark coefficients and enabling observation of a
high phase fidelity between input and output pulses. These results open the way to using RE
doped nanoparticles as efficient light-interfaces for quantum networks and other solid-state

optical quantum technologies.
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