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Many quantum information protocols require the storage and manipulation of information over long times, and 
its exchange between nodes of a quantum network across long distances. Implementing these protocols requires an 
advanced quantum hardware, featuring, for example, a register of long-lived and interacting qubits with an efficient 
optical interface in the telecommunication band. Here we present the Purcell-enhanced detection of single solid-state 
ions in erbium-doped nanoparticles placed in a fiber cavity, emitting photons at 1536 nm. The open-access design 
of the cavity allows for complete tunability in both space and frequency, selecting individual particles and ions. The 
ions are confined in a volume two orders of magnitude smaller than in previous realizations, increasing the probability 
of finding ions separated by only a few nanometers, which could then interact. We report the detection of individual 
spectral features presenting saturation of the emission count rate and linewidth, as expected for two-level systems. 
We also report an uncorrected g (2)(0) of 0.24(5) for the emitted field, confirming the presence of a single emitter. 
Our fully fiber-integrated system is an important step towards the realization of the initially envisioned quantum 
hardware. 

of a high-finesse cavity often heavily burden other aspects, for
example, limiting the maximum number of interconnected
qubits or introducing additional decoherence channels due to the
nanostructuring of the environment close to the emitters.

Rare-earth-ion-doped solids (REIDSs) in nanostructures pro-
vide a system that could benefit from high Purcell enhancement
without critical reduction in coherence. REIDSs have been exten-
sively used as a platform for light–matter interaction, providing an
ensemble of atoms with long coherence times naturally trapped in
a solid-state matrix [12], and they are a leading system for optical
quantum memories [13–16] and quantum repeater applications
[17–19]. Among the rare-earth ions, erbium offers direct oper-
ation at telecommunication wavelengths, as well as long optical
[20] and spin coherence times [21] at low temperature and with
suitable magnetic fields. Recently, efforts have been made to detect
single ions, to facilitate the manipulation of individual spins. This
approach enables long-lived and efficient spin–photon interfaces
and quantum gates between single ion qubits by harnessing dipo-
lar interactions, which opens the door to quantum processing
nodes [22–24] with a high degree of connectivity both within each

1. INTRODUCTION

The basic constituent element of a distributed quantum comput-
ing system has to be able to address and manipulate qubits with 
long lifetimes and interface them with other computing centers 
over a quantum network. Such a critical enabling system would 
likely entail the use of spin–photon interfaces [1], which allow for 
the manipulation of long-lived matter qubits and their mapping 
to photons for long-distance information transfer with low loss. 
This route has been extensively researched, with systems ranging 
from the laser trapping of single atoms and ions [2–4] to solid-state 
systems such as quantum dots [5] or color centers in solids [6,7].

To enhance the light–matter interaction and ensure an effi-
cient collection of photons, a common approach is to change the 
local density of states around the emitter, e.g., by engineering 
photonic nanostructures [8,9] or by placing the matter qubit in a 
low-volume and high-finesse optical cavity [10]. The natural life-
time of the optical transition is reduced through the Purcell effect 
[11], and this reduction could eventually lead to lifetime-limited 
operation, despite the excess dephasing typical of solid-state 
systems. However, the modifications required for the inclusion



node and between network nodes. For that application, the ions
present in each node need to be spectrally distinguishable to allow
individual addressing of all the ions. Quantum repeaters using
single rare-earth-ion qubits have also been proposed, combining a
processing ion with a long coherence time (e.g., europium [25,26]
or praseodymium [27]) and a communication erbium ion at tele-
communication wavelength [28]. Following early experiments in
free space [29,30], single rare-earth ions coupled to cavities have
emerged as a powerful platform enabling single ion detection and
manipulation [31,32], single shot readout [33,34], addressing of
several qubits in the spectral domain [35,36], fast modulation of
cavity coupling [37], coupling to long-lived nuclear spins [38,39],
and generation of indistinguishable telecom photons [40].

Most of these experiments have been done with nanophotonic
cavities where the interaction volume was comparable to the cavity
mode volume and reached a minimum of order of 0.5λ3. In these
conditions, the doping concentration has to remain small to limit
the total number of ions such that most individual ones can be
addressed. This makes it challenging to find several ions within
a few nm distance, as required for performing dipolar gates [24].
Open-access microcavities have recently shown great promise,
providing fast tuning and 3D positioning. They have been coupled
to several solid-state emitters [36,41–44], improving light–matter
interaction and photon collection efficiency.

Here we use a similar approach exploiting an open-access fiber
microcavity and erbium-doped nanoparticles [45]. It combines the
advantages of an open-access design with the high concentration of
dopants and small volume available in nanoparticles, all in a fiber-
integrated device able to select separate particles and spectrally
tune to single solid-state emitters. All the ions are concentrated
in a volume more than two orders of magnitude smaller than in
previous realizations, due to the low volume of the nanoparticle
that is much smaller than the mode of the cavity. We show that
Purcell enhancement of up to 120 can be achieved in this setup,
and we show clear signatures of single ion detection. Single spectral
features are identified and investigated, and we report Zeeman
splitting of an emission line in the presence of a magnetic field and
saturation of the emitted fluorescence for increasing excitation
power. Finally, for one of these features, we report a measurement

of the second-order auto-correlation function g (2)(τ ) of the col-
lected fluorescence, with an uncorrected zero-delay value well
below the limit of 0.5 for single emitters, and compatible with
the one expected given the dark count rate of the detectors. The
full experiment is run in a fiber-integrated fashion, with both
excitation and detection performed through a telecom fiber, and
is therefore suitable for long-distance quantum communication.
Our system provides a fully fiber-coupled interface that could
be adapted to other types of nanoparticles, from other rare-earth
ions [46] to color centers [47] or dye molecules [48], or even to
crystalline membranes, addressing a register of optically active
solid-state spins.

2. DESCRIPTION OF THE SETUP

An outline of the setup is presented in Fig. 1. Our cavity is com-
posed of a planar dielectric mirror, on which the nanoparticles are
deposited, and a concave mirror on the tip of a single mode fiber.
The latter is realized by first evaporating a spherical indentation
on an optical fiber using a CO2 laser, and then depositing a highly
reflective dielectric coating over it [49]. The obtained mirror has
a radius of curvature of 60 µm, which, considering a targeted
cavity length of 6 µm, results in a cavity mode waist of 3 µm and
a mode volume V ≈ 40 µm3, or about 10λ3. The cavity was
designed to maximize the escape of photons towards the optical
fiber through the curved fiber mirror, which has a transmittivity
of 100 ppm versus the 30 ppm introduced by the planar mirror.
The latter coating was additionally engineered to place an antinode
of the electric field 50 nm above the surface of the planar mirror,
therefore ensuring a maximum field enhancement at the position
where nanoparticles are placed. Given these parameters, the empty
cavity has an expected finesse of 44,000 at 1535 nm, a quality
factor Q ≈ 105, and a full-width at half-maximum (FWHM) of
600 MHz.

The cavity was assembled on a homemade nano-positioner
placed inside a closed-cycle cryostat, with a design improved from
our previous experiment [45]. It aims to reduce the mechanical
noise of the closed-loop cryostat while at the same time cooling the
nanoparticles on the planar mirror. The assembly allows for full 3D
positioning of the fiber through the use of piezo-positioners that
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Fig. 1. Description of the setup. A laser at 1535 nm provides the excitation light for the erbium ions. The light is shaped into pulses by an acusto-optic
modulator (AOM), and its frequency is further controlled using a modulator. The cavity is stabilized using a laser at 790 nm, which is combined with the
excitation light through a wavelength-division multiplexer (WDM). The optical fiber is fed into the cryostat where the fiber cavity is placed. The trans-
mission of the 790 nm laser through the cavity is monitored to stabilize the cavity length to 20 pm RMS. The fluorescence from the ions is collected back
through the optical fiber and directed to superconducting detectors (SSPD) using a router AOM. Right: schematic of the fiber cavity setup. DM, dichroic
mirror.
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bend the arm that the fiber is attached to, and for coarse 3D scan-
ning of the position of the planar mirror with three DC motors.
This grants total freedom in the selection of the length of the cavity
and of the region of the mirror that is analyzed, enabling the free
selection of different nanoparticles and optical modes.

The nanoparticles are of Y2O3 and doped with a concentration
of 20 ppm of erbium ions. They are single nanocrystals with a
Gaussian size distribution centered at 110 nm with a sigma of
30 nm, corresponding to an average volume of 7 · 10−4 µm3 [26].
After synthesis, the nanoparticles are dispersed in ethanol, passed
in a sonic bath to help separate aggregates of nanocrystals, and
then deposited on the flat mirror through spin coating [50]. The
mirror is then integrated with the fiber-cavity mount, where it is
cooled to about 6.5 K. Figure 1 shows a schematic of the setup. The
coating of the mirrors was further designed to provide a double
resonance: at 1535 nm, corresponding to the erbium transition,
and at 790 nm, which is used to lock the cavity using an additional
laser. The cavity length is then stabilized to within 20 pm RMS
when the cryostat is turned on, mostly limited by the additional
mechanical vibrations introduced. This introduced a duty-cycle
for our experiment of about 70%.

The ions are investigated by addressing the 4I15/2↔
4I13/2

transition at 1535 nm of the erbium ions in the C2-symmetry site
and detecting the fluorescence emitted in the cavity. The exci-
tation light is provided by an external-cavity diode laser that is
frequency-stabilized to a high-finesse ultra-stable reference cavity.
The amplitude of the light is controlled through three double-pass
acousto-optic modulators (AOMs). To scan the frequency over a
large range with high frequency resolution and while maintain-
ing the laser locked, we use a frequency modulator developed by
Thales Research & Technology and based on an IQ modulator
[51], which allows us to tune the frequency over a range of 3 GHz.
With this system, we can then control the population of the ions
on a time scale much smaller than their lifetime, which allows us to
perform a pulsed excitation scheme with excitation and detection
of the ions separated in time, removing unwanted fluorescence.
Moreover, the signal-to-noise ratio can be increased by reducing
the collection window to include only the first portion of the fluo-
rescence exponential decay, at the cost of a reduced total count rate.
During the course of the experiment, we used an excitation pulse
of 200µs and a detection window of 500µs, for a repetition rate of
1.4 kHz. The fluorescence emitted by the ions is then collected in
the fiber and directed to a superconducting single photon detector,
with efficiency∼80% and dark count rate 8 Hz, via a router AOM
switch and a narrowband spectral filter. The efficiency of the super-
conducting detectors can be reduced to achieve a lower dark count
rate, resulting in a higher signal-to-noise ratio.

3. SINGLE ION DETECTION

Individual nanoparticles are located through scattering-loss
microscopy using the fiber cavity, detecting the reduction in trans-
mission that is introduced by the particle. A typical scan is shown in
Fig. 2(a), showing dark spots where the nanoparticles are located.
Suitable particles are chosen based on the loss that they introduce
in the cavity, aiming for a minimum reduction in finesse to main-
tain a high Purcell factor. Fluorescence from the ions is detected
through the cavity by first exciting the ions and then opening a
detection path to single photon detectors using a router AOM
[45]. Through fluorescence decay measurements, we verified the
presence of erbium ions and measured decay constants ranging
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Fig. 2. (a) Transmission microscopy image of several nanoparticles,
identified by the reduction in cavity transmission. (b) Fluorescence decay
measurement of an ensemble of erbium ions in a nanoparticle, showing
Purcell enhancement of the lifetime. (c) Fluorescence scan of the inhomo-
geneous broadening of a nanoparticle, reporting the fluorescence photons
collected as the excitation wavelength is changed. (d) Narrow fluorescence
scan of the excitation frequency through the laser modulator, where an
individual feature can be identified.

from one hundred to a few hundred microseconds. Individual
values are affected by the orientation of the dipoles in the particle
and by the stability of the cavity. Nevertheless, considering the
natural lifetime of∼11 ms [45] and a minimum measured lifetime
of 88(10) µs, reported in Fig. 2(b) for a small ensemble of ions, we
were able to demonstrate a Purcell factor C = 123(14). We can
then give the ion–cavity coupling values of κ = 2π · 1.25 GHz
and g = 2π · 0.74 MHz. The calculation of the expected Purcell
factor requires a value of the branching ratio ζ of the investigated
transition, for which only a lower bound of 0.13 has been measured
so far [46]. Considering that the finesse of the cavity was reduced to
about 20,000 while coupled to the particle, this would correspond
to an expected Purcell factor

Cexp = ζ
3λ3

4π2

Q
V
> 170,

which is close to our experimental results. Sub-optimal dipole ori-
entation and cavity instability are among the parameters that could
contribute to a reduction of the measured value.

The center and width of the inhomogeneous broadening of
the 4I15/2↔

4I13/2 transition varies among the nanoparticles,
and are determined by collecting the erbium fluorescence while
performing a wide scan of the excitation light wavelength across
several hundreds of pm. One such scan is shown in Fig. 2(c). For
this nanoparticle, the width of the inhomogeneous broadening is
6 GHz, and from the reduction in transmission, we can estimate
its diameter to be about∼170 nm [45,50], suggesting it is either a
large nanocrystal or an aggregate of about two smaller ones. Given
its size, an average of 1000 ions in the C2 site (75% of the total,
based on the crystallographic structure of Y2O3 and on the similar



ionic radii of Er and Y [52]) can be investigated in this nanoparticle
in the optical mode of the cavity. We can then deduce a spectral
density of∼150 ions/GHz in the nanoparticle, in the center of the
inhomogeneous line [27]. The ion density is 400× 103 ions/µm3.
This value is several orders of magnitude higher than in similar
systems [31,36], and of particular importance for the realization of
two-qubit gates, for example, through ion–ion interaction [22,24].

Several individual spectral features can already be recognized in
Fig. 2(c). Probing their single emitter nature further, we focused
on their spectral linewidth. We observed features with widths
ranging from 10 to 400 MHz. Considering the values of homo-
geneous linewidths in ensembles of nanoparticles measured at the
current temperature [46], we would expect widths in the range of
4–10 MHz. However, we also expect that ions closer to the surface
of the nanoparticles or close to lattice defects such as crystal bound-
aries would experience additional dephasing and therefore show
wider lines. Some ions showed clear signs of spectral diffusion,
ranging from a few seconds to a few minutes (see Supplement 1),
which could also be compatible with an unfavorable positioning
inside the nanoparticle.

We then turned to the full characterization of a narrow single
spectral feature to confirm its single ion nature. We focused on the
emitter indicated in Fig. 2(d), for which we measured lifetimes of
350–470 µs, depending on the specific cavity stability conditions
(see Supplement 1), and corresponding to g = 2π · 0.35 MHz
and a Purcell factor of≈ 30. The emitter showed stable emission,
with a variable drift in the central excitation frequency at most
comparable to its linewidth (see Supplement 1), and no signifi-
cant long-term drift over more than two months. We investigated
further, and by adding a small magnetic field with a permanent
magnet (≈ 102 G), we were able to fully split the line, as visible in
Fig. 3(a), consistent with the Zeeman splitting of a single erbium
ion. The spectral linewidth measured for an excitation power of
220 pW decreases from ∼30 to ∼12 MHz when applying the
magnetic field, which may be due to the presence of a spurious field
weakly splitting the levels even when no external field is applied.
We then selected one of these lines and performed fluorescence
excitation measurements for increasing P , recording the proba-
bility of detection pdet of a photon at the center of the excitation
line and its linewidth. One such scan is shown in Fig. 3(b), with
a linewidth of 3.8 MHz obtained at P = 22 pW. We observed
saturation of the fluorescence counts compatible with a single ion,
as shown in Fig. 3(c). The first set of data is well fitted by the expres-
sion S

S+1 pmax, where S = P/Psat is the saturation parameter, Psat

is the saturation power, and pmax is the maximum detection prob-
ability. The second set is modeled by the expression 1ν0

√
1+ S,

where1ν0 is the linewidth at zero power. The data are reported in
the bottom panel of Fig. 3(c), and from a fit to these equations, we
were able to extract Psat = 10.7(1) pW in the telecom fiber, which
corresponds to∼1.6 · 10−3 intra-cavity photons per cavity lifetime
[31], and1ν0 = 2.20(7)MHz. The probability to detect a photon
per trial at saturation approaches pmax = 1%, corresponding to
a probability that an emitted photon is coupled into the fiber of
pf ≈ 4.3% (see Supplement 1).

The non-linear behavior of the detection probability and
linewidth for increasing excitation power is a signature of a single
emitter, whereby only one excitation is possible at any given time.
Another consequence is the emission of single photons, which
can be confirmed by the detection of sub-poissonian statistics
in the emitted field. This can be gauged by reconstructing the
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Fig. 3. Single ion analysis. (a) Splitting of the fluorescence excitation
spectrum after a magnetic field (≈ 102 G) is turned on. A limited drift
<10 MHz is visible over the course of the measurement. (b) Resonant
scan of one of the split lines, obtained for an excitation power of 22 pW
in the telecom fiber, showing a FWHM of 3.8 MHz. (c) Saturation scans
for linewidth and maximum count rate of a single spectral feature. Both
feature a non-linear behavior, typical of two-level systems. The solid
lines are fits to the expected function, which give a saturation power of
10.7(1) pW.

second-order correlation function g (2)(τ ) of the emitted field, also
called auto-correlation. The g (2)(τ ) of the field emitted by a single
ion should feature a dip to zero at τ = 0, presenting at the same
time sub-poissonian features and antibunching, both signatures of
non-classical light. Any variation from this ideal value comes from
the detection of spurious photons, due, for example, to the exci-
tation of neighboring ions, or from the detector dark counts. We
measured the g (2)(τ ) by using only one detector and measuring the
number of photons detected per excitation trial. This was possible
due to the low dead-time of our superconducting detectors (50 ns)
compared with the temporal length of the photons (350 µs). By
correlating these detection events, we were able to reconstruct a
g (2)(τ ) shown in Fig. 4. The data are not background subtracted.
The value of g (2)(0)= 0.24(5) is well below the 0.5 threshold for
single photon emitters and is compatible with the expected value

Fig. 4. Autocorrelation function of the light collected from the cavity,
showing a clear antibunching dip at zero delay, with a value of 0.24(5).
The data are not corrected, and the value at zero delay is compatible with
the observed signal-to-noise ratio arising from the dark counts of the
detectors. These were set to a detection efficiency of 50%, to reach a dark
count rate of 1.4 Hz.



of a perfect single emitter given the noise counts of our detectors,
providing conclusive proof of the detection of a single erbium ion
in a nanoparticle.

4. DISCUSSION

Our results represent the first demonstration that a single rare-
earth ion can be addressed and detected within a nanoparticle
coupled to a fiber-microcavity. In our experiments, hundreds of
ions were confined to a volume two orders of magnitude smaller
than previous realizations, which, due to the careful adjustment of
the dielectric mirror coating, were all placed at an anti-node of the
cavity electric field. This strongly increases the probability to find
ions within a distance that allows strong dipolar interaction. Our
platform therefore may open prospects for the realization of quan-
tum processors with hundreds of qubits in a nanoscale volume,
which can be efficiently coupled to single photons for quantum
networking. Moreover, the erbium ions detected in this work emit
single photons at telecommunication wavelength in a fiber-optic
setup and could therefore serve as communication qubits. Our
approach also enables the coupling of many spectrally separated
ions to the cavity, opening the door to frequency multiplexed
quantum nodes [35,36].

There are still several challenges ahead towards these goals.
The first enabling step will be the realization and full characteri-
zation of single qubit gates. Building upon this, the realization of
dipolar ion–ion gates requires long spin coherence times as well
as a limited and controllable interaction between neighboring
ion spins. While narrow optical linewidths have been achieved
for Er [20,40], spin–spin interactions at high densities would still
limit the spin coherence and the fidelity of the quantum gates.
Moreover, the anisotropic g-factor of erbium ions prevents the
use of dynamical decoupling techniques [53] to limit the effect
of Er–Er interactions. However, this interaction could be heavily
reduced by employing the nuclear spins of 167Er combined with
strong magnetic fields to freeze out electronic spins, as evidenced
by the spin coherence times of 1.3 s that have been measured using
these techniques [21], at the cost of a more complicated energy
level scheme. Another possibility would be to use non-Kramers
ions with long spin coherence times such as europium [25,26] or
praseodymium [27], where the spin–spin interaction is strongly
reduced and temperature requirements are less strict. For the latter
approach, erbium ions could serve as communication qubits to
connect quantum processors, taking advantage of the possibility to
co-dope the nanoparticles with several ion species [22].

A second challenge is to reach the emission of coherent
transform-limited photons from erbium ions to enable the con-
nection of distant nodes via photonic interference. This requires
improvements in both the Purcell enhancement and optical
coherence time. The former could be significantly increased by
improving the finesse and stability of the cavity. The latter is likely
limited by the temperature (>6 K) of the sample, which the mea-
sured linewidth is consistent with [46], so this could be increased
by lowering the operating temperature using a more sophisticated
cryostat. Optical homogeneous linewidths of 580 Hz have been
achieved recently in Er : Y2O3 ceramics at millikelvin temperature
[20], and while coherence times in nanoparticles are shorter than
in ceramics, significant improvement can be expected [9]. An
additional benefit of longer coherence times would be the ability
to perform coherent excitation and spin initialization, which will

readily increase by a factor of four the probability to generate a
photon per trial.

Another parameter that can be improved is the generation and
detection efficiency. The probability to couple an emitted photon
in the fiber is currently limited by the mode matching between the
cavity mode and the fiber, and by intracavity losses due to scattering
from the nanoparticles. The former could be improved using fiber
cavities with integrated mode matching optics [54], while the lat-
ter could be reduced by embedding the nanoparticles, e.g., in a thin
layer of Y2O3.
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