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We investigate the potential for optical quantum technologies of Pr** : Y,0; in the form of monodisperse
spherical nanoparticles. We measured optical inhomogeneous lines of 27 GHz and optical homogeneous
linewidths of 108 and 315 kHz in particles with 400- and 150-nm average diameters, respectively, for the
'D,(0) < *H4(0) transition at 1.4 K. Furthermore, ground-state and 'D, excited-state hyperfine structures in
Y,0; are here determined by spectral hole burning and modeled by complete Hamiltonian calculations. Ground-
state spin transitions have energies of 5.99 and 10.42 MHz, for which we demonstrate spin inhomogeneous
linewidths of 42 and 45 kHz, respectively. Spin 7, up to 880 s was obtained for the 3 /2 <> £5/2 transition
at 10.42 MHz, a value which exceeds that of bulk Pr’*-doped crystals reported so far. These promising results
confirm nanoscale Pr’* : Y,0; is a very appealing candidate to integrate quantum devices. In particular, we
discuss the possibility of using this material for realizing spin-photon interfaces emitting indistinguishable single

photons.
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I. INTRODUCTION

Solid-state spins are extensively investigated for quantum-
state storage, quantum computation, and quantum commu-
nications [1-4]. Among them, rare-earth (RE) spins stand
out for presenting electron and/or nuclear spin states with
outstandingly long coherence lifetimes 7, at cryogenic tem-
peratures [5—7]. Moreover, RE spins are optically accessible
through coherent optical transitions [8], a unique feature in
the solid state which makes them optimum candidates for
quantum spin-photon interfaces [9]. In recent years, the po-
tential of RE materials for quantum technologies has been
supported by achievements such as high-efficiency optical
quantum memories [10], quantum teleportation [11], multi-
mode spin-wave storage [12], and high-fidelity quantum-state
tomography [13]. However, an important challenge in bulk
crystals remains addressing single RE ions, a key point for
the development of scalable quantum architectures [14—16].
This is due, on the one hand, to the long population lifetimes
of 4f-4f optical transitions and, on the other hand, to the dif-
ficulty isolating a single RE ion within a macroscopic crystal
[17,18]. A promising approach to overcome these difficulties
consists of coupling RE emitters in nanocrystals to high-
quality-factor optical microcavities [19]. In particular, using
nanoscale crystals facilitates reaching the single-emitter level
[18], whereas the cavity coupling provides stronger light-
matter interactions [15,20] and Purcell-enhanced spontaneous
emission rates [19].

Exploiting this approach to build novel quantum devices
strongly relies on developing RE nanocrystals with narrow
optical and spin homogeneous lines. Those are not straightfor-
wardly available as nanomaterials and often show additional
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homogeneous linewidth broadening, i.e., 7, shortening, due
to surface states and modified spin bath dynamics [21-23].
Still, very promising results were recently obtained with
chemically synthesized 'S!'Eu’*-doped Y,Os3 nanocrystals.
Y,03 is a low-magnetic-moment density host which can be
obtained with accurate control over particle size and morphol-
ogy [24,25]. More important, optical homogeneous linewidths
down to 25 kHz have been reported in these nanocrystals
for the 7Ky <> Dy transition at 580.883 nm [25,26] and
millisecond-long nuclear spin 7, [27]. A disadvantage of
Eu’* is, however, that it presents weak oscillator strength
(~107% in Y,0; [28]) and a low emission branching ratio for
the 7Fy <> Dy line (~0.016 [19]). This reduces the achiev-
able Purcell enhancement by a factor of 60 for this ion [19]. In
these aspects, a good alternative rare-earth ion to Eu** is Pr3*.
In Y,03, the Pr*t : 'D,(0) <> 3H,(0) transition is expected
to exhibit an oscillator strength at least one order of mag-
nitude larger than the Eu’* : 7Ky <> Dy transition [28,29].
A higher emission branching ratio is equally expected from
luminescence investigations carried out on this compound
[30]. However, very few previous studies exist on optical
homogeneous lines in Pr3t . Y,0; [31-33], and hyperfine
structures and spin homogeneous lines have not been reported.

In the present work, we carry out a complete high-
resolution and coherent optical and nuclear spin spectroscopic
investigation of 141pp3+ . Y,03 ceramics and nanoparticles.
This paper is organized as follows: experimental details and
methods are given in Sec. II. In Sec. III A, optical inhomo-
geneous and homogeneous linewidths results are shown and
discussed. We next present the experimental investigation of
the '“'Pr** hyperfine structures in Y,Oj3 (Sec. IIIB). That
is followed by hyperfine-structure and g factor calculations
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in Sec. [IIC. In Sec. IIID, spin resonance results are re-
ported, from which we derive ground-state spin inhomoge-
neous linewidths and coherence lifetimes. Finally, a summary
of the results and a discussion of the potential of Pr’* :
Y,03; for quantum technologies applications are given in
Sec. III E.

II. EXPERIMENT

Two batches of monodispersed spherical 0.05% Pr’* :
Y,03 nanoparticles were synthesized by homogeneous pre-
cipitation with average particle sizes of 400 and 150 nm and
crystalline domains of 120 and 80 nm, respectively, as deter-
mined by x-ray diffraction [24]. Postsynthesis, the particles
were placed onto a glass plate and submitted twice to a pure
oxygen plasma for 3 min. A homemade system operating at
a frequency of 2.45 GHz, a microwave power of 900 W, and
a pressure of 1 mbar was used [25,34]. In addition, a Pt :
Y,03 bulk ceramic sample (0.05 at. %) with micrometer-size
crystalline domains was elaborated by mixing stoichiometric
Y,03 and PrgO;; oxides (99.99% purity) and by pressing
these powders into pellets, followed by sintering at 1500 °C
for 48 h. Particles and ceramics were obtained with a pure
cubic phase (Ia-3 space group), where Pr** ions replace Y3+
cations at the C3; and C, point symmetry sites [33]. In the
following, we will focus on the spectroscopic properties of
Pr** ions occupying C, sites.

Low-temperature, high-resolution, and coherent spec-
troscopy investigations were carried out on ensembles of
nanoparticles in the form of loose powders. Those were placed
in a custom-made container about 500 um thick, presenting
front and rear optical access. The bulk ceramic sample was
cut into 250-um slices and attached to a flat sample holder
with a transmission opening for measurements. Nanoparticles
and ceramic samples, in their respective containers or holders,
were introduced into a He bath cryostat (Janis SVT-200)
operated in liquid mode for 7 < 2 K and gas flow mode
for T > 2 K. The temperature was monitored directly on the
sample holders by a Si diode (Lakeshore DT-670). Excitation
was provided by a cw dye laser (Sirah Matisse DS) with an
~200-kHz linewidth. Pulsed sequences required for spectral
hole burning and spin-echo and photon-echo measurements
(Fig. 1) were created by modulating the cw laser output with
two acousto-optic modulators driven by an arbitrary wave
form generator (Agilent N8242A). For more details, refer to
the optical setup scheme and description in Ref. [27]. Light
emerging from the backside of the samples was collected by
a series of lenses, as proposed in [35] for highly scattering
media, and focused on an avalanche photodiode (Thorlabs
A/M110) for detection.

Photoluminescence (PL) and absorption measurements
were performed with an optical closed-cycle cryostat. PL
spectra were recorded at 10 K under 460-nm excitation
(*Hy; — 3Py, 'Is) by an optical parametric oscillator pumped
by the third harmonic (355 nm) of a Nd:YAG laser (Ekspla
NT342B). Emitted light was sent to a spectrometer (Acton
SP2300) and detected by a cooled-down CCD camera (Prince-
ton Instruments). The Pr** : Y,0; absorption spectrum was
acquired at 15 K from a 28-mm-thick transparent ceramic,
using a Varian Cary 6000i spectrophotometer. The integrated
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FIG. 1. Pulse sequences. (a) Spectral hole burning sequence.
(b) Two-pulse Raman spin-echo sequence. The spin-echo amplitude
at 27 is probed by a single-frequency pulse referred to as a hetero-
dyne pulse. (c) Two-pulse photon-echo sequence with heterodyne
detection. We note that the role of the heterodyne pulse is not the
same in (b) and (c). In (c), it is used as a local oscillator, while in
(b) it also converts spin coherence into an optical one for detection.
Thus, in the latter case, its frequency must match one of the two
colors in the bifrequency pulses (either vy or vyp). Typical pulse
lengths are hundreds of microseconds in (a), tens of microseconds in
(b), and hundreds of nanoseconds in (c). Gray areas represent pulse
intensities, and black lines show pulse frequencies.

absorption coefficient for the 3H,(0) — 'D,(0) transition en-
abled calculating the transition oscillator strength, from which
we determined the transition branching ratio (see Sec. IITE).
Optical inhomogeneous lines ', were measured at 12 K
for the *H4(0) — 'D,(0) optical transition, where O refers to
the lowest energy levels in the *Hy and 'D, electronic mul-
tiplets. The line profile was obtained by photoluminescence
excitation by collecting 'D, emissions while scanning the
cw laser wavelength around the peak maximum at A, =
619.011 nm. A long-pass filter was placed in front of the
detector to filter out excitation light. Persistent spectral holes
were burned at 1.4 K by a single 500-us-long pulse and then
probed at time fy by monitoring the transmission intensity
of a weak scanning pulse [Fig. 1(a)]. The waiting time ty is
set so that fy > Tipp, With tipy being the 1D, excited-state
population lifetime or optical 7. Spin inhomogeneous and
homogeneous lines were obtained at 1.4 K from two-pulse
Raman spin echoes [Fig. 1(b)]. A spin population difference
was first induced by optically pumping a subensemble of ions
from one spin level to the other one [27]. Then, two-color laser
pulses were applied to create and rephase spin coherences.
The spin inhomogeneous line was measured by varying the
frequency detuning between the two colors (vy; — V) While
keeping a fixed pulse delay 7 [27]. Spin 7, values were
directly derived from the decay of the spin-echo amplitude
when increasing t. Finally, optical coherence lifetimes were
measured for the *Hy(0) <> ' D,(0) transition at 1.4 K by two-
pulse photon-echo spectroscopy with heterodyne detection
[35] [Fig. 1(c)]. The m-pulse lengths were set to 15 us in
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Fig. 1(b) and 700 ns in Fig. 1(c), with an input power of
approximately 50 mW.

II1. RESULTS

A. Optical inhomogeneous and homogeneous linewidths

The *H4(0) <> 'D,(0) optical inhomogeneous lines are
displayed in Fig. 2(a) for the ceramic and 400-nm-diameter
nanoparticles. The ceramic sample shows a FWHM of 9 GHz
and has a Lorentzian profile. This is consistent with previous
investigations on bulk Y,03 : Pr3* [33] and Y,SiOs : Pr3t
[36]. In opposition, a line three times broader, i.e., 27 GHz,
was obtained in the nanoparticles case. This line broadening is
due to the postsynthesis O, plasma treatment. Indeed, similar
behavior is observed in Eu’t : Y,03; nanoparticles: bulk-
like inhomogeneous lines are measured after synthesis [26],
whereas a factor of 2-3 line broadening is observed following
O, plasma processing [25]. The processing also provokes
a blueshift of about 10 GHz from 484.308 THz (Ayuc =
619.011 nm), as measured in the ceramic, to 484.317 THz.
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FIG. 2. Optical inhomogeneous lines and coherence life-
times. (a) Optical inhomogeneous lines for the H,(0) < 'D,(0)
transition for ceramic (blue line) and 400-/120-nm-diameter
particles/crystallites (green line). Red lines correspond to Lorentzian
fits. Zero-frequency detuning stands for 484.308 THz for the ceramic
and 484.317 THz for nanoparticles. (b) Photon echo decays from
ceramic (blue), 400-/120-nm-diameter particles/crystallites (green)
and 150-/80-nm-diameter particles/crystallites (dark green). All de-
cays show single-exponential character; therefore, optical 7, values
of 4.5+0.5,3.0+0.3, and 1.0 £ 0.1 us were obtained by fitting
the photon-echo amplitudes to exp(—2t/73) (lines). The resulting
homogeneous lines correspond to 72 £ 16, 108 21, and 315 +
64 kHz for ceramic, 400-nm, and 150-nm particles, respectively.

Shift and broadening are attributed to strain induced by the in-
creased oxygen content in the nanoparticles under O, plasma
treatment [34].

While the plasma processing broadens the optical inhomo-
geneous line, it has a positive impact on the Pr** optical co-
herence lifetime. Indeed, longer coherence lifetimes are found
after O, plasma processing. In particular, coherence lifetimes
of 3and 1 us [Fig. 2(b)], corresponding to homogeneous lines
I'hy = (7 T>)~! of 108 and 315 kHz, were obtained in 400- and
150-nm-diameter particles, respectively. This is about a factor
of 2 less than homogeneous linewidths obtained immediately
after synthesis. Moreover, these values are narrower than
those reported in some particular bulk Pr** : Y,Oj3 crystals
[33], although they still remain far from the 1.1-kHz linewidth
given by the optical 7; limit. 7} is found to be equal to 140 us
in the nanoparticles, which is similar to bulk Prit Y,0;
[30]. The decay curve is shown in Sec. III E.

In a previous work, the dominant optical dephasing mecha-
nism in Eu®T : Y,0; nanoparticles was attributed to fluctuat-
ing electric fields associated with charged surface states [26].
The broader homogeneous line found here for the 150-nm-
diameter particles [Fig. 2(b)] is consistent with this hypothesis
since surface-to-volume ratios increase as the particle size de-
creases [26]. Nonetheless, it seems that the observed broaden-
ing is better explained by the decrease in crystalline grain size
rather than particle size. Crystalline domains decrease from
120 to 80 nm for 400- to 150-nm-diameter particles. There-
fore, the electric field strength (E r~2) at the center of a
crystallite is about 2.3 times larger in an 80-nm crystallite than
in a 120-nm one. This assumes that the field originates from
electric charges located at the interface between crystallites.
In contrast, if we take into account electric noise originating
at the nanoparticle outer surface, an electric field strength
that is seven times larger is expected in the 150-nm particles.
This should lead to larger broadening than experimentally
observed. In a similar way, the impact of the crystalline
domain size over the particle size in optical dephasing was
recently evidenced in Eu’tY,04 nanoparticles [25].

B. Spectral hole burning

With a single nuclear isotope and nuclear spin I = 5/2,
the 'Pr3* hyperfine structure at zero magnetic field consists
of three doubly degenerate levels, namely, £1/2, £3/2, and
+5/2 [36]. The hyperfine energy splittings in Y,0O3; were
obtained for the *H,(0) ground-state and ' D,(0) excited-state
energy levels by spectral hole burning (SHB). The recorded
SHB spectrum is displayed in Fig. 3(a), with the main hole
appearing at the center surrounded by side holes and antiholes.
We derived the excited-state splittings from the side hole
position [37], finding that it corresponds to 2.9 and 1.4 MHz.
The antiholes at 6, 10.4, and 16.4 MHz reveal the ground-state
+1/2 < £3/2, £3/2 < £5/2, and £1/2 <> £5/2 hyper-
fine splittings, respectively. A simulated spectrum computed
with the mentioned ground- and excited-state hyperfine split-
tings shows very good agreement with the experiment. More
accurate values for the ground-state hyperfine splittings, up to
10-kHz precision, are given in Sec. III D, derived from spin
resonance investigations. Ground- and excited-state energy
schemes are shown in Fig. 4.
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FIG. 3. Hyperfine level structure and spin population lifetime.
(a) Single-shot spectral hole burning spectrum from Pr** : Y,0;
ceramic (blue) compared to simulation (red). Main transitions are
indicated by dashed lines. (b) Hole decay as a function of waiting
time before readout #,y as measured for ceramic (green dots) and
400-/120-nm particles (blue dots). Single-exponential fit to the ce-
ramic data reveals a spin relaxation time of 5 £ 1 s (red line).

The central hole decay as a function of time is shown in
Fig. 3(b). The hole lifetime is estimated to 5 & 1 s by a single-
exponential fit to the ceramic data. A single-exponential fit
results in a longer decay time for the nanoparticles (7 & 3 s).
Nevertheless, the difference is not considered significant as
it falls within experimental error bars. Those are quite im-
portant, especially in the nanoparticle case, due to the strong
light scattering at the samples resulting in rather low signal-
to-noise ratios. The measured hole decay time results from
a combination of different population decay rates among the
three ground-state hyperfine levels [38]. Still, it provides a
good indication of the spin relaxation time 7}. The obtained
values are comparable to those reported for other Pr’* doped
crystals such as YAIO; and La;(WOy)s [38,39]. They are,
however, two orders of magnitude lower than values typically
reported for Pr3t : Y,SiOs [40], although a shorter 7; com-
ponent of 7 s has also been observed in this crystal [41,42].

C. Hyperfine structures and g factor calculation

The energy level structure of rare-earth ions is the result of
several interactions which can be listed as

H = [Hp; + Hcrl + [Hur +Hp + Hz + H]. (1)

The first bracketed term, including the free-ion Hamiltonian
Hp; and the crystal-field Hamiltonian Hcp, determines the
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FIG. 4. Measured hyperfine structure in '*'Pr : Y,03 (I = 5/2).
The £M; quantum numbers are used only as labels and do not
represent actual eigenstate projections.

energies and wave functions of the so-called crystal field
levels. The second term is formed by the hyperfine interaction
Hpr, the nuclear quadrupole interaction Hyp, and the electron
(Hz) and nuclear (H,) Zeeman interactions. For non-Kramers
RE ions, i.e., with an even number of f electrons, electron
Zeeman and hyperfine interactions have zero diagonal matrix
elements for nondegenerate crystal-field (CF) levels. This
is the case for Pr** ions in C, site symmetry. When such
levels are separated from other CF levels by more than a
few cm™!, electron Zeeman and hyperfine interactions have
only second-order contributions to hyperfine structures, re-
sulting in splittings on the order of tens to hundreds of MHz
[37].

Previous work showed that experimental rare-earth fine
and hyperfine structures can be well reproduced by the Hamil-
tonian in Eq. (1). Some examples are Pr’*-doped [39,43],
Er**-doped, [44,45], and Ho’"-doped [46] crystals. Follow-
ing our work on Pr3+-d0ped LiYF, [37] and Lay(WO4)3
[43], hyperfine structures in Y,O3; were computed by di-
rectly diagonalizing the Hamiltonian in Eq. (1). For Hp;
and Hcr, we used the parameters determined by Morrison
et al. in an extensive study of CF energy levels modeled
in RE-doped Y,03 [28]. Matrix elements of Hyr + Hgp +
H; + H, were then evaluated using the following equations
[43,47]:

Hyr = a1H,, 2

Hy = axH, + a3H;, 3)
Hz = pupB - (L + g.S), )
H. = —gnpnB - 1, 5)

where u, and w, are the Bohr and nuclear magnetons; B
is an external magnetic field; L, S, and I, are the orbital,
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TABLE 1. Experimental and calculated hyperfine splittings at
zero magnetic field for ground 3H,(1) and excited ID,(1) states of
4IP3+ in Y, 05 (G, site), Lay (WO, )3 [39], and Y»SiOs (site 1) [36].

TABLE II. Ground- and excited-state spin Hamiltonian parame-
ters fitted to calculated hyperfine splittings under a magnetic field of
5 mT whose directions follow the surface of a sphere.

Y,05 .
Laz(WO4)3 YleOs
Expt. (MHz) Calculation (MHz) Expt. (MHz) Expt. (MHz)
’H, 6.0 54 14.90 10.19
10.4 10.7 24.44 17.30
'D, 1.4 1.5 4.94 4.59
2.9 2.9 7.23 4.84

electron, and nuclear spin angular momenta; g, is the electron
g factor; and g, = 1.6 is the nuclear g factor of '*!'Pr3*. Matrix
elements of H; are given in [48]. Matrix elements for H, and
Hj can be found in Ref. [43]. The definitions of a; are given in
the Appendix. These a;, which contain several parameters not
precisely known like 4 f-electron radius and screening factors,
were adjusted to give the best fit to the 3H,(0) and 'D,(0)
experimental hyperfine splittings (Fig. 4). The resulting values
are a; = 660 MHz, a, = 18.6 MHz, and a3 = 4.7 x 1078.
Note that a3, which corresponds to the lattice contribution to
the quadrupole interaction, is dimensionless, whereas rank-2
CF parameters appear in Hj;. These values are reasonably
close to those determined in previous studies. For example,
in Pr¥* : Lay(WOy)s, a; = 721 MHz, a, = 26.9 MHz, and
az = 1.7 x 1077 [43].

We first discuss the zero-field case, i.e., B =0 in Eqgs. (4)
and (5). The calculated and experimental splittings, in good
agreement, are shown in Table I. In opposition to Pr* :
La;(WO,)3, the excited-state splittings were correctly calcu-
lated using the ' D,(0) CF level and not ' D,(1). This suggests
a more accurate CF analysis in the case of Pr3t: Y,0; in
which the true site symmetry C, was used, whereas a C,,
symmetry was substituted for C; in Pr3t : Lay(WO,)3 [43].
Diagonalizing the total Hamiltonian of Eq. (1) when setting
the quadrupolar interaction H to zero shows that ground-state
splittings are dominated by the hyperfine interaction, which
gives more than 90% of the observed values. In the excited
state, however, it has a contribution lower than 0.2 MHz. This
is consistent with the hyperfine interaction being a second-
order perturbation: the ground-state first CF level energies
(0, 108, 291, 345 cm’l) are closer than the excited ones
(0, 267, 711 cm™"), which qualitatively explains the dif-
ference in the hyperfine contribution. A more precise as-
sessment would take into account matrix elements of the
form (n|J;|n')(n’|J;|n), where n,n’ denote CF levels of the
multiplet of interest and J; ;, with i, j = x,y, z, is the total
angular momentum along the CF axes [39]. The low hyperfine
contribution shows that the excited-state splittings are mainly
due to the quadrupole interaction. This one has two parts that
correspond to the interaction between the nuclear quadrupole
moment and the electric field gradient created, on the one
hand, by the f electrons and, on the other hand, by the
lattice electrons [ayH, and aszH; in Eq. (3), respectively].
Setting them to zero alternatively suggests that they have
contributions of opposite signs. This gives small excited-state
splittings in comparison with Pr** in La,(WOy4)3 and in site 1
of Y,SiOs5 (Table I). The same holds for the ground-state

Parameter Ground state Excited state
D (MHz) —2.66 0.72

|E| (MHz) 0.2 0.078
lg1] (MHz/T) 139 10.8

lg2] (MHz/T) 18.6 12.9

lg3| MHz/T) 84.7 14.9

splittings, which is likely to be explained by the larger CF
splittings for Pr3t in Y,0; (0, 108, 291, 345 cm™!) than
in Lay(WOy); (0, 59, 91,168 cm™') [43] or Y,SiOs (0, 88,
146 cm™") [36].

Applying an external magnetic field removes the twofold
degeneracy of each hyperfine level because of the hyperfine
and electron Zeeman second-order cross term and the nu-
clear Zeeman one. To determine the '*'Pr’** corresponding
gyromagnetic factors, we switched to a spin Hamiltonian
approach, in which the hyperfine structure of a given CF level
is given by the Hamiltonian

Hi=B-M-I+1-Q-1, (6)
where M and Q are the effective Zeeman and quadrupolar

tensors. In their respective principal axes, the M and Q tensors
read

81 0 0
M=|0 g 0], 7
0 83
E—-1iD 0 0
Q= 0 —-E—-1iD 0 |. (8)
0 D

One principal axis of both tensors coincides with the site C,
symmetry axis. The g;, D, and E values were determined by a
fit to the calculated hyperfine splittings given by the Hamilto-
nian in Eq. (1) with a fixed magnetic field magnitude of 5 mT
and a direction that spanned a sphere in the CF axis system,
as in previous experiments [39,49]. The fitted parameters
are given in Table II. The largest ground-state gyromagnetic
factor is 85 MHz/T and results mainly from the second-
order perturbation as the nuclear Zeeman contribution is only
12.2 MHz/T. 1t is smaller than the values for La;(WOQOy)3
(147 MHz/T) [39] and Y,SiOs (113 MHz/T) [49,50]. This
can again be explained by the larger CF splittings in Y03
that reduce second-order effects. In the excited state, the
gyromagnetic factors are close to the nuclear contribution of
12.2 MHz/T because of lower second-order effects, as already
observed above for the zero-field splittings.

D. Spin inhomogeneous and homogeneous linewidths

The evolution of the spin-echo amplitude as a function
of the two-color frequency detuning is displayed in Fig. 5.
Maximum spin-echo amplitudes were found for frequency
detunings of 5.99 and 10.42 MHz, providing one order of
magnitude better accuracy for the ground-state hyperfine split-
tings than hole burning experiments (Sec. III B). The analysis
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FIG. 5. Spin inhomogeneous linewidth obtained by two-pulse
Raman spin echo at 1.4 K for ceramic (blue) and 400-/120-nm-
diameter particles/crystallites (green). (a) +1/2 <> £3/2 transition
at 5.99 MHz. (b) £3/2 <> £5/2 transition at 10.42 MHz. Lines
correspond to curves fitted to the experimental data (dots).

gives a linewidth of 29 + 2 kHz for both spin transitions in the
ceramic sample, compatible with bulk Pr’t : Y,SiOs values
[12]. In nanoparticles, larger spin inhomogeneous linewidths
of 42 £9 and 48 £ 6 kHz were measured for the £1/2 <
+3/2 and the £3/2 <> £5/2 transitions, respectively. We
believe that this can also be attributed to the O, plasma
processing as nonprocessed Eu**-doped nanoparticles present
spin inhomogeneous linewidths equivalent to ceramics [27]
and bulk crystals [51].

Spin coherence lifetimes 7, were finally obtained for both
ground-state spin transitions at zero applied magnetic field.
The decay of the spin-echo amplitude as a function of pulse
delay 7 is shown in Fig. 6 for both sizes of nanoparticles. Echo
envelope modulation is clearly observed for the 5.99-MHz
transition (+1/2 <> £3/2). This effect was previously re-
ported in spin transitions of rare earths as due to the re-
moval of the +M; degeneracy by residual magnetic fields
[51]. Echo envelope modulation has also been attributed to
superhyperfine coupling to surrounding nuclear spins [39,52].
The modulated spin-echo decays were fitted to the function
(53]

E = Ae 2" [1 4+ mcos*(wt/2)], 9)

where m is the modulation amplitude and w is the modula-
tion frequency. Spin 7, values of 680 £40 us (I'y, =470 £
50 Hz) and 640 %40 us (', = 500 £ 50 Hz) were obtained
from a fit to Eq. (9) in the 400-/120- and 150-/80-nm-
diameter particles/crystallites, respectively. These values are
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FIG. 6. Spin-echo decay curves at T = 1.4 K. (a) Spin-echo
decay for the 5.99-MHz transition from 400-/120-nm-diameter
particles/crystallites (light green triangles) and 150-/80-nm diame-
ter particles/crystallites (dark green dots). Lines correspond to fits to
Eq. (9). (b) Spin-echo decay for the 10.42-MHz transition for 400-nm
(light green triangles) and 150-nm nanoparticles (dark green dots).
Lines correspond to single-exponential fits.

longer than the reported zero-field spin coherence lifetimes in
bulk Pr’* : Y,SiOs [54]. The modulation frequency w/2m
was found to be equal to 2.5 kHz. Unlike Fig. 6(a), no
clear modulation is observed in the £3/2 <> +5/2 spin-echo
decays at 10.42 MHz [Fig. 6(b)]. Thus, coherence lifetimes
were straightforwardly derived by a single-exponential fit,
yielding spin 7, values of 880 440 us (I';, = 360 £ 40 Hz)
for the larger-diameter particles and 640 &30 us (I', =
500 £ 40 Hz) for the 150-/80-nm-diameter ones. Spin-echo
modulations can be expected as long as nuclear Zeeman
splittings are comparable to the superhyperfine interaction
[55]. Since splittings are larger for levels with larger M,
this could explain why modulation is observed for only the
+1/2 < £3/2 transition.

E. Discussion

The relaxation and coherence properties demonstrated here
for "!'Pr’** in nanoscale Y,03 appear very appealing for
applications of this material in quantum devices. The results
are summarized in Table III. Among them, the long spin de-
phasing times found in nanoparticles at zero external magnetic
field are particularly promising. Unlike the optical transition,
spin transitions are rather insensitive to electric perturbations
given by their low nuclear Stark coefficient: three orders of
magnitude lower than the optical one [56,57]. Thus, spin
dephasing is here most likely due to magnetic interactions,
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TABLE III. Summary of spectral and relaxation parameters de-
termined for the "'Pr** : Y,0; ceramic and two sizes of nanopar-
ticles. Spin 7, values for the ceramic sample, not displayed in Fig. 6,
are given for the sake of comparison.

Ceramic 400/120 nm 150/80 nm
Optical
I (GHz) 9 27
Ty (us) 140 140
T, (us) 45+0.5 3.0+£0.3 1.0£0.1
Chope (kHz) 72+ 16 108 £21 315+ 64
Spin
T (s) 5+1 7+3
Tinn.5.90 (kHz) 29+2 4249
Finh.lOAZ (kHZ) 20+2 48+ 6
D599 (S) 730 £ 50 680 £ 40 640 £ 40
599 (Hz) 440 + 60 470 £ 50 500 £ 50
T5.10.42 (48) 730 £ 20 880 + 40 640 £ 30
1042 (Hz) 430 £ 30 360 £ 40 500 £ 40

as concluded for Eu?t : Y,0; nanoparticles [27] and, in
general, for many bulk rare-earth-doped crystals [51]. Still,
in view of the present results, the magnetic sensitivity of
Pr’* in Y,0;3 appears to be lower than in other crystalline
hosts, including Y,SiOs . This can be explained by the larger
crystal-field splitting in Y,O3 compared to other materials. As
mentioned in Sec. IIIC, this gives rise to lower second-order
contributions and results in smaller hyperfine splittings and
gyromagnetic ratios (Tables I and II). Furthermore, we note
that the spin coherence results presented here are obtained
not from bulk single crystals, but from nanoparticles down to
150 nm. Hence, Pr’" : Y,0; is a high-performing material
at the nanoscale. As a main drawback, the small hyperfine
splittings of Pr** in Y,0s, especially in the excited state
(Fig. 4), limit the minimum optical pulse length which can be
used in quantum memory schemes to about 500 ns. Taking
into account the measured optical coherence lifetimes, in
the few-microsecond range (Fig. 2), shorter pulses would be
ideally required to limit dephasing in the excited state in spin-
wave quantum memory schemes [12]. As a solution, optical
T, enhancement can be envisioned. So far, optical coherence
lifetimes in nanoparticles does not appear to be fundamentally
limited [26], and we have already demonstrated that optical
T, extension is obtained by postsynthesis treatments. Further
improvement should therefore be possible by increasing the
particle crystalline quality and reducing defects [58].

Apart from quantum storage applications, Pr3* : Y,0;
nanoparticles coupled to optical microcavities appear to be
promising candidates for realizing spin-photon interfaces
emitting indistinguishable single photons. For this, a key
parameter to determine is the effective Purcell factor C =

%g, where & is the branching ratio for the 'D,(0) —
3H,(0) transition [Fig. 7(a)], assumed here to be the only
transition coupled to the cavity, Q is the cavity quality factor,
V is the mode volume, and A is the emission wavelength.
& was derived from the T;/T;p,, ratio, with Tj,,, being the
time it takes for the excited state to decay to the ground
state through the enhanced transition [59]. To calculate T,

we first determined the transition oscillator strength P for a
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FIG. 7. Low-temperature fluorescence spectroscopy of Pr’* :
Y,0; nanoparticles. (a) 'D, emissions in the 610-680-nm range.
The peaks correspond to transitions towards different crystal field
levels in the 3H, ground-state multiplet. The displayed spectrum is
corrected from instrumental response. (b) !D, fluorescence decay
yielding an optical 7 of 140 us.

single ion, which we found to be equal to 6.3 x 1077, We
note that in a cubic crystal like Y,0O3, P for a single ion
is equivalent to three times the average oscillator strength
obtained from the absorption spectrum. For P = 6.3 x 1077,
Tspon €quals 2.5 ms, calculated using the expressions in [59].
Thus, with 7} = 140 us [Fig. 7(b)], we conclude that & =
0.057. For a realistic cavity presenting a finesse F = 10°
and the smallest mirror separation d = 2 um, like the one
discussed in [19], an effective Purcell factor C = 340 would
be expected. This is more than three times higher than that
expected for Eu®*[19], mainly because of the difference in
branching ratios between the Eu** and Pr** transitions. With
such a Purcell factor, the demonstrated optical 7, values in the
400- and 150-nm-diameter particles (Table III) already ver-
ify the condition to emit Fourier-transform-limited photons:
C > 2T,/T,. However, in practice, achieving an effective Pur-
cell factor C = 340 implies limiting cavity losses such as
those due to scattering by the particles. In this sense, the
particle size plays an important role; the smaller the particle
size is, the lower the scattering losses are. In view of the
present results (Table III), efforts should be made to reduce
the particle size without decreasing the optical 7.

IV. CONCLUSION

In the present work we performed a complete high-
resolution and coherent optical and spin spectroscopic
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investigation of '*'Pr’* : Y,0; ceramics and nanoparticles.
We reported optical 7, values of 3 and 1 us for 400- and
150-nm-diameter particles, respectively. The hyperfine struc-
ture of '*'Pr** in Y,03 was revealed by spectral hole burning
and complete Hamiltonian numerical calculations. Ground-
state spin transitions were assigned to 5.99 and 10.42 MHz,
for which we demonstrated inhomogeneous linewidths of 42
and 48 kHz. Spin 7, up to 880 us was also obtained, a
value which exceeds that of bulk Pr’*-doped crystals such
as Y,SiOs. We finally determined the oscillator strength and
branching ratio for the Pr3t : 1D, (0) — 3H4(0) in Y,05.
These results open up very interesting prospects for nanoscale
Pr3* : Y,0s3, in particular as a candidate for quantum infor-
mation storage and processing and source of indistinguishable
single photons.
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APPENDIX

The Hamiltonians used in the hyperfine-structure calcula-
tions (Sec. III C) are given below. The hyperfine interaction is

expressed as

Hyr = aiHj, (A1)
where
Mo _
= J—gtingnlr ). (A2)

N and (r;®) are the number and mean inverse cubic radius
of the 4f electrons. Matrix elements of H, calculated us-
ing tensor operator techniques, are given in Ref. [48]. The
quadrupolar interaction is divided into 4 f-electron (a, H,) and
lattice field (a3H3) contributions:

HQ = a,H, + azH3, (A3)
with
—¢2 0
= 1-R)(r,7)= Ad
a 47‘[60( )r, )2, (A4)
1 - 00
e 1=y 0 s

T —o)() 2

In these expressions, Q is the nuclear quadrupole moment;
¥, R, and o, are shielding factors; and (rez) is the mean-
square radius of the 4f electrons. More details and matrix
elements for H, and H3 can be found in Ref. [43].
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