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Rare Earth (RE) ion doped nanomaterials are promising candidates for a range of quantum technology
applications. Among RE ions, the so-called Kramers’ ions possess spin transitions in the GHz range at low
magnetic fields, which allows for high-bandwidth multimode quantum storage, fast qubit operations as well
as interfacing with superconducting circuits. They also present relevant optical transitions in the infrared.
In particular, Er*" has an optical transition in the telecom band, while Nd*" presents a high-emission-rate
transition close to 890 nm. In this paper, we measure spectroscopic properties that are of relevance to using
these materials in quantum technology applications. We find the inhomogeneous linewidth to be 10.7 GHz for
Er** and 8.2 GHz for Nd*", and the excited state lifetime 7} to be 13.68 ms for Er’* and 540 ps for Nd>*. We
study the dependence of homogeneous linewidth on temperature for both samples, with the narrowest linewidth
being 379 kHz (7, = 839 ns) for Er** measured at 3 K, and 62 kHz (T, = 5.14 ps) for Nd** measured at 1.6 K.
Further, we investigate time-dependent homogeneous linewidth broadening due to spectral diffusion and the
dependence of the homogeneous linewidth on magnetic field to get additional clarity of mechanisms that can
influence the coherence time. In light of our results, we discuss two applications: single qubit-state readout and

a Fourier-limited single photon source.

DOI: 10.1103/PhysRevB.108.075107

I. INTRODUCTION

Rare Earth (RE) ions doped into inorganic crystals have
been widely investigated as a solid-state platform for quantum
applications, including quantum memories [1-4], quantum
information processors [5-8], quantum sensors [9,10], and
microwave-to-optical transducers [11,12]. This interest is
mainly motivated by the exceptionally long optical and spin
coherence times of the 4f-4f transitions at cryogenic temper-
atures. Other motivations include the highly dense spectral
storage capabilities, which are facilitated by narrow homo-
geneous lines (kHz) spread over much wider inhomogeneous
lines (GHz). This allows the different frequency channels to
be used to address the spin states of different ions, even
though they can be within nanometers of each other, giving
a high potential qubit density [13—15]. High-fidelity detection
of single RE ions is important for several applications, such as
quantum networks and quantum computing [16,17]. However,
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the low spontaneous emission rate of RE ions resulting from
the dipole-forbidden nature of the 4f-4f transitions makes this
very challenging.

During the last few years, single RE ion detection has been
demonstrated by Purcell enhancing the weak 4f transitions
using different types of cavities [18-22]. To incorporate RE
ion doped crystals into small mode-volume optical cavities,
nanostructuring of the host crystal is essential. In this regard,
yttrium oxide (Y,03) has emerged as a very promising host
material due to the excellent coherence properties that RE
ions doped into nanoscale Y,O3 have demonstrated [23-27].
Recently, RE ions doped into Y,O; nanoparticles were also
coupled to high-finesse fiber-based microcavities to demon-
strate Purcell-enhanced emission [22,28].

Among RE ions, so-called Kramers’ ions with an odd
number of 4f electrons, including erbium (Er3+), neodymium
(Nd**1), or ytterbium (Yb*"), offer unique possibilities due to
their high magnetic-moments. Their spin transitions can be
tuned in the GHz range even at low magnetic fields, which
can be used for high-bandwidth multimode quantum storage
[29,30], fast qubit operations [19,31], and for interfacing with
superconducting qubits [32,33].

In this paper, we investigate two of the most appealing
Kramers’ ions for quantum applications, Er** and Nd**. The
*I13/2 — *I1s;> transition in Er*T at 1.5 um lies in the telecom-
munication band, and hence offers easy integration into
existing commercial fiber-optic networks for the purpose of

Published by the American Physical Society
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FIG. 1. (a) Scanning electron microscopy (SEM) image of Er** :
Y,0; nanoparticles with average size of 150 &+ 13nm and of
(b) Pri*—Nd*" : Y,0;3 nanoparticles with average size of 380+
24 nm. (c) Fluorescence spectra of Er’*t : Y,0; at 10 K on the
4113/2—4115/2 transition obtained by exciting the 4111/2 level at
975 nm. The different peaks in the spectra were assigned to tran-
sitions from the lowest energy level in the *J;3 2 multiplet to the
different energy levels in the ground-state multiplet (*7;5 s2) for both
site 1 (black) and site 2 (red). Peaks at 1548 nm and 1555 nm
contain several unresolved emission lines. We estimate a lower
bound branching ratio of 13% for the 0 — O line, at 1535 nm.
(d) Pr**-Nd** : Y,0; on the *F3;; —*Iy» transition obtained by
exciting the *Fs /2 level at 813 nm, where we measure a branching
ratio of 23% for the 0 — 0 line at 892 nm.

quantum communication. The 4F3/2 —419/2 transition in
Nd** has one of the highest oscillator strengths among all RE
ions and a high branching ratio, which together make it very
promising to achieve high cooperativity in an optical cavity
[34,35].

In this paper, we experimentally characterize the opti-
cal spectroscopic properties of the 41]3/2 —4115/2 transition
in Er’* and of the *Fs;)» —*ly)> transition in Nd** doped
into Y03 nanoparticles. In Sec. III A, we report excited
state lifetimes (77) as well as inhomogeneous linewidths.
In Sec. III B, we characterize Er’t and Nd>* homogeneous
linewidths as a function of temperature. In Sec. III C, we mea-
sure time-dependent spectral diffusion in Er**. In Sec. III D,
we investigate the dependence of homogeneous linewidth of
Nd** on magnetic field. Finally, in light of our results, we
present an outline for two possible quantum applications in
Sec. IV, namely, Fourier-limited single photon sources and
single qubit state readout.

II. EXPERIMENT
A. Material

Two batches of Y,03 nanoparticles were investigated in
this paper: one doped with Er’* (200 ppm at.), present-
ing an average particle size of 150 nm, and a second one
codoped with Nd** (100 ppm at.) and Pr** (500 ppm at.)
ions, presenting average particle size of 380 nm [Figs. 1(a)

and 1(b)]. The nanoparticles were obtained by homogeneous
precipitation followed by high-temperature annealing. The
synthesis route is described in full detail in Refs. [24,36].
The annealing temperature was set to 900°C for 6 h for
the Er*™ sample while it was 1200°C for 6 h in the Nd*™—
Pr’* one. A lower temperature was used for Er** to avoid
aggregation during annealing due to the nanoparticles’ re-
duced size. In addition, Er** nanoparticles were processed
under pure O, plasma twice for three minutes to cure defects
[24]. Particle size, morphology, and dispersion were assessed
by scanning electron microscopy [Figs. 1(a) and 1(b)]. The
microstructure of the nanoparticles was determined by x-
ray diffraction (XRD) analysis using the Williamson-Hall
method, as polycrystalline, with crystallites of 58 &= 11 nm for
Er*t and 102 £ 10 nm for Nd*T—Pr3* Y,05. The latter also
confirms that the nanoparticles present a pure cubic phase with
la-3 space group (JCPDS 01-080-6433). In this structure, RE
ions occupy two different crystal sites, with C, and S point
symmetries, respectively, and can be distinguished by their
different 0 — O transition frequencies [37]. In this paper, we
will investigate spectroscopic properties of Er’* and Nd**
ions in C, sites.

Y,05 ceramics doped with Er** (200 ppm at.) and Nd**
(100 ppm at.) were also synthesized by solid-state reaction to
be used as bulk references. Those were fabricated from a mix
of commercial Y,03 and Er,O3 (or Nd,O3) oxide powders
(with 99.99% purity). The powders were pressed into pellets
with a pressure of 5 MPa, and then annealed at 1500 °C for
48 h in an air atmosphere. The obtained ceramics were cut
into thin slabs ~260 um thick for the optical measurements.

B. Procedures

For measurements on Er’t, the transition of interest is
4113/2(0) —4115/2(0) at around 1535nm, which lies in the
telecom band. The excitation light was obtained from an
external cavity diode laser at 1535 nm, which was then am-
plified by an erbium-doped fiber amplifier to reach a peak
power of ~500mW. The amplified light was sent through a
double-pass acousto-optic modulator (AOM) for pulse mod-
ulation. The light was then filtered with a bandpass filter at
1535 & 3 nm before being focused onto the sample using a
35 mm spherical lens. Typical peak power at the sample was
~150 mW. The samples were prepared on a copper holder
with a pinhole and placed on the cold finger of a closed-cycle
cryostat, which was cooled down to a minimum of 3 K. The
temperature of the sample could be increased with the help
of heaters installed on the cold finger. The scattered light
after the sample was then loosely focused onto an avalanche
photodiode (APD) with the help of two spherical lenses, each
with a focal length of 60 mm. The signal from the APD
was recorded on an oscilloscope. For two-pulse photon echo
(2PPE) measurements, the two pulses had a duration of 250 ns
in length, and the delay between them was varied from 150 ns
to 3 us. For three-pulse photon echo (3PPE) measurements,
all three pulses were 250 ns, and the delay between the
first two pulses was kept constant at 150 ns while the delay
between the second and third pulse was varied from 3 us
to 40 us. A heterodyne scheme was used to detect the echo
where the heterodyne pulse was 1 us long with a frequency
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detuning of 24 MHz. The resulting beat note signal from the
APD was recorded on an oscilloscope after passing through
a high-pass filter with a cutoff frequency of ~5 MHz to filter
out electronic noise. A small magnetic field of ~100 G was
applied for all of the measurements with the help of permanent
magnets.

For measurements on Nd**, a CW Ti:sapphire laser op-
erating at a wavelength of 892nm was used to target the
*F32(0) — *I9/2(0) transition. A double pass AOM was also
utilized for pulse shaping. To calibrate for laser intensity
fluctuations, 10% of the input was focused into a reference de-
tector before the sample. The rest of the light, which amounted
to ~10 mW, was focused on the sample. A copper mount was
used to hold the sample inside a bath cryostat operating at
2.15 K. The cryostat was equipped with a superconducting
magnet system that can reach up to 7 T. For the tempera-
ture dependence measurement, the cryostat was configured to
cool using helium exchange gas. The scattered light after the
sample was collected and focused onto an APD. For inhomo-
geneous line and lifetime measurements, a 900 nm long-pass
filter was mounted before the detector to filter out the excita-
tion light while passing part of the fluorescence emission [see
Fig. 1(d)]. For coherence measurements, a 2PPE sequence
was used with 400-ns-long pulses and direct echo detection.

Low-temperature emission spectra shown in Figs. 1(c) and
1(d) were recorded at 10 K using a closed-cycle cryostat.
Excitation was carried out with a tunable optical parametric
oscillator pumped by a Nd*":YAG Q-switched laser (Ekspla
NT342BSH with 6 ns pulse length and 10 Hz repetition rate).
Spectra were recorded using an Acton SP2300 spectrometer
equipped with the following visible and infrared gratings:
300 grooves/mm centered at 1200 nm, 300 grooves/mm cen-
tered at 500 nm, and 600 grooves/mm centered at 1.2 um.
An ICCD camera (Princeton Instruments) and a Ge detector
were used to detect Nd** and Er** emissions, respectively.
For Er’t, the excitation wavelength was set to 975 nm while
emissions from the *1;3 2 —*Is /2 transition were collected.
We note that the spectrum in Fig. 1(c) contains lines from
both C, and Sg sites. We estimate a branching ratio >13%
on the 0 — 0 line for Er*T ions in C,, with the 0 denoting
the lowest crystal field level of a given J multiplet. This is,
however, a lower bound value as not all Sg emission lines
could be resolved from that of C,. For Nd**, the excitation
wavelength was set to 813 nm while the collection was carried
out between 880 and 940 nm on the *F; /2= I /2 transition.
We estimate a branching ratio of 23% for the 0 — 0 line from
the spectrum in Fig. 1(d), taking into account the branching
ratio for the *F3,, —*Iy/» transition given in the literature
[38]. In contrast to Er?*, there is no emission from Nd>* ions
in Sy sites in Y,Os5.

III. RESULTS
A. Inhomogeneous linewidth and lifetime

The optical inhomogeneous lines for all the samples are
shown in Figs. 2(a) and 2(b). For Er** : Y,0s, the center of
the inhomogeneous line in the ceramic sample was found to
be at 1535.43 nm with a linewidth of 3.98 GHz, while in the
nanoparticles the line was redshifted to 1535.48 nm, with a
linewidth of 10.7 GHz. This goes along with a tensile strain
of 2.3 x 10~ derived from the Williamson-Hall analysis for
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FIG. 2. Inhomogeneous linewidth of the 0 — 0 line of (a) Er**
was measured to be 3.98 GHz in ceramic (orange triangles) and
10.7 GHz in nanoparticles (blue circles); and that of (b) Nd**
was measured to be 5.03 GHz in ceramic (orange triangles) and
8.20 GHz in nanoparticles (blue circles). Lifetime of the excited state
of (¢) Er*" : Y,0; was measured to be 10.91 ms in ceramic (orange
triangles) and 13.68 ms in nanoparticles (blue circles); and that of
(c) Nd** was measured to be 373 us in ceramic (orange triangles),
and 540 us in nanoparticles (blue circles).

Er** : Y,03 nanoparticles. The observed tensile strain and
spectral redshift here could be due to the lower annealing tem-
perature applied to the sample (900 °C), as lower temperatures
are often less efficient in curing oxygen-vacancy-type defects
[24]. For Nd** : Y,0s3, the center of the inhomogeneous line
in the ceramic sample was found to be at 892.17 nm with
a linewidth of 5 GHz, while in the nanoparticles the line
shows a blueshift to 892.16 nm, with a linewidth of 8.2 GHz.
XRD spectrum analysis shows a small compressive strain of
—2.5 x 1077 in this case. The codoping with Pr’* (500 ppm),
present in the nanoparticles sample while not in the ceramic,
is in most likelihood responsible for the small blueshift and
compressive strain. The codoping can also explain the broad-
ening of the inhomogeneous linewidth in the Pr’t-Nd** :
Y03 nanoparticles [39]. For the Er*t : Y,0; nanoparticles,
the broadening is again most likely related to a larger amount
of defects in the sample associated to the lower annealing
temperature and additional O, plasma processing [24].
Figures 2(c) and 2(d) show excited state lifetime mea-
surements for all samples. For Er’t : Y,0;5, the excited state
lifetime measured at 3 K was found to be 10.91 ms in ceramic
and 13.68 ms in nanoparticles, while for Nd3t . Y,0;5 at
2.15 K it was 373 us in the ceramic and 540 ps in the codoped
nanoparticles. The reduction of the spontaneous emission rate
in the nanoparticles compared to ceramic can be explained by
the reduction of the effective refractive index surrounding the
nanoparticle samples. This agrees with previous work where
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FIG. 3. (a) Homogeneous linewidth of Er** : Y,0; nanoparti-
cles measured as a function of temperature at a magnetic field of
100 G. Dashed line is a fit to Eq. (1) that gives 'y = 9.8 kHz, a5 =
121.7kHz/K, and oy = 11 GHz. (b) Homogeneous linewidth of
Nd** in Pr¥*-Nd>** : Y,05 nanoparticles measured as a function of
temperature at zero magnetic field. Fit to Eq. (2) gives an upper
bound of 34 kHz for Iy, ams = 40kHz/K, and oy = 2.7 HZ/KQ.
Error bars represent 95% confidence interval obtained from the fit.

an increase in the spontaneous emission rate of Eu**-doped
nanoparticles was found when it was embedded in a PMMA
layer as compared to no embedding [22,36].

B. Homogeneous linewidth versus temperature

The homogeneous linewidth of all samples was measured
by recording the echo decay in a 2PPE sequence (see Sec. II B
for details). For Er’t, we measured a homogeneous linewidth
of 68 kHz (7, = 4.65us) in the ceramic sample, while for
nanoparticles it was 379 kHz (T, = 839 ns), both at a tem-
perature of 3 K and a magnetic field of 100 G. This indicates
that dephasing in the nanoparticles is dominated by defects
and surface related noise as seen in Eu®*-doped nanoparticles
[24,27]. We then investigated the dependence of the homo-
geneous linewidth as a function of temperature, as shown
in Fig. 3(a). For T < 4.5K, a linear behavior is observed,
evidencing interactions of Er’* ions with two-level systems
(TLSs), which are thought to be due to residual disorder in
nanocrystals [27]. At higher temperatures, a stronger tem-
perature dependence takes place. It can be due to changes
in ground or excited state populations by one-phonon ab-
sorption or spin-lattice relaxation (SLR), magnetic noise, or

elastic Raman scattering (ERS) acting directly on the opti-
cal transition [36]. In the temperature range considered, the
dominant Er®™ SLR is expected to be an Orbach process
associated with crystal field splittings between lowest levels
AE of 39 and 31cm~! for the ground and excited mul-
tiplets, respectively [40]. Assuming that magnetic noise is
due to Er*" ground-state spins themselves, all temperature-
dependent contributions to I'j, thus exhibit an exponential
behavior except for the ERS one which is proportional to 77 at
low temperatures [41]. Experimental I'j, values could be fitted
to the expression

(2974

exp(@—?) -1’

TW(T) =To + asT + aprsT’ + (D

where kg is the Boltzmann constant. With AE =39 cm™!,

we obtained 'y = 9.8 kHz, ar s = 121.7kHz/K, and oy =
11 GHz, with a negligible contribution from agrs. As spin
lifetimes of tens of us can be estimated from Er:Y;SiOs
parameters at 5 K [42], which corresponds to homogeneous
broadening of 10s of kHz only, we attribute the second term
of Eq. (1) to magnetic noise driven by Er’* ground-state spin
relaxation.

For Nd** in the codoped particles, we measured a homoge-
neous linewidth of 62 kHz (7, = 5.14 us) for nanoparticles at
a temperature of 1.6 K with no magnetic field. The narrower
linewidth compared to the Er**-doped particles is attributed
to the Nd** larger particle size and higher annealing tem-
perature which decrease broadening related to defects [24].
This leads to ', values for Nd>* similar to those measured
in Eu**-doped particles synthesized under similar conditions
[27]. Temperature dependence of the homogeneous linewidths
in the 1.6-3.25 K range is presented in Fig. 3(b). Its analy-
sis followed the one presented above for Er’* nanoparticles,
since Pr’* is nonparamagnetic and should not have a sig-
nificant effect of Nd** homogeneous broadening. However,
as the maximum investigated temperature was only 3.25 K
compared to Nd** ground and excited splittings of 29 and
196 cm™! (20 and 135 K respectively), SLR should be domi-
nated by a two-phonon Raman process proportional to 7° [43]
and one-phonon absorption negligible. Moreover, the ERS
term at low temperatures should also be negligible [27]. Best
fits to the data were obtained using the equation

TW(T) =T+ amsT +ayT?, )

and gave an upper bound for I'y of 34 kHz, a1 s = 40kHz/K,
and ay = 2.7Hz/ K°. aqs is smaller than that for Er3t
nanoparticles, suggesting a reduced concentration in struc-
tural defects, likely to be also due to Nd>* nanoparticles larger
size and annealing temperature.

C. Spectral diffusion in erbium nanoparticles

We now investigate spectral diffusion in Er’t : Y,0;
nanoparticles via the 3PPE technique, which allows us to
probe the broadening of the homogeneous linewidth on a
timescale that is much longer than the coherence time. To
quantify the broadening I'.; as a function of time, we keep the
separation between the first two pulses in the 3PPE technique
t12 constant at 150 ns, while varying the separation between
pulses two and three f,3 from 3 ps to 40 us. The decay of the
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FIG. 4. Effective homogeneous linewidth of Er*t :Y,0;
nanoparticles as a function of #,3 in a three-pulse photon echo
sequence. Dashed line is a fit to Eq. (4), giving I'(#y) = 379 kHz and
y = 2.3 MHz. Error bars are one standard deviation of parameter
estimate from fit.

echo amplitude in such a 3PPE technique is given by [44]

—
E = Eyexp <T23> exp(—2t127 Cegr), 3)
1

where T is the excited state lifetime. We have 7T} = 13.68 ms
(as measured above), and 3 us < f,3 < 40 us. Hence, the first
factor is negligible for our parameters and all decay in echo
amplitude is expected to come from a broadening of [e.
We begin by recording the decay in the echo amplitude as a
function of t,3. For the first point of f,3 = 3 us, we set ['¢i to
the value of I'j, that was obtained from the 2PPE technique,
that is, [eir = 379kHz. By estimating the relative decay in
echo amplitude for all subsequent #,3, we extract I'egr as a
function of #,3 that is shown in Fig. 4. For systems coupled to
TLSs, the s is expected to have the following behavior [45]:

t
Cegr (112, 223) = I'(t9) + vsa logyg (%), 4)
0

where #, is the minimum value of #5 + 3, I'(fy) is the
homogeneous linewidth at #y, and y, is a coupling coefficient.
For our case, #p &~ 3 us and I'(#y) = 379 kHz. Fitting the e
that we obtained above to Eq. (4), we obtain y,; = 2.3 MHz.
This is a relatively high value for y,,. For instance, Veissier
et al. [45] measured y,; = 0.4 MHz for an erbium-doped fiber
at a temperature of 0.7 K. Further studies of spectral diffusion
as a function of temperature are needed to investigate this.

D. Homogeneous linewidth versus magnetic field
in neodymium nanoparticles

Kramers’ ions with electron spin could be more sensitive
to applied magnetic fields than other ions, so for quantum
applications the T, dependence of the magnetic field is of
relevance. Coherence measurements were taken at different
magnetic fields for Nd** nanoparticles. In Fig. 5(a), the echo
area is plotted versus the magnetic field and a clear modula-
tion can be seen on the echo decays when certain magnetic
fields are applied. To extract the coherence time and the mod-
ulation frequency, the echo decays were fitted to the following

—
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FIG. 5. (a) Photon echo decay at 0 T (blue), 200 mT (red),
300 mT (green), and 600 mT (magenta) measured in Nd>* nanopar-
ticles. Magnetic field dependence of the optical homogeneous
linewidth. Error bars represent 95% confidence interval obtained
from the fit.

equation [26]:
I(t) =1 x 74 5 [14 (m x cos®(wt 2))*,  (5)

where T, is the optical coherence time, m is the modulation
amplitude, and w is the modulation frequency.

The magnetic field dependence of the optical I'j, is shown
in Fig. 5(b). The modulation frequency ranges between 200—
900 kHz. Similar modulation has been measured by Zhong
et al. in Nd** : YVO,, and was attributed to superhyperfine
interaction between the Nd** electronic spin and the sur-
rounding Y3* nuclear spin [20]. As can be seen in the echo
decay plots in Fig. 5(a), no modulation was observed at 0 T,
which leads to the high error bars of the fit parameters. While
the superhyperfine modulation is strongly dependent on the
magnitude of the magnetic field, as predicted by the Hamil-
tonian described in the Supplemental Material of Ref. [20],
no increase in the modulation frequency was observed after
400 mT due to the limited sampling. The saturation of the
homogeneous linewidth, I'y, around 100 kHz in Fig. 5(b)
can be attributed to the superhyperfine limit, where the de-
phasing is defined by the interaction between Nd>* and the
surrounding yttrium nuclei [34,46,47]. Since the Nd3* ion has
a large magnetic moment, it creates a frozen core of the low
magnetic moment Y3 ions, which as a result slows down
their spin-flip rate. The fact that the homogeneous linewidth
is relatively unaffected as the field increases is an indication
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of the superhyperfine limit since the magnetic noise of Y3+ is
independent of the applied field [25]. Another effect that could
contribute to such saturation is the tunneling TLSs [25,48],
which causes fluctuations in the local environment leading
to some dephasing. The results show that the optical homo-
geneous linewidth is relatively unaffected by magnetic fields
and, in particular, remains reasonably narrow at zero magnetic
field. This is favorable since it allows quantum applications to
potentially run without magnetic field, simplifying the setup
and avoiding level splitting of other species like qubit ions.

IV. APPLICATIONS
A. Single qubit state readout

Scalability in quantum computers (QCs) necessitate a fast
and high fidelity detection of single qubit states. This is
challenging for QC schemes based on RE ions due to its
naturally forbidden electric dipole transitions. However, there
have been several attempts recently to utilize the Purcell en-
hancement effect to detect single RE ions [19-21,28]. With
high enough enhancement, one can either directly detect the
qubit state or use a different neighboring ion as a readout
qubit [19,21,49]. To avoid any decay of the qubit excited state
due to cavity enhancement, we are considering the second
approach for the discussion below. In this approach, one can
detect the state of a qubit ion that is close to the readout
ion, by exciting one of the spin qubit states to the optically
exited state. This will shift the levels of the readout ion (or
not if the other state was instead populated), using the dipole
blockade mechanism [49]. This means that state detection can
be made by separating the photon counts for ion emitting
versus not emitting (only background). To ensure that the
readout time is not a limiting factor in terms of QC speed,
the readout should take place on a timescale comparable to the
timescale of the gate operation. Typical duration of proposed
gate operations in RE systems is in the order of a few mi-
croseconds [50]. Furthermore, the homogeneous linewidth of
the readout ion, which becomes broader for a shorter lifetime,
should be narrower than the frequency shift attained due to
the dipole-dipole interaction with the neighboring qubit ion to
be detected. This is necessary to obtain high contrast in the
photon counts when reading the two-qubit states.

To see how the parameters measured in this paper affects
the capacity of our system to read out a QC, we consider
our current Pri*—Nd** : Y,03 system with Pr’* (500 ppm)
as qubit and Nd** (100 ppm) as a candidate readout ion. We
then discuss an ideal system with Eu** as qubit.

The shift of a transition frequency of one ion, Av;;, due to
the excitation of a neighboring ion via dipole-dipole interac-
tion is given by the following equation [51]:

ApiAp;

Av;j = ,
Y A hegr3

(6)
where Au; and Ap; are changes in the static dipole moment
between the ground and the excited state of the candidate
qubit and readout ions, respectively. i is the Planck’s con-
stant, € is the permittivity of vacuum, r is the separation
between the two ions and x quantifies the angular depen-
dence of the interaction. The change in the dipole moment
between the ground and the excited states has been measured
for Pr** ions [52]. For two Pr** ions separated by ~5nm,

which is the average ion-ion distance at 500 ppm doping
concentration, a frequency shift of ~10 MHz is expected. In
addition, dipole interaction has been experimentally investi-
gated between Ce*t and Pt in Y,SiOs5 and was found to
be in the order of 300 MHz for ions separated by ~5nm
[53]. This can be used as an-order-of magnitude estimate
of the expected frequency shift between the Nd>* ion and
Pr’* jon here. It should be noted here that the doping
concentration of the qubit ion can be optimized such that
there is an abundance of qubit ions strongly interacting
with the readout ions. In our case, the higher concentration
of Pr** increases the chance of having strongly interact-
ing qubit ions in proximity to the readout ions, which
is necessary for the dipole blockade mechanism to work
[8,54]. It could, however, be challenging to resolve a single
readout ion in a sample with a 100 ppm doping concen-
tration. To tackle this issue, lower doping concentration
< 1 ppm can be considered for the readout application. Given
the data we measured and using a reasonable assumption of
the dipole interaction shift, it would be useful to evaluate how
good the Nd** ion will perform in terms of readout fidelity.
When coupling an emitter to a cavity, the emitter’s excited
state lifetime is reduced to 7. = T1/(C + 1), where T; is the
natural lifetime, 7, is the Purcell enhanced lifetime, and C is
the Purcell factor given by [55]

323 0
€=¢ 42 Vv,’ ™
where A is the emission wavelength, QO the quality factor of
the resonator, V,, its mode volume, and ¢ the branching ratio
of the respective transition.

Nanoparticles that are investigated in this work are well
suited to be integrated into fiber-based microcavities. How-
ever, scattering losses due to the particles are one of the
key challenges to obtain high Q values. In particular, for the
380 nm Nd**-doped particles, the expected scattering loss
is ~8% per pass at 892 nm wavelength. Particles of 80 nm
size have been realized [28], and if we instead consider those,
scattering losses will be reduced to ~5ppm. At this level,
a loaded cavity finesse of 3 x 103 could be obtained using
cavity mirrors with a total transmission of 10 ppm [56].
For a loaded cavity with such a finesse, a Q ~ 2 x 10° and
V,, ~ 543 can be reached. From Eq. (7), this corresponds to
a Purcell enhancement C ~ 5000 and an enhanced lifetime
of T, ~ 100ns. Similarly, a Q ~10° and V,, ~ 51> can be
reached for a cavity loaded with the 150 nm Er**-doped par-
ticles investigated here using similar cavity mirrors. Reducing
the particle size to 100 nm would reduce the scattering losses
and consequently increase Q by a factor of 3. Assuming an
open cavity with those parameters, this would give C ~ 5500
and T, ~ 2.5 us for Er**. To reduce Er** excited-state lifetime
down to ~100 ns, which is needed to obtain fast and reliable
readout at a timescale comparable to the gate operation time
as discussed earlier, a finesse of 4 x 10° and a cavity length
of ~1X will be required, which is quite challenging to obtain.
Here, we will only consider Nd3* as a candidate readout ion
with its 100 ns achievable enhanced lifetime.

Assuming an open cavity with the parameters discussed
above, this would yield an enhanced lifetime of 100 ns for
the envisioned readout ion Nd**. A detection rate of 10°
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photons/s would be expected, given a reasonable assumption
of 10% for the optical efficiency. Since the fiber is used both
as a cavity mirror and as an outcoupler, a high collection
efficiency would be expected, limited mainly by mode mis-
matching between the cavity and the fiber.

Debnath er al. proposed a protocol based on Bayesian
analysis of the detected photons from a readout ion to extract
information about the state of the qubit ion [57]. In this proto-
col, the detection rate (1 MHz in our case) replaces the decay
rate. To estimate the readout fidelity of our system based on
this protocol, we assume an interaction shift (dipole blockade)
of about 5 MHz compared to the estimated 1.6 MHz homo-
geneous linewidth of the cavity enhanced lifetime of 100 ns.
Considering a qubit excited-state emission rate of ~140 times
the detection rate (77 ~ 140 us was measured for Pr3t:Y,05
[26]), the protocol estimates a readout fidelity of ~94% af-
ter about 10 us. As discussed above, an interaction shift of
10-100 MHz is consistent with a shift between ions separated
by a few nanometers, which is a typical separation between
RE ions at our doping concentrations. If we consider Eu’*
as a candidate qubit instead, with an excited-state lifetime
of ~2ms, the fidelity scales up to ~99% after 10 us [15]).
This fidelity is limited by the finite lifetime of the qubit ion,
since if it decays spontaneously during the detection, it will
cause a loss of the state information. However, this problem
can be mitigated by using one qubit as a dedicated buffer to
the readout ions, to which the state of any other qubit that
should be readout can be transferred as described in detail in
Ref. [49]. This way, the state information of the qubit will
be protected from decay events by the buffer ion. By cycling
a few times between the qubit and the buffer ion, the readout
fidelity can be improved significantly to 99.9%. This would be
at the cost of extending the detection duration to ~25-40 us,
only limited by the qubit decay during the transfer pulses for
projecting the qubit state onto the buffer ion.

B. Source of Fourier-limited single photons

Single erbium ions would be ideal candidates for use as
quantum nodes in a quantum network due to their emission
at telecommunication wavelengths. Furthermore, erbium ions
that are spatially close to each other in the solid-state matrix
allow for multiqubit operations, which is highly desirable
in a quantum network. A key requirement for using single
emitters as quantum nodes is that the emitted photons should
be indistinguishable. In the spectral domain, this means that
the photons should be Fourier-transform limited. To extract
Fourier-limited photons from a single erbium ion, we need
to have T, = 2T;, where T is the lifetime of the excited state,
and 75 is the coherence time. For the values we have measured
for Er** : Y03 nanoparticles in this paper at a temperature of
3 K, which is 7} = 13.7ms and 7> = 839 ns, we have T, <«
2T,. For measurements in quantum networks where photons
from different remote erbium emitters have to interfere at a
beam splitter, it is not only necessary that the instantaneous
linewidth is lifetime limited but also that the central frequency
does not drift such that the frequency overlap between the
two photons remains high. This means that long-term spectral
diffusion effects have to be taken into account, such that the
relevant parameter would be in that case 7,*. Note, however,
that slow drifts could be compensated for using, e.g., external
electric fields.

To satisfy the condition for indistinguishable photons, we
would need to either increase T, (or 7;*) or decrease T;. As
discussed above, the 7> at low temperatures in the current
samples is limited due to spectral diffusion arising from cou-
pling to neighboring TLSs. TLS behavior is characteristic of
amorphous materials [45], and could be arising in our sys-
tem due to the presence of defects and the poor crystalline
quality of our nanoparticles. As the contribution from TLSs to
homogeneous linewidth depends on temperature, coherence
times can be significantly improved by cooling the samples
further. In our current samples, the homogeneous linewidth
reduces by 121 kHz per kelvin and reaches a value of 10 kHz
(T, ~ 32 us) when extrapolated to 0 K. The effect of TLSs
can also be minimized by annealing the samples at high
temperatures (>1200 °C), but this also leads to an increase
in the average size of our nanoparticles, which would make
it difficult to integrate them into microcavities due to higher
scattering losses. An alternative method that involves starting
with bigger higher quality nanoparticles and then chemically
etching them down to the required size has shown promising
results [24]. By chemically etching 400 nm Y,O3 nanoparti-
cles doped with europium down to 150 nm, they were able to
demonstrate a 7> of 10 ys. Recent results obtained with Y,03
ceramics at mK temperatures have shown a sub kHz optical
homogeneous linewidth [25].

Nonetheless, it is clear that both for the purpose of pro-
ducing indistinguishable photons and also for making the
emission efficient, we would need to additionally reduce the
Ti. This can be achieved by coupling the emitter to an opti-
cal cavity and utilizing the Purcell effect as described above
in Eq. (7) [28]. The Ert : Y,0; nanoparticles investigated
in this paper with an average size of 150 nm introduce a
scattering loss of &35 ppm. To efficiently extract photons
emitted by ions in our nanoparticle coupled to a microcavity,
this scattering loss needs to be smaller than all other losses
in the cavity. For instance, our current nanoparticles can be
efficiently coupled to cavities with Q ~ 10° and V,, ~ 5A3.
Using a lower bound ¢ > 0.13 as measured in this paper, we
expect a Purcell enhancement C > 2000, which corresponds
to T. < 7 us. To produce indistinguishable photons, we would
then need 7, ~ 14 us, which could be achieved both by im-
proved sample fabrication as well as by cooling the samples
further. Alternately, if the nanoparticles can be made with an
average diameter of ~100 nm, then the scattering losses drop
to ~4 ppm, in which case it would be possible to use cav-
ities with Q ~ 107 that would result in C ~ 20000 and T, ~
700 ns. In this case, T, ~ 1.4 us would be sufficient to produce
indistinguishable photons, which could be reached with the
samples studied in this paper by cooling them to ~1.5 K.

V. CONCLUSION

We have investigated the optical coherence properties
of Er** and Nd*' in Y,O; ceramics and nanoparticles at
cryogenic temperatures. An inhomogeneous linewidth of
10.7 GHz and 8.2 GHz were measured for the 4113/2 —*Iisp
transition in Er*" and *F3» —“%Iy, transition in Nd*T,
respectively. Furthermore, the lifetime of the excited for
the two transitions was measured to be 13.68 ms and
540 s for the two aforementioned transitions, respectively.
The two-pulse technique method was used to measure
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the homogeneous linewidth for the two ions at different
temperatures. For Er’* transition, a homogeneous linewidth
of 379 kHz was measured at a base temperature of 3 K,
while a linewidth of 62 kHz was measured in Nd** at a
base temperature of 1.6 K. Time-dependent broadening of
the homogeneous linewidth due to spectral diffusion was
investigated in Er’" using 3PPE technique, and a TLS
coupling constant of 2.3 MHz was obtained.

Finally, we propose two quantum applications, single
qubit-state readout and a Fourier-limited single photon source,
for which the investigated ion are expected to perform
well when combined with fiber-based microcavities, where
a strong Purcell enhancement can be reached. To reach the
necessary Purcell enhancement levels, cavities with a quality
factor in the range of 10°~107 and a mode volume in the order
of ~5 A3 are required.
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