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Deliverable Description

In the present deliverable, we describe the progress towards narrow optical and spin
homogenous linewidths in Eu3* doped Y.03 nanoparticles with size of 100 nm, in
connection with MS5. Optical homogeneous linewidths down to 25 kHz and spin
coherence lifetimes greater than 1 ms have been measured in 500 nm particles, while 30
kHz and 2.6 ms were obtained on 150 nm particles. We present the two different
strategies we used to obtain the smaller nanoparticles, while preserving coherence
properties. Routes to further reduce dephasing mechanisms and particle sizes are
discussed. These researches have been reported in three manuscripts, two of which are
already published and covered in the CNRS news [1-2], and one to be submitted
(Appendix).

Context

The benefits in terms of single ion detection, qubit readout and 2-qubit gates which are
expected to be achieved from the coupling of rare-earth nanoparticles to optical micro-
cavities (WP2) strongly rely on the optical and spin coherence lifetimes of the
nanoparticles. Furthermore, as described in deliverable D1.1, the particle size can limit
the maximum Purcell factor which can be achieved in the cavities through scattering
losses. For losses below 10 ppm, particle diameter of no more than 50 nm is required in
the case of Eu3*, taking into account its optical transition wavelength (580.883 nm vac. or
516.098 THz). In the case of Er3+, the transition wavelength is around 1.5 pum and 100 nm
particles can be used to reach the same loss level. Obtaining long coherence lifetimes (72)
is a challenging task when scaling down in size because of increased surface to volume
ratio and potentially higher defect and impurity concentrations linked to chemical
synthesis methods. Indeed, significant drops in the optical and spin coherence properties
is often observed in nano-materials [3-4]. In this context, pioneer work carried out at
CNRS-CP demonstrated that chemically synthesized rare-earth doped nanocrystals,
aggregated in micron size particles, could present narrow optical homogeneous linewidth
(I'n) down to 86 kHz [5]. From this starting point, NanOQTech efforts at CNRS-CP have
focused on synthesizing non-aggregated nanoparticles with long optical coherence
lifetimes, measuring their spin properties for the first time, and developing methods to
decrease the nanoparticles’ size while preserving optical and spin coherent properties.

Methods

Optical and spin coherence lifetimes were measured by photon echo and all-optical spin
echo techniques for ensembles of poly-crystalline Y,03: Eu3* nanoparticles synthesized by
homogeneous precipitation, with different average sizes and similar crystalline grain
sizes around 100 nm. The Eu3* concentration was set to 0.3% which provided enough
absorption without introducing too much strain in the host [6]. The chemical route goes
as follows: in a Teflon reactor, urea and 7.5 mM of yttrium and europium nitrates are
mixed with 800 mL of solvent and heated at 85 °C for 24 h. The urea concentration is
chosen depending on the desired final particle size. In particular, 0.3 mol L-! yields large
~400-500 nm particles while a 3 mol L concentration gives ~150 nm particles. Urea
decomposition in the heated reactor leads to the precipitation of amorphous yttrium
carbonates (YOC) particles which are then washed with water and ethanol, dried at 80 °C
for 2 days and annealed under air at 1200 °C for 6 h to finally obtain Y203 crystalline
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particles. A post treatment under a pure oxygen plasma generated in a home-made
microwave system operating at 2.45 GHz and 900 W is performed after synthesis for 6
minutes at 1 mbar total pressure. The reactive oxygen species produced in the plasma aim
at reacting with the surface of the nanoparticles and removing any residual impurities left
following the synthesis process. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) analysis are used to confirm particle sizes and morphology.
The crystal structure and crystalline grain sizes are determined by X-ray diffraction
(Panalytical XPert Pro).

DO
Y,05: 15 Eus*

o

D, tlexc)

APD

Wi,

Wey = 516.098 THz

+[1/2) —
F 29.34 MHz
. —_—

+13/2)
33.99 MHz

/2 Cryostat

1
M
N4

OF .<

‘ k)
e
7

z 2

Ogpt Lz °

]

< o, ;

\ oN ®
PBS 2 AOM
AOM
A2
L3

e

Figure 1: Experimental setup. PBS states for polarizing beam splitter, AOM for acousto-optic
modulator, M for mirror, Lfor lens, OF for optical fiber, APD for avalanche photo diode and DO for
digital oscilloscope. The first AOM, in double pass configuration was used in all experiments to
modulate the laser intensity in order to create pulse sequences. The second AOM, in single pass
configuration, was used in spin echo experiments for generating two-color pulses with
frequencies o1 and ;. Inset: energy level scheme of 151Eu3+ ions in Y»0s.

Dye laser

Spectroscopic experiments were carried out with the samples in form of powders placed
between two glass plates with a copper spacer (~500 um thickness) within a He bath
cryostat (Janis SVT-200). The excitation is provided by a Sirah Matisse DS laser with a
linewidth of approximately 150 kHz in resonance with Eu3* 7Fo-5Dy transition (Figure 1,
inset). The laser beam is first sent through a double pass acousto-optic modulator (AOM)
with a central frequency of 200 MHz followed by a single pass AOM with a center
frequency of 110 MHz. Both AOMs were driven by an arbitrary waveform generator
(AWG) with 625 MS/s sampling rate. The single pass AOM is used to create two-color
pulses for spin echo experiments performed on the +|1/2) — +|3/2) ground state nuclear
spin transition of 151Eu3+ (I=5/2). The first diffraction order is coupled to a single-mode
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fiber in order to ensure high spatial overlap between the two colors. For photon echoes,
this AOM is simply kept in continuous mode. The fiber output is focused onto the sample
within the cryostat with a 75 mm focal length lens. Scattered light through the sample is
collected by a series of lenses from the rear side of the cryostat to be finally focused on an
avalanche photo diode (APD). A scheme of the experimental setup is displayed in Figure
1. The sample temperature was monitored with a temperature sensor attached to the
sample holder with thermally conducting grease and tuned by controlling the helium gas
flow and the pressure inside the cryostat. Magnetic fields perpendicular to the laser beam
propagation axis could be applied using Helmholtz coils sitting outside the cryostat.

Figure 2 displays the photon echo (Fig. 2a) and spin echo (Fig. 2b) sequences. The
principle of both sequences is the same: a first pulse, labelled ‘excitation’, drives a rare-
earth ion ensemble into a coherent superposition. This superposition is created between
the optical ground and excited states in the case of photon echo experiments (at the
optical frequency wopt = 516.018 THz) and between two ground state spin levels in spin
echo experiments. In the latter case, this is done by an all-optical approach using two-
color laser pulses as shown in Fig. 1 inset (with |wi- w2| = 29.34 MHz, the 151Eu3+ spin
transition frequency). This initial coherence quickly decays due to the frequency-
dependent phase evolution of each ion. After a certain delay ‘t’, a rephasing or m pulse is
applied, which effectively reverses the phase evolution so that, at the same delay after the
second pulse, or equivalently, ‘2t after the first pulse, the ion ensemble has rephased. In
the optical transition, the rephasing gives rise to photon echo emission, here detected by
interference between the echo and a frequency shifted pulse (heterodyne pulse). In the
spin echo case, the rephased spin coherence is first converted to optical coherence by an
optical pulse at w2, and then detected as a beating between the transferred coherence at
w1 and the transfer pulse itself at w> (see ref. [2] for more details).
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Figure 2: (a) Two-pulse photon echo sequence. Optical pulses at frequency wop: = 516.018 THz
are used to create and rephase a superposition state created in the ion ensemble. The emitted
photon echo is detected by interference with a frequency-shifted heterodyne pulse. The sequence
ends with a series of pulses (labelled ‘repump’) to reset population equilibrium in the ground state
spin levels. (b) Two-pulse all-optical spin echo sequence. This sequence is preceded by spin
polarization to the *|1/2) level, carried out by spectral hole burning. Two-color pulses at
frequencies @1 and ®; are then used to create and rephase spin coherences and a single frequency
pulse at m; is sent for spin coherence detection. The sequence ends in the same way as the photon
echo one, with a series of pulses which set the ground state population back to equilibrium.
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As ‘v’ increases the number of ions which are efficiently rephased decreases due do
decoherence, i.e. random phase shifts, leading to a decrease in echo amplitude E which in
a general way can be written as [7]:

27\"
E(t) = Eyexp (— —)
T,

As it will be shown in next sections, in our experiments, most photon echo and spin echo
decays are exponential (x = 1), therefore, T2 values could be derived from decay curves
by single exponential fit.

Optical and spin homogeneous linewidths in Eu3* doped Y,0s
nanoparticles

Large nanoparticles (~400 nm)

Exhaustive photon echo and spin echo investigations were first carried out in 400-nm
diameter nanoparticles. The detail of these studies is given in refs [1-2]. An optical T2 of
7 us was measured, cor-responding to I'n = 45 kHz [1], a value comparable to those
obtained in some bulk materials [8-9], highlighting the high crystalline quality of the
particles. We further improved coherence lifetimes by applying a post-synthesis
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Figure 3: (a) Photon echo decay from 400-nm-
diameter particles. (b) Spin echo decay from 400-nm-
diameter particles. Spin T, was here measured for the
first time and found equal to 1.3 ms.
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the difference compared to bulk values is less than one order of magnitude for the spin T>
[7-8], 1.3 vs. 12 ms, while larger than two orders of magnitude for optical T, 0.007 vs 1
ms. This behavior suggests that the nature of the dephasing mechanisms responsible for
the optical and spin T2 values in the nanoparticles are different, being associated to
electric effects, either in the particles surface or in the volume, for the optical coherence
[1], and to paramagnetic defects in the case of spin coherence [2]. The precise nature of
these defects is still unclear and under investigation. We expect that further reduction of
defects and impurities in the particles will improve both optical and spin coherence
values to a large extent (see Discussion below).

(a) . :
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Towards smaller nanoparticles

As explained in the introduction, the particle size needs to be sufficiently small to reduce
scattering and ensure an efficient coupling between rare-earth doped nanoparticles and
optical micro-cavities. In this context, two different strategies were pursued in order to
obtain nanoparticles in the 100-nm diameter range and below. Both of them have so far
given encouraging results in terms of optical and spin coherence lifetimes.

Chemical synthesis

The homogeneous precipitation chemical route allows for morphology and size
distribution control. As mentioned above, the amount of urea introduced with the
precursors determines the final particle size. In particular, a concentration of 3 mol L1
yields Y203 nanoparticles with an average diameter between 100 and 150 nm (Figure
5a). Further size reduction can also be achieved by changing the solvent from water to a
mixture of ethanol, butanol and water (ratio 1:2:2). In the latter case, with 3 mol L1 of
urea, one can get particles down to 80 nm diameter. The main difficulty of this approach
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resides in the need for a high-temperature annealing step (~ 1200 °C), which causes
particles to sinter and aggregate. Crystallization of the amorphous carbonates (YOC) to
Y203 can be achieved at 700°C, but previous investigations showed that higher
temperatures are required to fully cure defects and ensure narrow optical linewidths [6].
In the present investigation, aggregation has been limited to some extent by performing
annealing in two steps, first at lower temperature (~800°C) to initiate crystallization and
then around 1200 °C to cure remaining defects. Despite this, aggregation still occurs as
displayed in Figure 5a, although the number of aggregates is small compared to that of
dispersed single particles. This is important in terms of cavity applications, where single
particles are targeted.

0KX WD=35mm EHT= 400kv SignalA=lnLens

120 T . . 120
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EEE Counts - 452 I Counts - 452
100, 1 100 |- Lognormal Fit
801 Mean size = 139 nm 80
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Figure 5: (a) SEM image and size histogram of Y203:0.3% Eu3+ nanoparticles synthesized with 3M
urea after 1200 °C annealing. Large size aggregates (>350 nm) are not accounted for in the
histogram which represents the size distribution of single particles. (b) SEM image and size
histogram of Y203:0.3% Eu3+ nanoparticles obtained by wet chemical etching from standard 400-
nm-diameter particles. The etching approach avoids aggregation.

Wet chemical etching

Particle size reduction by wet chemical etching was investigated as an alternative to direct
chemical synthesis in order to avoid aggregation issues. The etching was performed as
follows: first, Y203:Eu3* nanoparticles with average size 400 nm were synthesized with
annealing at 1200 °C; then they were etched in acetic acid solutions of 50 wt.% acid
content (8.53 mol L'1). Aweakacid (pKa =4.76 at 25 °C) was chosen to obtain low etching
rates, allowing control over the size reduction process. A deep analysis of the particles
sizes, morphologies and inner structure after etching evidenced a progressive size
reduction of the particles on average with no effect on the crystalline grain sizes. The
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etching mechanism was indeed found to preferentially act on the particles’ grain
boundaries. Indeed, after several hours of etching some of the poly-crystalline particles
appear reduced to a single crystalline grain. The etching rate was found equal to 7.6x10°
nm?3 h-1 and the activation energy of the material was estimated at 0.51 eV. Full details are
given in the unpublished manuscript in Appendix. An issue with this approach is the very
large material loss that occurs during etching.

Optical inhomogeneous linewidths

Optical inhomogeneous linewidths
were recorded at low temperature
T=10K (~10 K) by monitoring the >Do-7F;
| fluorescence while scanning the
laser through the 7Fo—>5Do transition.
Particles directly synthesized with
140 nm average diameter showed
values around 11 GHz (Fig. 6a), as
expected for particles annealed at
1200°C [6].  After etching,
nevertheless, a clear broadening was
observed in all measured samples, as
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As displayed in Figure 6, line shapes can be described by Lorentzian functions both in
etched and non-etched particles. This indicates that point defects are the source of the
inhomogeneous broadening [14]. In non-etched particles, broadening is dominated by
Eu3*ions themselves, highlighting the low content of other defects in these materials [6].
Upon etching, strain is not expected to change in the crystalline grains as their size is not
noticeably changed during the process. We therefore attribute the additional broadening
observed in etched particles to an increase in point defects at the surface of the crystalline
grains.

Optical and spin Tz in small particles

The optical echo decays recorded from the samples in Figure 5 are displayed in Figure
7a and 7b. Etched particles show a single exponential decay yielding a T2 0f 9.3 ps (I'hn=34
kHz). Compared to the initial particles before etching (I'n=25 kHz), the broadening due to
etching is less than 10 kHz despite the large broadening of the inhomogeneous line (Fig.
6a). This constitutes a very encouraging result for this approach since a volume reduction
of 95% from the initial particles is achieved with only small degradation of the optical

10
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coherence lifetime. Photon echo decays recorded from particles directly synthesized at
small sizes present bi-exponential character after oxygen-plasma treatment, with a fast
decay component (with a decay constant of the order of 3 ps) and a long component in
the 10 ps range, displayed in Fig. 7b, that could correspond to ions in specific
environments (e.g. well crystallized particles) that is not clearly identified yet. Spin echo
signals were also measured in this sample (Fig. 7c). Spin T2 in the millisecond range was
found although, in contrast to spin echo measurements carried out in large particles, the
decay is clearly modulated as previously observed in Y203:Eu3* transparent ceramics [10].
It was therefore fitted with a function of the form:

wT

E(1) = Ejexp (—;—Z) [1 + mcos? (7)]

These very recent results are also very encouraging given the long optical and spin T>
measured for the as-synthesized 140 nm particles.
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Discussion and perspectives

The long optical and spin coherence lifetimes measured in 400 and 150 nm Eu3+*:Y203
particles are unique in the solid state. In particular, the ms range spin T, are the longest
reported for optically addressable spins in any nano-materials. They are comparable to
values found in bulk materials and the additional dephasing is likely to be limited by
magnetic impurities or defects. We currently study ways to reduce them through
improved syntheses and post-treatments. Importantly, we showed that spin T, can be
extended by all-optical dynamical decoupling, although strong light scattering and
particle random orientations cause a large spread in Rabi frequencies, limiting in turn the
efficiency of the technique. In a single particle or ion, these issues disappear and we expect

11
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T2 extensions by orders of magnitude using a combination of dynamical decoupling and
magnetic field induced clock transitions, as shown in bulk crystals [15]. This is a key point
for NanOQTech's WP2 since qubits are defined within the ground state spin transition.

Optical transitions show a large broadening compared to the best bulk materials. Our
detailed spectroscopic studies attribute it to dephasing related to low frequency,
structural fluctuations (Two Level Systems) and electric field fluctuations due to charges
or dipoles on the particle surface. Their contributions at 1.4 K is about 10 kHz (TLS) and
10-30 kHz (surface effects) and could be reduced in improved materials, a topic we are
currently investigating through synthesis optimization and post-treatments. We note that
the TLS contribution could be reduced below 1 kHz (i.e. in the range of bulk homogeneous
linewidths) by cooling the samples to 50 mK temperatures. The current optical linewidths
should be however narrow enough for the ion-ion interactions planned in WP2.

The investigations performed in Y203 nanoparticles of different sizes suggest that the
coherence properties depend primarily on the crystal grain size rather than on the
particle size. For example, optical and spin T2 coherences are preserved to a large extent
when the particle size is reduced from 400 nm to around 150 nm by etching or direct
synthesis (95% volume reduction). In this process however, the grain size, on the order
of 100 nm, does not vary. Indeed, the main difference between large and small particles
is that the first ones are composed by a larger amount of crystalline grains.

Smaller particles, in the range of 100 nm and below, are currently synthesized and
studied. Preliminary results indicate that in particles of 100 nm average size, optical and
spin T2 of 6.5 ps and 2.6 ms have been observed. This is promising with respect to our
goals on materials as stated in MS5: 30 kHz optical homogeneous linewidth and 1 ms spin
T2 in particles < 100 nm. While this size is small enough to couple Er3* ions to a micro-
cavity without detrimental losses, Eu3* doped particles require smaller sizes, about 50
nm. We plan to produce these materials by etching of larger particles that can be annealed
at high temperatures, while direct synthesis could produce strong sintering and
aggregation at the annealing step.

Conclusion

In this deliverable we report the results of the optical and spin coherence investigations
carried out in Y203:Eu3* nanoparticles at CNRS-CP. Milestone values of around 30 kHz
optical homogeneous linewidth and > 1 ms spin T, have been achieved in ~150 nm
particles although a further size reduction below 100 nm is required for efficient coupling
to optical micro-cavities, with current researches focused on this goal. These researches
have so far yielded three journal articles [1-2] and Appendix.

12
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Abstract

Rare earth doped nanoscale particles with sub-wavelength size can be coupled to
optical micro- or nano-cavities, enabling efficient single ion readout and control, a key
requirement for quantum processors and high fidelity single ion quantum memories.
However, producing small size particles with good dispersion and exploitable optical
coherence properties is highly challenging by most synthesis and nano-fabrication meth-
ods. We report here on the wet chemical etching of polycrystalline Eu3*:Y,03 nanopar-
ticles, which are promising materials for quantum storage and processing. The impact
of parameters such as etching time and temperature on the particles size and morphol-
ogy is investigated, showing that etching proceeds by attacking first grain boundaries
and then detached grains. We demonstrate that a controlled size reduction can be
achieved by this approach, while maintaining long optical coherence lifetimes (75): the
12.5 ps and 9.3 us values obtained for 430 nm initial particles and 150 nm etched par-

ticles respectively, reveal a broadening of only 10 kHz after etching. These values are



moreover the longest Ty values reported for any nanoparticles. These results open the

way to new rare earth based nanoscale quantum technologies.

Keywords

Y503, rare earth nanoparticles, chemical etching, optical coherence, quantum technologies.

1 Introduction

Trivalent rare earths (REs) doped into a host material are attractive for multiple applications
since they can present extremely sharp optical absorption and emission lines without pho-
tobleaching. Therefore, rare-earth materials have been intensively investigated and widely
exploited for multiple photonic and optoelectronics applications including solid-state lasers?,
fiber-based optical amplifiers?, phosphors® and luminescent solar concentrators*. Moreover,
the development of rare-earth based nano-materials has further extended the range of useful
outputs to fields such as bio-imaging®®, photodynamic therapy (PDT)®, lighting” and secu-
rity®. In the last years, rare-earth doped crystals have also raised a strong interest in the
field of quantum information processing and communication, triggered by their potential in
optical quantum technologies® 2. Because of the shielding of 4f electrons by the outer filled
5s and 5p electron shells, the optical transitions of RE ions can exhibit very narrow opti-
cal and spin homogeneous linewidths (I'y) at cryogenic temperatures, or equivalently, long
optical and spin coherence lifetimes Ty —=(7T'y)~!. Ions of interest include Yb3+ 13 Eudt14,
Er3t 12 Nd3+t16 Pr3t17 and Tm3t!® doped into crystals such as Y,SiO5 7, YAG!'® or
YVO,!?. The longest optical coherence lifetime in a solid state system, Thb— 4.4 ms, was
obtained in Er¥*:Y,Si052°, and several hours of spin coherence lifetime have been reported
in Eu?t:Y,Si052!. These attractive properties, unique in the solid state, allow RE doped
crystals to be used as quantum light-matter interfaces, as shown in recent reports on quan-

tum memories and optical to microwave transducers?? 25,



Despite the outstanding demonstrations reported in macroscopic crystals, RE nanopar-
ticles offer key advantages. Indeed, these systems can be placed in an optical micro- or
nano-cavity with high quality factor and low mode volume. This enables efficient single ion
readout,?%2" as well as stronger light-matter coupling, which could lead to scalable quantum

19.28,29 © Nonetheless, a major

processors and high fidelity memories for quantum networks
challenge is the obtention of high-quality nano-materials with long optical and spin coher-
ence lifetimes. In this sense, Eu®" doped Y,Os3 is a particularly interesting candidate. Firstly,
Eu®t dopants can occupy a low symmetry site in the crystal lattice (Cy). This is favourable
for the Eut: "Fy — 5Dy electic dipole transition to be strong. Secondly, Y503 presents low
nuclear spin density. This limits decoherence related to fluctuating magnetic fields in the
host (due to spin-lattice relaxation and flip-flop), an important requirement for achieving
narrow homogeneous linewidths. Finally, in contrast to other RE materials,?"3%32 Eu3t
doped Y03 nanoparticles presenting narrow size distribution, bulk-like optical absorption
and emission features and remarkable optical and spin coherence properties can be obtained
by chemical synthesis®**3®. Our previous studies on Eu®*:Y,03 nanoparticles synthesized by
homogeneous precipitation demonstrated an optical homogeneous linewidth of 45 kHz (75
= 7.5 us) for the Eu™: "Fy — 5Dy transition at 580 nm in 400-nm-diameter particles®*.
Spin homogeneous linewidth down to 40 Hz (T; = 8.1 ms) has also been recently reported .
These results are comparable to values observed in some Eu*:Y,03 bulk crystals and trans-

36-40

parent ceramics Still, optical micro-cavities require low scattering losses in order to

reach large cavity-ion coupling. Particles significantly smaller than the optical wavelength

are therefore necessary, as the scattering losses scale as the sixth power of the particle size28.

Here, we propose wet chemical etching as a new approach to obtain well-dispersed and
sub-wavelength RE doped Y,O3; nanoparticles with narrow homogeneous linewidths. Al-

though the homogeneous precipitation method allows for morphology and size distribution



control, the Y503 phase forms after calcination of the precipitated yttrium carbonate pre-
cursors (Y(OH)COj - x H,O, YOC), and, it was shown that high calcination temperature
(~1200 °C) was required to cure defects and ensure good optical performance.?33! This sets
a limit for the minimum particle size which can be obtained by this method since avoiding
agglomeration and aggregation after calcination is very challenging below a certain particle
diameter. Thus, our approach consists of synthesizing optimized Y,O3 particles with av-
erage size in the 400 nm - 500 nm range, and then applying chemical etching to achieve
a controlled size reduction with low dispersion. This allows obtaining and selecting parti-
cles with appropriate size with respect to the optical micro- or nano-cavity characteristics,
like the operating wavelength and targeted quality factor. The etching mechanism and the
optical coherence performance at 580 nm of Eu®*:Y,03 etched particles were analyzed and
are here discussed. Homogeneous linewidth broadening as low as 10 kHz was measured for
150 nm etched nanoparticles starting from 430 nm initial nanoparticles. The corresponding
coherence lifetimes, 9.3 ps and 12.5 us, are the longest ever reported for any nanoparticles.
The results suggest that chemical etching is a promising way to obtain RE doped particles

of sub-wavelength size, suitable for nanoscale quantum hardware architectures.

2 Results and discussion

2.1 Structural characterizations and etching mechanisms

Several series of Eu?" doped Y,O3 nanoparticles were synthesized by homogenous precip-
itation, calcined at 1200 °C, and subsequently etched in acetic acid solutions of 50 wt.%
acid content (8.53 mol L.™1), see Methods. A weak acid (pKa = 4.76 at 25 °C) was chosen
for low etching rates, allowing control over the size reduction process. Fig. 1 shows the
evolution of the particle size distribution and morphology as a function of etching time. The
initial Eu®t:Y,03 nanoparticles exhibit spherical, well-dispersed morphology and particle

size of 450 + 56 nm according to log-normal fit. As observed, when etching time increases



from 1 to 5 hours, the nanoparticles turn to be gradually smaller and their shape changes,
as evidenced by the appearance of sharp edges and facets. It can be noted that the size
distribution of the etched particles stays comparable to that of the initial particles, slighly
broadening after 4 hours etching (Fig. 1 d and e). Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was used to determine the mass loss due to etching by
measuring the yttrium element concentration in the acid solution after removing the etched
particles. In Fig. 2, the ICP-AES results are compared to the expected mass loss based
on the progressive size reduction observed in Fig. 1. This simple model assumes that the
nanoparticles are perfectly spherical and that the total number of particles remains the same

along the etching process. The mass of a single particle is then given by:

4
m=pV = p§7T7’3 (1)

in which V in the particle volume, r the particle radius and p the Y503 density. After an
etching time ¢, the radius decreases from ry to a specific value r., and the mass being etched

for each particle, Am, can be expressed as:

4
Am = pAV; = pr(r} — 1) )

Then, the relative mass loss per particle just depends on the initial and final particle
radii as:
Am 13 —r?

= 3 < (3)

For an ensemble of particles with total mass M = ), m, and a distribution of initial and

final radii 79, and r.;, eq. 3 becomes:

AM _ > oi(moi —me;) . Zﬂ%z - ng)
My > Mo > To,i
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Figure 1: Scanning electron microscopy (SEM) micrographs and size distributions of the

initial and etched Eu®*:Y,03 nanoparticles for etching times increasing from 1 to 5 hours
(etching temperature 7—50 °C).
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ICP-AES results (red dots) are compared to the mass loss expected from the size reduction
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As displayed in Fig. 2, the mass loss trend measured by ICP-AES is quite well described
by eqs. 3 and 4. However, a closer insight into the etched particles inner structure indi-
cates that this model, just considering an isotropic volume reduction of the particles, does
not provide an accurate description of the etching mechanism taking place. For gaining
understanding, it is important to take into account that the initial Eu?T:Y,O3 particles are
polycrystalline. Thus, they are made of multiple crystalline grains with average sizes ranging
from ~ 100 to 120 nm (Fig. 3). Interestingly, X-ray diffraction (XRD) analysis reveals that
the etching process does not lead to a noticeable reduction of the grain size nor increases
the grain size dispersion (Fig. 3). This is the case even when the average particle size after
etching is close to the grain size itself (e.g. ~ 150 nm). Moreover, it is evidenced in Fig.
4 that etching preferentially occurs at grain boundaries, leading to the detachment of small
crystal grains as it proceeds (red arrows). Similarly, a selective etching of grain boundaries
over grains has been previously reported in semiconductors as polycrystalline silicon*!. This
suggests that the mass loss shown in Fig. 2 is mainly due to these isolated grains, which
once detached are etched in a rather short time. This sequential mechanism, depicted in
Fig. 5, can indeed explain the morphological changes observed in Fig. 1, the constant grain
size, as well as the slight increase in size distribution for the longer etching times because
each particle contains less and less grains (Fig. 3).

Based on the previous conclusions, we redefined the size reduction model by taking into
account the polycrystalline nature of the particles, considering an average grain diameter of
116 + 8 nm (Fig. 3 b). The mass of a single particle then becomes:

m =ng X pVy, =ny X p§7rr3 (5)

in which Vj is the volume of a single crystalline grain, n, is the number of grains in the

particle and r, the grain radius. The relative mass loss per particle is then given by:
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Figure 4: TEM analysis. a. Initial particles. b. 400 nm particles obtained after 2 hours
etching (7=50 °C). c¢. 340 nm particles after 5 hours etching (7=50 °C). d. 200 nm
particles obtained after 2 hours etching (T=70 °C). The temperature dependence of the
etching process is later discussed in the text.
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Figure 5: Schematic description of the etching process in polycrystalline Y,0O3 nanoparticles.
The acid solution preferentially attacks grain boundaries provoking crystalline grains to be
progressively detached and subsequently rapidly etched, leading to an effective particle size
reduction.



Am  ng—ne

= (6)

mo o

where ng is the number of grains in the initial particle and n, the number of grains in the
final etched particle. By using eq. 6, the number of grains lost (ng — n.), i.e. detached and
then fully etched, can be determined as a function of etching time from the experimental
mass loss meaused by ICP-AES (Fig. 2). The result is shown in Fig. 6 a. A linear etching
rate is found, equal to ~ 9 grains h™!, or equivalently, 7.6x10° nm3 h=! at 7" = 50 °C. This
result appears consistent with experimental evidences: at the rate found, the initial particles
(~450 nm) should be completely etched after approximately 6.5 hours (Fig. 6 b). This was
indeed observed since no particles could be collected after 6 hours of etching. It also implies
that single crystalline grains are fully etched in less than 7 minutes, therefore contributing
to the mass loss shortly after being isolated from the particles. The temperature dependence
of the etching rate, R(T'), was also investigated by monitoring the particle size decrease as
a function of etching temperature for a fixed etching time ¢. Thus, R(T") was estimated as:

3 3
4 19 —Ter

R(T) = gn—"— (7)

in which ¢ was set equal to 2 hours, ry=225 nm and r.r is the average radius of the
etched particles for different etching temperatures (Fig. 6 ¢). As displayed in Fig. 6 d, R(T)
follows the law:

Ea

R(T) x e *5T (8)

where kg is the Boltzmann constant and F4 the activation energy, here found equal to
0.52 eV or 50.2 kJ mol™! (Fig. 6 d). This value corresponds to a surface-reaction-limited
etching process*?. In conclusion, it is demonstrated that a controlled size reduction of the
initial Eu®*:Y,03 particles is possible by accurately tuning etching time and temperature.

The latter could be decreased to obtain particules smaller than 150 nm in a longer time and
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therefore with more accuracy.
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Figure 6: Particle size evolution with etching time and temperature. a. Volume lost as
a function of etching time and corresponding etching rate. b. Particle size decrease as
a function of etching time with T = 50 °C (dots) compared to the particle size evolution
expected from a rate of 7.6x10° nm® h™! (line). ¢. Particle size decrease as a function of
etching temperature with a fixed etching time of 2 h (dots) compared to the particle size
evolution with an activation energy £4—0.52 eV (line). d. In(R) versus T~! showing a linear
dependence from which F4 can be calculated (eq. 8).

2.2 High resolution and coherent spectroscopy

The inhomogeneous broadening, I'i,,, of initial and etched particles was recorded at low
temperature (~10 K) by monitoring the 5Dy —7F, emission intensity while scanning a
narrow-linewidth single frequency laser through the Dy-"F, transition (see Methods). The
initial particles showed I'y,, values around 11 GHz, as expected for particles annealed at
1200 °C33. After etching, a clear broadening was observed in all measured samples, as in the

example shown in Fig. 7. The initial and etched particles lineshapes could be described by
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Lorentzian functions, which denotes point defects as the source of inhomogeneous broaden-
ing.*® In non-etched particles, broadening is dominated by Eu* ions themselves, highlighting
the low content of other defects in these materials®®. Substitution of Y3+ by Eu®* induces
strain in the crystalline matrix and therefore broadening because of their different atomic
radii: rg, = 0.950 A, ry = 0.892 A*. Upon etching, strain is not expected to change in the
crystalline grains as their size is not noticeably changed during the process, as discussed in
the previous section. We therefore attribute the additional broadening observed in etched

particles to an increase in point defects at the surface of the crystalline grains, in agreement

with the Lorentzian lineshape of the transition.
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Figure 7: Inhomogeneous broadenin (I'i,,) of the “Fy —°Dy optical transitions in initial
(black) and etched (green) nanoparticles with average sizes of 450 and 200 nm respectively.
Linewidths were estimated by Lorentzian fit.

In order to determine the impact of etching on the optical coherence of the particles we
measured optical coherence lifetimes in a series of etched nanoparticles. Starting from an
initial size of 430 nm, the smallest particles had an average diameter of 150 nm after etch-
ing. Coherence lifetimes Ty and homogeneous linewidths I',=(7Ty) ™! were obtained from
2 pulse photon echo measurements®!3® at temperatures of 1.4 & 0.1 K (see Methods). As
shown in Fig. 8 a, they could be fitted by a single exponential, as previously observed in
other nanocrystals®®. All measured homogeneous linewidths were below 100 kHz and the

broadening attributed to etching (I'y etchea — I'ninitial), did not show a clear dependence on

particle size as displayed in Fig. 8 b. In particular, the smallest particles homogeneous
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linewidth was broadened by only 10 kHz compared to the initial particles. In a previous
study, we attributed the main contributions to Eu?t homogeneous linewidth in nanopar-
ticles to fluctuations due to residual disorder and surface charges.3* In all likelihood, the
additional broadening induced by etching results from surface modifications (Fig. 4). Since
the broadening is only weakly dependent on the particle size, it seems probable that it occurs
at the crystalline grain level, whose size does not change with etching (Fig. 3). It could be
explained by an increase in dynamical disorder induced by etching, which also creates static
disorder as shown by the increase in I',,. Surface charges could also increase after etching
due for example to the creation of dangling bonds. Further studies involving temperature

dependence of T, and 3-pulse echoes decays could help clarify this point.3%3

These results demonstrate that wet chemical etching can be very useful to reduce particle
size while maintaining very narrow homogeneous linewidths. For the smallest particles, we
are able to decrease particle size by 65%, from 430 nm to 150 nm, (96% reduction in volume),
while obtaining I', = 34.2 kHz, an unmatched value for any nanoparticle to the best of our
knowledge. The significance of this linewidth can be illustrated by comparing it with the
interactions used to implement quantum gates in rare earth doped crystals**. Based on Eu?*
optical Stark coefficients, electric dipole-dipole interactions will induce frequency shifts equal
to Iy, i.e. 34.2 kHz, for ions separated by about 10 nm.?* In the 150 nm particles, the average
distance between Eu®* ions in the C, site for 0.3% doped Y,Oj3 particles is 3.2 nm, whereas
a single particle contains about 10° Eu®" ions. This suggests that a large fraction of ions
could interact strongly enough to explore Eu®*-Eu®" interactions and 2-qubit gates in a

single particle that could be furthermore coupled in a medium finesse fiber micro-cavity.
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3 Conclusion

In conclusion, we have found that chemical etching can be used for etching Eu*T:Y,03 oxide
polycrystalline nanoparticles at controlled rates. The particles size can be decreased from
initial large particles in the 400-500 nm range to much smaller ones (i.e. 150 nm) with a
narrow distribution, good dispersion and without obvious changes on the single crystallite
size. Based on imaging and structural analysis we propose an etching mechanism by acetic
acid that tends to open the grain boundaries of the polycrystalline nanoparticles, detaching
single crystalline grains and reducing the density and effective size of the particles. Further-
more, we demonstrate that chemical etching has a limited impact on optical performance of
the nanoparticles, leading to homogeneous broadenings below 40 kHz for particles between
360 and 150 nm. Moreover, the coherence times of 12.5 us (I', = 25.5 kHz) for 430 nm initial
particles and 9.3 us ( T, = 34.2 kHz) for 150 nm etched nanoparticles observed at 1.4 K, are
the longest optical coherence times ever reported for nanoparticles. Our results demonstrate
that chemical etching is a promising way to synthesize RE:Y,0O3 nanoparticles suitable for
coupling with optical micro-cavities and with long coherence lifetimes, opening the way to

efficient nanoscale quantum memories and processors.

4 Methods

The initial 0.3 at.% Eu?T:Y,03 nanoparticles were synthesized by homogeneous precipita-
tion with a calcination temperature of 1200 °C. The detailed technological route has been
described in previous work??. The etching agent used in the study was glacial acetic acid
(CH3COOH, original concentration of 100 wt.%, with density 1.05 g.cm™2). Chemical etch-
ing experiments were carried out by mixing Eu®*:Y,03 nanoparticles with fresh acid so-
lutions (50 wt.% prepared with deionized water). To ensure homogeneous temperature in
the acid solution, etching was done under water-bath, with continuous magnetic agitation.

After chemical etching, the nanoparticles were collected by centrifugation and washed sev-
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eral times with deionized water and absolute ethanol to remove the byproducts. The final
etched powders were obtained after drying at 80 °C for 24 h. A post microwave treatment
under oxygen plasma was performed to remove impurities. In order to clarify the effect of
various etching conditions on the structures of the nanoparticles, etching time from 1 to 5 h,
water-bath temperature from 40 to 70 °C and acetic acid concentration from 40 to 70 wt.%
were investigated. No dependence on the acetic acid content was found, while the effect of

etching time and temperature is discussed in the manuscript.

The morphology of the initial and etched particles was observed with scanning electron
microscopy (SEM, Zeiss Leo1530) and transmission electron microscopy (TEM, JEOL-JEM-
100CXI) operating at 100 kV. Particle size and distribution were calculated based on at
least 300 nanoparticles by Image J software. XRD measurements were performed on a
Panalytical XPert Pro diffractometer with an incident beam Ge monochromator. Crystallite
or single grain sizes were determined using the FWHM of 4 different diffraction peaks and
the Scherrer formula. The mass loss due to etching was derived from the concentration of
yttrium in the etched solutions measured by inductively coupled plasma atomic emission
spectrometry (ICP-AES, ThermalFisher icp 6000) %647,

Measurements of the inhomogeneous and homogeneous linewidths were carried out on
selected samples based on the size obtained for the etched particles. The samples in form of
powders were placed in a helium bath cryostat (Janis SVT-200) and maintained in a copper
holder between two glass plates. The detection was carried out by collecting light scattered
through the sample as explained in previous works®!3%. The inhomogeneous linewidth (I'y)
of the Eu?t: "Fy —5D, transition was recorded at approximately 10 K, by fluorescence
excitation using a CW dye ring laser (Sirah Matisse DS, 200 kHz linewidth) pumped by
a Coherent Verdi G10 laser. A long-pass filter (600 nm cut-off wavelength) was placed in
front of the detector (APD Thorlabs 110 A /M) to reject the excitation light. Homogeneous

linewidths T'}, were determined from coherence lifetimes (75) measured by two pulse photon
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echo experiments at the center of the "Fy —5Dg (580.88 nm in vacuum) transition at 1.4 K .

The length of the exciting and rephasing pulses in the sequence was 1 and 1.5 us respectively.
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