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Abstract

Wereport on the coupling of the emission from a single europium-doped nanocrystal to a fiber-based
microcavity under cryogenic conditions. As a first step, we study the properties of nanocrystals that are
relevant for cavity experiments and show that embedding them in a dielectric thin film can
significantly reduce scattering loss and increase the light—matter coupling strength for dopant ions.
The latter is supported by the observation of a fluorescence lifetime reduction, which is explained by
an increased local field strength. We then couple an isolated nanocrystal to an optical microcavity,
determine its size and ion number, and perform cavity-enhanced spectroscopy by resonantly coupling
a cavity mode to a selected transition. We measure the inhomogeneous linewidth of the coherent
>Dy—"F, transition and find a value that agrees with the linewidth in bulk crystals, evidencing a high
crystal quality. We detect the fluorescence from an ensemble of few ions in the regime of power
broadening and observe an increased fluorescence rate consistent with Purcell enhancement. The
results represent an important step towards the efficient readout of single rare earth ions with excellent
optical and spin coherence properties, which is promising for applications in quantum communica-
tion and distributed quantum computation.

1. Introduction

Rare earth ion-doped crystals constitute a promising solid state system for quantum information processing and
networking [1]. They provide nuclear spin states with very long coherence times, up to six hours [2], in which
quantum information can be stored [3-5]. They also offer 4f —4f optical transitions with exceptionally good
coherence properties, up to 4.3 ms [6], that can be used as a photonic interface for the spin states. Furthermore,
electric dipole interactions can be used for an excitation blockade similar to the one studied for Rydberg atoms,
and are thus a resource to realize quantum gates [7, 8]. However, due to the dipole-forbidden transitions, the
excited state lifetime is long, leading to very low emission rates. This has limited most experiments to
macroscopic ensembles so far, which hinders scalability towards multi-qubit systems.

Recently, individual rare earth ions have been detected either by upconversion spectroscopy [9], direct high
resolution spectroscopy of 4f —4f transitions [10, 11], or by using strong 5d—4f transitions [3, 12]. For the
realization of spin-photon interfaces, the coherent 4f —4f transitions appear to be best suited. However, their
low scattering rate makes single ion detection in free space challenging. Moreover, the excited state lifetime is
typically significantly longer than the coherence time, deteriorating the indistinguishability of the emitted
photons. Both issues can be overcome by coupling the emitters to optical microcavities. This increases the low
scattering rates to achieve practically useful detection rates [2, 13, 14]. Coupling the emitters to optical
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wavelength, Q the quality factor of the resonator, V,,, its mode volume, and ( the branching ratio of the respective
transition. Additionally, the emission is coupled to a well-collectible cavity mode, yielding a collection efficiency
givenby 8 = nC/(C + 1) with the cavity outcoupling efficiency 1. Near-unity collection efficiency can be
reached for sufficiently large C and n. Finally, for C > 2,7, where 7 is the excited state lifetime and -y, is the
homogeneous linewidth, emitted photons are Fourier limited [ 14—17], thus allowing for interference between
photons from different ions as required for scalable entanglement distribution using entanglement swapping
[18] as already shown in other systems [ 19, 20].

Here, we report on a promising approach for achieving efficient access to individual or small ensembles of
ions by coupling ion-doped nanocrystals to a high-finesse fiber-based Fabry—Perot microcavity [21, 22]. Fiber
cavities can achieve high Purcell factors up to 10, provide open access to the cavity mode for optimal overlap
between the ions and the cavity field, and offer full tunability of the resonance frequency to target all regions of
the inhomogeneous line. We show that introducing small enough nanoparticles into the cavity does not
significantly affect the cavity, and allows one to independently optimize the cavity and the sample. In particular,
we demonstrate that embedding nanoparticles into a dielectric layer on a cavity mirror is beneficial for both
reducing scattering loss and increasing the local field strength at the ions, significantly improving ion-cavity
coupling. Nanoparticles naturally select a small ensemble of ions, such that due to a large ratio between the
inhomogeneous and the homogeneous linewidth, individual ions can be addressed via their transition
frequency. We study Eu’*:Y,05 nanocrystals, which to date have shown the best optical and spin coherence
within a nanoscale host, with ahomogeneous linewidth v, = 45 kHz[23, 24] and 8 ms nuclear spin coherence
[25] observed in nanoparticle powders. Europium also offers a hyperfine structure that can be used to store and
process quantum information [26]. We demonstrate cavity-enhanced low-temperature spectroscopy of a few-
ion ensemble in a crystal where the size and thus the contained ion number is known. We estimate the achieved
cavity enhancement and deduce the number of ions that contribute to the signal. The approach is promising for
efficient single ion detection and could be a basis to realize quantum nodes for quantum communication and
information processing.

microcavities increases the spontaneous emission rate by the Purcell factor C = ¢ where )\ is the emission

2. Single nanocrystal fluorescence, scattering and lifetime

We investigate the properties of nanocrystals with a confocal setup (air objective with NA = 0.9) at room
temperature to obtain reference values of optical properties and to optimize the integration of crystals into a
microcavity with the aim to minimize scattering loss and maximize the light—matter coupling.

We study 0.5% Eu’ ":Y,05 nanoparticles with an average size of 60 nm synthesized by homogeneous
precipitation [27]. Figure 1(a) shows a scanning electron micrograph of nanocrystals dispersed on a substrate.
Figure 1(d) shows a confocal fluorescence image of individual nanocrystals spin-coated on a mirror. We excite
under saturation conditions (~1 mW, NA = 0.9) with 532 nm light, which is close to the °D;~’F, transition.
The emission occurs from >D,, with several transitions into different spin—orbit ground state levels. Figure 1(b)
shows a simplified scheme of the relevant levels and transitions studied here. We record spectra of individual
crystals and assess the room temperature linewidth of the >Dy—"F, transition, which gives a first impression of
the crystal quality. Figure 1(c) shows a broadband fluorescence spectrum of a single crystal, and the inset shows
the °Dy—"F, transition in high resolution. Even for nanocrystals with very low count rate, which are
correspondingly small and thus compatible with cavity experiments, we observe alinewidth of 80 GHz, which is
as narrow as in bulk samples.

Next, we study a large number of isolated nanocrystals and infer the peak count rate per crystal. By looking at
the count rate distribution and comparing with a size distribution obtained from SEM images such as the one
shown in figure 1(a), we can get an order of magnitude estimate for the typical count rate per single ion.

Figure 1(f) shows a histogram of the measured crystal size (red, right) and the expected crystal size distribution
calculated from the measured fluorescence values (blue, left). Here we assume that the count rate R and crystal
radius rare directly related via R = NR, = (47/3)nyr°R,, where Ry is the single ion count rate and N the
number of ions. From the size and doping concentration, and knowing that the Y concentration in the C2 site is
no = 1.6 x 1022 cm—3, single crystals of e.g. 60 nm diameter contain N ~ 10*ions. The two distributions
match if we assume an excited state population of 20% (several ground state levels are thermally populated, but
only one is excited at about one saturation intensity) and an overall fluorescence detection efficiency of 1.5%.
This value is smaller than the expected maximally achievable detection efficiency of 20% for our setup, which we
calculate from the modified dipole emission pattern on a Bragg mirror averaged over dipole orientations, the
angular collection efficiency of the microscope objective, the maximal transmission through the optics, and the
detector quantum efficiency [22]. The smaller experimental value is ascribed to suboptimal collection and
transmission efficiency and a potential overestimation of the excited state population. The analysis shows that
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Figure 1. (a) SEM image of isolated nanocrystals dispersed on a substrate. (b) Relevant level diagram of Eu® *:Y,03 , showing the
coherent °Dy—"F, transition at 580 nm and the strongest *Do—’F, transitionat611 nm. (c) Broadband fluorescence spectrum ofa
single nanocrystal recorded by confocal microscopy. The inset shows the *Dy—’F, transition in high resolution together with a Voigt
profile fit. Ions are off-resonantly excited using a laser at 532 nm. (d) Confocal fluorescence image of individual nanocrystals spin-
coated on a mirror. () Fluorescence lifetime measurements as function of the photon count rate. Each data point corresponds to a
single measurement carried out on a randomly chosen crystal. Blue: crystals on silica slip. The blue solid line is a fit to a model. Orange:
crystals embedded in a PMMA thin film on a mirror. The right panel shows the average lifetime and standard deviation for both cases.
(f) Histogram of measured crystal sizes (right panel, red bars) and histogram of calculated crystal sizes from a measured fluorescence
distribution.

we detect about 2 photons per second per ion, which at best could be increased to 100 photons s, rendering
single ion experiments unpractical under free space conditions.

Two crucial aspects for the cavity experiment are the scattering loss introduced by the nanocrystal and the
achievable ion—photon coupling strength, where the latter depends on the partially suppressed local electric field
inside the crystal. Indeed, scattering loss and local field suppression both arise from the boundary condition
introduced by the nanocrystal surface, and are related to modes outside or inside the crystal, respectively. In the
Rayleigh regime r < \/2, the scattering loss

B = 40 /7w )
can be calculated from the cavity mode waist w, and the scattering cross section
2\ a?
o=|—]—> (2)
( A ) 61
with the polarizability of the crystal [28]
22
a = 36 V—m 3)
n* + 2n,,

with n and n,,, the refractive indices of the crystal and surrounding medium, €, the vacuum dielectric constant,
and V = 4/371 the volume of the crystal. It is apparent that particles embedded in a dielectric layer lead to a
reduced scattering loss. For the case of Y,Oj3 particles (n = 1.93) embedded in a PMMA layer (1, = 1.49), the
calculation above yields a reduction of Bby a factor of 6.7 compared to a crystal in air.

Furthermore, the presence of the nanocrystal and the surrounding dielectric sensitively influence the excited
state lifetime of atomic dipoles inside, and thereby affect the light-matter coupling strength. For a nanocrystal
far in the Rayleigh regime (diameter <20 nm) embedded in a medium, the lifetime is given by [29-32]

2
(nr(x)32+2) ’ @

7(x) = Ton,(x)
where 7 is the lifetime in bulk Y,O3 and n, (x) = n/(x + (1 — x)n,,) is the relative refractive index with the
effective surrounding refractive index x + (1 — x)n,, described by the medium refractive index n,,, and the
filling factor x[32]. The latter takes into account partially surrounding media, as is the case e.g. for a nanocrystal

3



10P Publishing

New J. Phys. 20 (2018) 095006 B Casabone et al

d) e)

) 3 4t

© ©

£ <

o o

= Zz 3f

o 8}

© o

i ¢ 2

= =

8 g 1

£ c

: 5 gt t AV

L -1000 0 1000 2000 3000 L -1000-500 O 500 1000 1500 2000 2500
Thickness [nm] Thickness [nm]

Figure 2. (a) Schematic drawing of the tunable fiber-based microcavity. The mirror can be moved with a three-axis nanopositioning
stage, allowing one to set the length of the cavity and locate a crystal inside the cavity. (b) Optical micrograph of the machined fiber tip,
showing the tapering at the outer part and the concave profile in the center. (c) Measured surface topography of the concave profile. A
2D parabolic fit to the central part yields a radius of curvature of 20 ym. (d) Refractive index profile (orange) of the mirror and electric
field distribution (blue) for an embedded nanocrystal. The red dot marks the location and size of the nanocrystal. (e) Same as (d) for a
nanocrystal on top of a spacer layer as used in the low-temperature cavity experiment.

on a glass substrate. The resulting prolonged lifetime for small crystals is due to the boundary condition of the
crystal—air interface, which makes the crystal act as an off-resonant cavity that suppresses the local field inside.
According to equation (4), ions in small Y,O3 nanocrystals in air should show a lifetime 7,;, = 7(0) = 7.07,. For
larger crystals, calculations [30, 32] and measurements [31, 32] show that 7 decreases with size, and the presence
of a surrounding dielectric further reduces .

To estimate the effect of embedding, the calculations referred to above are not adequate for our situation,
since we do not embed into a bulk medium but into a thin film on a mirror. We therefore perform finite
difference time domain simulations (Lumerical) and analyze the spontaneous emission of a dipole located in a
80 nm cube of Y,O3 on a Bragg mirror with embedding, see figure 2(d). We find that the emission rate increases
by up to a factor of 3.8 as compared to the dipole in a crystal in free space. This shows that embedding increases
thelocal field strength within the crystal, and it will in the same way increase the coupling strength to the
cavity field.

We experimentally study these effects for our sample. Figure 1(e) shows fluorescence lifetime measurements
as function of the count rate for crystals prepared in two different ways. First, the particles are spin-coated onto a
fused silica substrate to serve as a reference. Second, we embed the particles into a PMMA layer on top of a
dielectric mirror (see figure 2(d)). To ensure that the nanoparticle resides in a field maximum of the standing
wave that will be formed in a cavity, a three-step preparation was used: first, a layer of 55 nm of SiO, was applied
to the mirror by electron beam evaporation. Then, nanocrystals are deposited on this layer and are thus centered
onan electric field maximum. Third, a 235 nm thick layer of PMMA is spin-coated to cover the particles. The
total optical thickness of the two layers of comparable refractive index n,, = {1.46,1.49} is (3/4)\/n,, for the
transition wavelength A = 580 nm. For this thickness, a simulation of the electric field inside the layer [33]
shows that it is as large as in the vacuum part of the cavity, thereby maximizing light—matter coupling (see
figure 2(d)).

In the experiment, we observe the expected correlation between lifetime and count rate for both samples,
when again assuming the relation between count rate and crystal size as discussed above. The solid line shown in
figure 1(e) agrees with the measurement and is a fit to a prediction of the size-dependent lifetime of a dipole in
the center of a dielectric sphere [30],

7(r, x) = on.(x) U (1), (€)

with U(r) as given in equation (28) in [30]. Assuming a single central dipole reasonably approximates the
continuous ion distribution in the nanocrystals aslongas r < A\/(2mn) ~ 50 nm. We use the filling factor xas a

4



10P Publishing

New J. Phys. 20 (2018) 095006 B Casabone et al

fit parameter and obtain best agreement for x = 0.30. This value is smaller than expected, such that other factors
that reduce the lifetime in addition to the presence of the substrate cannot be excluded.

We can also observe the effect of embedding the crystals in a thin film, which leads to a marked reduction of
the lifetime in the measurement [34]. The right panel of figure 1(e) shows the lifetime for the two cases averaged
over all crystals, and we observe an averaged lifetime reduction by a factor of 1.5 for the embedded sample, which
features a lifetime of 7., = (1.26 + 0.03 ) msas compared to 7y, = (1.91 £ 0.06) ms for the sample on silica.
The observed average lifetime reduction is in agreement with the FDTD simulation when considering that the
simulation compares a crystal in free space with an embedded one, while the measurement compares crystals on
asubstrate with embedded ones. If we rely on the model used for the fit of the lifetime data, we can use the ratio
Tair/ T(0) = 2.5 to calculate the expected lifetime in air for the measured data. With this, we obtain an overall
lifetime reduction compared to a crystal in air of (7,;,/7(0. 3)) X (Tsub/Temp) = 3.75, close to the FDTD
prediction.

3. Cavity properties

The main goal of our work is to achieve cavity enhancement of the fluorescence to obtain efficient access to small
ensembles and finally individual ions. To realize such a setting, we have developed a fully tunable, cryogenic-
compatible Fabry—Perot microcavity as schematically shown in figure 2(a). The setup allows us to locate suitable
nanocrystals inside the cavity, and to set the mirror separation to a particular longitudinal mode order to achieve
resonance conditions with the ions. The microcavity consists of a macroscopic planar mirror and a concave
micro mirror at the end facet of a single-mode optical fiber. The micro mirror is fabricated by CO,-laser
machining [35], where we produce a concave profile with a radius of curvature of 20 ym and depth of 1.5 pm.
The fiber tip is furthermore shaped into a conical tip to reduce the tip diameter to ~35 psm, which enables a
smallest mirror separation of d = 2 um, see figures 2(b), (c). The fiber and the planar mirror are then coated to
have a transmission T of 100 ppm at 580 nm as specified and measured by the coating manufacturer. The fiber is
mounted on a shear piezoelectric actuator for cavity length stabilization, while the large mirror is mounted on a
commercial closed-loop three-axis attocube nanopositioning stage.

The finesse of the cavity is measured to be 7 = 17 000 with a variation of 5000 depending on the particular
fundamental longitudinal mode, values which are in agreement with simulation and calculations, see below. The
variation of the finesse originates from mode mixing between the fundamental and higher order modes due to
the non-spherical shape of the concave structure [36]. From the finesse measurement and the known mirror
transmission, we can deduce the residual scattering and absorption losses L of the mirrors and obtain a value
L = 30 ppm.

When the cavity is tuned on resonance, a Purcell factor of C = 1000(is expected for a cavity with a length of
2 pm, which for ¢ = 1 quantifies the enhancement of fluorescence of a particular transition. The coherent
°Dy—"F, can thus be significantly enhanced, however due to its small branching ratio (, ~ 1/60, the lifetime
change is correspondingly smaller, and a Purcell factor C = 17 is expected. In the experiments described here,
we were not yet able to stabilize the cavity on resonance in the cryostat, and we investigate an alternative
approach, which is less sensitive to the cavity resonance condition. We use the >Dy—’F, transition for excitation
and the >Dy~’F, transition for emission, both being simultaneously resonant with the cavity. More detail is
given below. This scheme provides high scattering rates also without optimal Purcell enhancement, and reduced
background due to the wavelength separation of excitation and detection.

4. Cavity-enhanced spectroscopy

To perform low-temperature spectroscopy, we introduce a mirror carrying nanocrystals in the cavity and cool it
down to 8 K. Since the experiments were performed in parallel with the nanocrystal studies described above, an
earlier version of sample preparation was used. Here, the particles are not embedded within PMMA but reside
on top of a PMMA spacer layer, whose thickness is chosen to locate the nanocrystals in an electric field
maximum of the cavity modes, see figure 2(e). To spatially locate a well-isolated crystal of suitable size within the
cavity mode, we measure the scattering loss signal of nanocrystals by scanning cavity microscopy [37]. We
evaluate the cavity transmission T, at 580 nm, which is given by

_ 4T T,
(L + T + 2L + 2B)*’

(6)

I

where Baccounts for the additional scattering loss introduced by the crystal, T, = 100 ppm is the fiber mirror
transmission, T, = 190 ppm the planar mirror transmission, which is increased due to the spacer layer, and
L = 30 ppm the average mirror loss. We calculate T, from a transfer matrix model [33] that also reproduces T},
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Figure 3. (a) Map of scattering loss introduced by a single crystal when scanning the cavity mode across it. (b) Eu*" spectrum (black)
overlapped with the cavity spectrum (red) with resonances at 580 nm and around 611 nm for longitudinal cavity mode orders

q = 17, ..., 21 (resonance linewidth not to scale). (c) Calculation (red line) and measurement (black) of the count rate as a function of
mode order gq. (d) Measurement of the inhomogeneous line of the *Dy—F, transition. The solid line is a Gaussian fit, yielding a full-
width-half-maximum linewidth of 22 GHz. (e) Calibration of the power broadening by laser frequency modulation. The count rate as
a function of modulation amplitude (black datapoints) shows a linear dependence (red line: fit). From the extrapolation to zero count
rate, we can estimate the power broadening, yielding 140 MHz in this case. (¢) Count rate as a function of the intracavity power. The
solid line is a fit to the data for low power.

and find L from the empty cavity finesse measurement. From the uncertainty of the finesse measurement we find
an uncertainty for T}, L of < 10%, and a similar value for B. From the scattering loss B (equation (1)) and the
mode waist w, we calculate the scattering cross section o and the volume of the crystal V = 4,377 with radius .

We select crystals that are large enough to provide a suitable ion ensemble for fluorescence measurements,
but small enough to maintain the outcoupling efficiency of the fluorescence light from the cavity

_ L
T+ T+ 2L + 2B

n @)
atahigh level. Figure 3(a) shows the scattering loss of a single crystal when scanning the cavity mode acrossitata
cavitylength d = 5.5 ym. The shape represents the cavity mode, while the asymmetry is due to a miscalibration
of the nanopositioning stage at short length scales. From the peak loss B = 203 £ 20 ppm observed for perfect
spatial alignment, for which = 0.26, we can calculate the crystal size and obtain a value of 2r=91 + 3 nm.
Together with the doping concentration of 0.5%, this allows us to estimate the number of ions contained in the
crystal, yielding N = 3 x 10*ions in this case.

To obtain a fluorescence signal from the cavity, we take advantage of the dominant emission of the
>Dy—"F, transition at 611 nm, which provides larger signals also for an unstabilized cavity. We excite the
>Do~"F, transition at 580 nm and couple the emission of the >Dy—’F, transition to the cavity. This detection
scheme requires having the cavity resonant with both the excitation light at 580 nm and the emission light at
611 nm. Figure 3(b) shows the principle of the scheme, where the Eu’ *spectrum is overlapped with the cavity
resonances at 580 and 611 nm, where at the former wavelength, the longitudinal cavity mode order is varied
fromq = 17, ...,21. Forg = 19,both 580 and 611 nm light are resonant. Figure 3(c) shows a calculation and a
measurement of the count rate as a function of mode order g for 580 nm cavity excitation. To perform the
measurement, the cavity length was tuned to a particular mode order g, and modulated around the set value with
an amplitude close to 4 nm, which is more than 250 cavity linewidths x = ™ /\E 7 2)% ~ 1.3 GHz at 580 nm, with
arate of 10 Hz. We use a single photon counter to collect the fluorescence light from the cavity, and we perform
time resolved counting synchronized with the modulation. We make a histogram of the detected counts with a
bin size corresponding to about 2, and evaluate the averaged peak count rate per bin after several seconds of
data acquisition.

Next, we perform spectroscopy of the *Dy—’F, transition. We set the cavity length to g = 19 and measure
the count rate as describe above as a function of the laser wavelength across the range of the inhomogeneous line
of the °Dy—’F, transition. Figure 3(d) shows the obtained spectrum. We fit it with a Gaussian profile and find a
FWHM linewidth of 22 GHz, which agrees very well with the linewidth in bulk samples at this doping
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concentration, and thereby confirms the high crystal quality [38]. We note that this represents the first low-
temperature spectroscopy of a single Eu”":Y,05 nanocrystal of such a small size.

To understand the origin of the observed spectrum, we estimate the number of ions in the crystal within the
frequency interval of the homogeneous linewidth of a single ion. We assume a Gaussian spectral ion density and
neglect the hyperfine structure. With N ~ 3 x 10*ions in the crystal with an expected homogeneous linewidth
ofabouty, = 200 kHzat 10 K[24] spread over an inhomogeneous linewidth of y;,,, = 22 GHz. This estimate
leads to a peak density n = 2/In(2) /7 N, / Yiun = 0.27,1.e. the ion transitions are spaced by about four
linewidths, and low power spectroscopy would in most cases address no or at most a single ion.

To obtain the observed signal, we use a very high excitation intensity (several GW cm ™), which leads to
strong power broadening, and thus off-resonant excitation of small ion ensembles. To calibrate the amount of
power broadening, we modulate the frequency of the excitation laser and measure the count rate as a function of
the modulation amplitude (figure 3(e)). We observe a linear signal increase up to an amplitude that
approximately corresponds to the cavity linewidth. From an extrapolation of the linear dependence to zero
count rate, we can estimate the power broadening. For the measurement shown, this amounts to 140 MHz,
taken at an intracavity power of ~53 mW and an intensity of ~3.5 GW cm ™.

We furthermore measure the count rate on resonance (without frequency modulation) as a function of the
ket So
2148+ QA /)’

broadened linewidth scales with \/570 =OJ2/ ~, where S is the saturation parameter, {2 the Rabi frequency,
and -y the excited state decay rate. Figure 3(f) shows a measurement of the count rate as function of the excitation
power. The observed power dependence follows the expected /S, relation over a large range (red solid line). For
the weakest accessible excitation power of 0.15 mW, where we still have a significant signal to background ratio
of 2, the excitation is a factor 400 weaker than for the value used for the calibration, such that the broadeningisa
factor 20 smaller, i.e. ~7 MHz. With an average spectral ion separation of § = 750 kHz, this corresponds to
probing ~10 ions. At this power level, we measure R4e; = 300 counts s~ on resonance, such that the single ion
count rate is approximately 30 counts s~ '. This value is already larger than the estimated single ion count rate
for confocal detection, despite the fact that we collect only a single transition.

We can obtain an order of magnitude estimate of the achieved effective Purcell factor Cby comparing the
total measured count rate with the expected free space scattering rate after estimating the collection and
detection efficiencies and integrating over the power-broadened distribution. The emission rate in the cavity R,
can be calculated from the inferred total count rate Rge by Re = Raer/ (1aed) = 110005~ ', where 14e = 0.1
includes the detector quantum efficiency, the loss on the optical path, and the cavity outcoupling efficiency
1 = 0.25. Compared to the integrated free space scattering rate for the ensemble under the inferred power
broadening, R, = f'y/Z(SO/(S) 1/(1 4+ So + QA/YHAA = 5200 s~ withy = 770 Hz the measured decay
rateand Sy = 93 MHz, we obtain C = R./R,. ~ 2. This shows a net improvement of the signal due to the cavity.

We can compare the observed value with an estimate of the theoretically achievable Purcell factor for this
configuration. At the transition wavelength of 611 nm, the cavity finesse amounts to F = 5000, and for the
double resonance condition atg = 19, the mode volume amounts to 35\°, such that Cr, = 210¢ r, ~ 80fora
branching ratio into the particular crystal field level (, ~ 0.4 as inferred from the spectrum. The linewidth of

excitation power. The scattering rate of a two-level system is given by Ry = and the power-

the °Dy—"F, transition is inferred from spectroscopy on a powder and estimated to be F, > 200 GHz. Thisis
larger than the cavity linewidth x = 1.3 GHz and reduces the achievable Purcell factor to
Cefr.r, = Cr, K/, p, = 2.5, inagreement with the measured value.

5. Conclusion

We have performed cavity-enhanced spectroscopy measurements of ensembles of a few Eu”" ions in an isolated
nanocrystal. We characterized the crystal size, such that an estimation of important parameters such as the
number of ions probed and the single ion count rate was possible. From an order of magnitude estimate, we infer
an effective Purcell factor C ~ 2, evidencing the benefit of cavity enhancement. We have also shown that
embedding the crystals in a thin film leads to an additional reduction of the lifetime, and calculations show a
significant reduction of scattering loss.

A much larger enhancement is expected for an actively stabilized cavity which is continuously coupled to the
>Dy~"F, transition for both excitation and detection. We are currently developing a custom-built
nanopositioning stage with significantly improved passive stability, which has recently enabled us to stabilize the
cavity on resonance during the entire cooling cycle of the cryostat, giving good prospects for future experiments.
For arealistic cavity with F = 10°and d = 2 um, Cy, = 100 is expected, such that up to 10° photons s ' can be
scattered into the cavity, enabling efficient single ion readout. This can open the way to address several individual
Euions as a multi-qubit register with promising coherence properties. We are also exploring different materials
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including Er’*:Y,05, which has a narrow optical transition in the telecom band, ideal for long distance quantum
communication applications.
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