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The spectral addressing of many individual rare-earth dopants in optical resonators offers great
potential for realizing distributed quantum information processors. To this end, it is required to
understand and control the spectral properties of the emitters in micron-scale devices. Here, erbium
emitters are investigated in a Fabry-Perot resonator which contains a ten-micrometer-thin membrane
of crystalline yttrium orthosilicate that is co-doped with europium. The co-doping allows for tailor-
ing the inhomogeneous distribution of the emitter frequency. With this approach, we observe more
than 360 spectrally resolved emitters with Purcell factors exceeding 35, each of which constitutes
an individually addressable qubit within the micron-scale resonator. In addition to this spectral
multiplexing, the optical coherence is preserved up to (0.62 £ 0.03) ms under dynamical decoupling.
Without decoupling, the coherence still reaches the lifetime limit for the emitters with the strongest
Purcell enhancement that leads up to a 110-fold lifetime reduction, down to (0.104 + 0.009) ms.
Future work may combine this with long-lived nuclear spin memories, which makes the investi-
gated co-doped membranes a promising platform for quantum repeaters and distributed quantum

computers.

I. INTRODUCTION

Rare-earth dopants are an emerging platform for dis-
tributed quantum information processing [1]. Pioneering
experiments have used large ensembles of dopants to re-
alize efficient quantum memories for single photons [2], to
store entanglement in remote crystals [3, 1], and to imple-
ment long-term memories [5] with storage times exceed-
ing six hours [6]. Recently, however, also single dopants
have been explored as emitters that enable efficient spin-
photon interfaces for distributed quantum information
processing systems. To this end, the long lifetimes of the
optically excited states have been substantially reduced
by integrating the emitters into optical resonators with
large quality factor and small mode volume [7]. In this
way, single dopants have been observed and controlled in
several experimental systems [3—16].

In all of these devices, the emitters are close to inter-
faces, with distances ranging between tens of nanometers
and ten micrometers. It is therefore important to gain a
detailed understanding of the spectral properties of rare-
earth emitters in such a setting. In particular, one is
interested in the characteristics of single emitters, such
as their optical coherence and spectral diffusion, and in
the shape of the inhomogeneous broadening. The latter is
of critical relevance for realizing cavity-protected ensem-

ble quantum memories [17, 18], for understanding and
controlling the coherence of spin transitions [19], and for
spectral multiplexing [9, 11], i.e. the frequency-selective

addressing of many emitters in the same resonator.

To achieve a high multiplexing capacity for single
dopants, one needs a tailored spectral distribution: On
the one hand, the spectral density should be large enough

to have many emitters; on the other hand, it should not
be too large - otherwise, the lines of individual emitters
start to overlap such that they cannot be resolved spec-
trally. Implementing such a tailored spectral distribution
is not straightforward: Even in nanoscale resonators, the
frequency-multiplexed control of individual dopants re-
quires precise doping on the sub-ppb level [8-16]. In a
growth from the melt, this is hard to achieve — in par-
ticular for the best-studied rare-earth host crystals, such

as yttrium orthosilicate (YSO) [8, 9, 11, 21] and yttrium
orthovanadate [10]. In these and other crystals contain-
ing rare-earth elements [22, 23], trace impurities of the

dopants typically exceed the desired concentration by
orders of magnitude. Thus, previous experiments have
worked in the far-out tails of the inhomogeneous dis-
tribution, where the spectral density is low. However,
dopants in these sites will often be close to one or several
unknown impurities that not only induce strain (which
shifts the optical lines), but can also lead to uncontrolled
decoherence and increased spectral diffusion. Further-
more, as the spectral density falls off quickly towards the
tail of the distribution, only a limited number of emit-
ters has been controlled with high fidelity [9]. Possible
workarounds are the use of nanocrystals [16] or ultrapure
crystals that can be grown without significant rare-earth
impurities [12-15, 24] and then doped by implantation
to the desired concentration. In both cases, the choice of
host is severely restricted, and the emitters are inevitably
close to interfaces that deteriorate the coherence.

In this work, we therefore investigate co-doping, i.e.
adding another rare-earth species during the growth, as
an alternative technique to achieve a tailored spectral
density. To this end, we first perform a detailed char-



acterization of the optical properties of individual rare-
earth emitters in a ten-micrometer-thin crystalline mem-
brane, bonded to a glass mirror that is part of a Fabry-
Perot resonator with a high quality factor [20]. Combined
with efficient single-photon detection, this facilitates a
high signal-to-background ratio, over four orders of mag-
nitude of the fluorescence signal. This allows for studying
the inhomogeneous broadening of the optical transition
frequency down to the level of single dopants.

We then show that a co-doping concentration on the
level of 100 ppm, a value that can be precisely con-
trolled, allows for tailoring the inhomogeneous distribu-
tion to the desired spectral density by creating ”satellite”
side-peaks. Compared to the main line, the number of
emitters in the satellites is reduced in proportion to the
co-doping concentration. While previous works that in-
vestigated co-doping [25—27] used large dopant ensembles
in macroscopic crystals, we investigate the spectral dis-
tribution on the level of single emitters in micrometer-
sized membranes. Besides characterizing the statistics
of their linewidths, we demonstrate that the adjusted
spectral distribution allows for high-fidelity frequency-
multiplexed control of individual emitters. At the same
time, the optical coherence is preserved up to the life-
time limit in optical resonators at low magnetic field and
a moderate temperature of < 2K. This relaxes the ex-
perimental requirements as compared to previous exper-
iments [10, 11, 14] and makes a larger class of hosts and
emitters available for distributed quantum information
processing.

In addition to tailoring the inhomogeneous distribution
of the optical transition, our approach of co-doping offers
further advantages. First, it is expected that it can ex-
tend the ground-state coherence of the dopants by broad-
ening the inhomogeneous distribution of the spin transi-
tion, which can reduce the flip-flop rate [28] and thus
magnetic noise. Even more important, we find that the
electronic spin transition frequency in the proximity of
co-dopants is shifted relative to that of the isolated emit-
ters by much more than the inhomogeneous linewidth.
This reduces instantaneous spectral diffusion that limits
the electronic spin coherence time even at very low dop-
ing concentration [19]. Finally, co-doping gives access
to advanced quantum information processing capabili-
ties [29]. In particular, conditional phase shifts between
neighboring dopants [30], also of different species, can be
mediated by electrical and magnetic dipole interactions,
or by strain [31]. This can enable quantum information
processing in rare-earth-based devices [29] and may give
access to the storage of quantum states in memories with
hour-long coherence times [6].

II. EXPERIMENTAL SETUP

We investigate erbium dopants, which are of special in-
terest in the context of quantum networking as they are
the only known emitters that combine second-long coher-

ence of a ground state [32] with an optical transition at a
telecommunication wavelength [7]. The latter can be ex-
tremely narrow [33] and can even enable lifetime-limited
coherence in optical resonators [20]. This is required for
quantum interference of light that is a key enabler for
quantum networking [7, 34].

Because of these properties, single erbium dopants
have been studied in a variety of setups: With nanopho-
tonic resonators transferred to the surface of YSO [8, 9]
and other crystals [13, 14], with nanophotonic resonators
made from erbium-doped silicon [15] or lithium niobate
[35], as well as with yttrium oxide nanoparticles [16] and
thin crystalline YSO membranes [11, 20] in high-finesse
Fabry-Perot cavities.

We follow the last approach, as it allows to keep the
emitters further away from interfaces that can otherwise
spoil their optical coherence. We thus investigate 10 pm
thin membranes made from an yttrium-orthosilicate crys-
tal by chemo-mechanical polishing as described previ-
ously [20]. The membrane is integrated in a Fabry-Perot
resonator, as shown in Figure la, to enhance the emis-
sion such that single-dopant detection and control be-
comes feasible [11]. Compared to this prior work, we
improved the mirror parameters to increase the Purcell
enhancement and enhance the outcoupling, as detailed in
the Methods section. In addition, we now use a second
resonator on the same mirror substrate for controlling
the cavity length. This avoids that the stabilization laser
heats the crystal at the location of the studied dopants.

From earlier measurements [3, 11], it is known that
undoped crystals of YSO contain trace impurities of er-
bium on the level of 0.1 to 1 ppm. In our setup, the
resulting spectral density at the center of the inhomo-
geneous line is thus about four orders of magnitude too
large for the control of individual dopants, as this re-
quires that their average separation in frequency is sig-
nificantly larger than their spectral diffusion linewidth
of < 0.2MHz found previously at large magnetic fields
[11]. To adjust the spectral density to the requested
level, we therefore start from crystals in which a frac-
tion of 10~* of the yttrium atoms is replaced by another
species. We choose europium, another rare-earth dopant
that features very long-lived nuclear spin states and no
unpaired electronic spin. Thus, even at comparatively
high doping concentration it is not expected to introduce
excess magnetic noise to the crystal environment. Fur-
thermore, its coherence time can exceed six hours [0],
making it a particular interesting candidate for coherent
dopant-dopant-interactions and the implementation of a
long-lived quantum network memory.

III. INHOMOGENEOUS DISTRIBUTION

To study the effects of the europium co-doping, we
first determine the inhomogeneous linewidth of the er-
bium dopants in site 1 around 1536.48 nm. To this end,
we measure the fluorescence of the dopants after resonant
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Figure 1. a) Experimental setup (not to scale). A 10 pm thin membrane of YSO is integrated into an optical resonator with

a mirror separation of 24pum and a mode waist of < 4pm. A second, close-by resonator allows for the stabilization of the
mirror separation using a strong ”stabilization” laser without significant heating of the ”experiment” resonator that is kept
at a variable temperature down to 1.7K in a closed-cycle He cryostat. b) Fluorescence spectrum at zero magnetic field. The
erbium ensemble exhibits an inhomogeneous broadening in the range of 1 GHz. In the first cooldown after assembly, the line
is broadened (gray), which is attributed to strain that originates from the thermal contraction. After several cooldowns, this
strain relaxes (blue), giving a narrower linewidth that is well-fit by a Voigt profile (black, dashed) up to the regime in which the
strain caused by the co-dopants is no longer continuous because of the discreteness of the crystal lattice [36]. In this regime,
sidepeaks are observed that originate from erbium emitters with a co-dopant in a close-by lattice site. The insets show a zoom
into several of these side-peaks (blue bars) on a linear scale, and with a shifted copy of the central line (red, dashed). The
latter is scaled by the co-dopant concentration, i.e. a factor of 107, before adding the independently measured average dark

counts of the detectors.

excitation as a function of frequency. In this experiment,
the frequency of the laser pulses and that of the resonator
have to be swept synchronously. To implement this, the
length of the cavity is stepwise adjusted by applying a
voltage to a piezo tube that holds the mirrors and con-
trols their distance. For each of the cavity length set-
tings, all dopants whose optical transition frequency falls
within the 656 MHz FWHM linewidth of the resonator are
excited by sweeping the frequency of the excitation laser
pulses over a range of 100 MHz around the cavity reso-
nance. Then, the fluorescence is recorded in a time inter-
val of 0.25 ms after the laser pulse has been switched off.
This is repeated 800 times and averaged before changing
the cavity length and center of the laser sweep to record
the next data point. The resulting spectrum is shown in
Figure 1b. The fluorescence is normalized to display the
number of resonant emitters, i.e. it is divided by the av-
erage number of photons detected from a single emitter
in the experiments described below.

Because of the high signal-to-noise ratio enabled
by superconducting nanowire single photon detectors
(SNSPDs), we can observe the inhomogenous distribu-
tion over four orders of magnitude in fluorescence. In
the first cooldown of the device, the observed distribu-
tion is asymmetric and broadened (gray), which we at-
tribute to strain caused by the different thermal expan-
sion coefficient of the membrane and the fused silica mir-
ror to which it is bonded. However, after thermal cycling
and simultaneously switching to a different resonator on
the same mirror, the obtained distribution is more sym-
metric and does not change significantly in subsequent
cooldowns of the device (blue).

If only strain caused by the size mismatch of the
dopants and the host would cause the inhomogeneous
broadening, one would expect a Lorentzian lineshape
[36]. We find that this only matches the curve at large
detunings. At the center of the distribution, however,
a Lorentzian fit significantly underestimates its width.
This indicates that several effects contribute to the ob-
served broadening, some of which exhibit a steeper, e.g.
Gaussian, decay. We thus find a good agreement when
fitting a Voigt profile to the data - a convolution of a
Lorentzian (with v = (0.14 £ 0.01) GHz FWHM) and
a Gaussian (with ¢ = (0.27 + 0.01) GHz FWHM). The
Lorentzian contribution is in good agreement with the ex-
pectation from earlier measurements of Er:Eu:YSO that
found a Lorentzian broadening with a linear concentra-
tion dependence of 11 GHz per percent of europium [25].
This would correspond to a broadening of 0.11 GHz for
the 100 ppm europium concentration used in this work.

The additional Gaussian contribution is required to
achieve a good fit to the data at small detunings. Its
FWHM is comparable to that obtained in nominally un-
doped membranes [20] and in weakly-doped bulk crys-
tals with dimensions of several millimeters [33, 37-39].
Thus, our measurements further illustrate that the inho-
mogeneous broadening in Czochralski-grown YSO crys-
tals originates from fluctuations on microscopic rather
than macroscopic length scales.

The fast drop of the inhomogeneous distribution in
its tails would limit the number of isolated, single emit-
ters that can be controlled. This is overcome by the
co-doping, as replica of the central line with a reduced
spectral density are obtained on both sides of the distri-



bution. These ”satellite” lines emerge as the co-dopants
can only be integrated at discrete lattice sites. This re-
sults in a discrete nature of the generated strain at sur-
rounding erbium sites. As the strain will fall off with
the distance between the dopant and co-dopant, satellite
peaks are only resolved if the two are in close proximity.

As europium atoms can be integrated in many loca-
tions surrounding a given erbium dopant while creating
different strain fields, there is a large number of satellite
lines. The outermost ones are best-resolved as they are
clearly separated from the main line. A zoom into these is
shown in the insets of Figure 1b (blue data). For compar-
ison, we also show a copy of the main line (red), shifted
in frequency and rescaled by the europium concentra-
tion of 10~ before adding the independently measured
average dark counts of the detector. The width of the
satellite peaks resembles the center line very well. For
two of them, inset A and D, the amplitude fully matches
the expectation, such that they can both be attributed
to europium dopants on one well-defined site neighbor-
ing the erbium emitters. Precisely determining this site
is hindered by the expected anisotropy of the generated
strain field, but could be achieved with additional mea-
surements of e.g. the dipolar interaction strength [22].
The other observed satellite peaks are multiples of the
outermost ones, with approximately two- or three times
the fluorescence, which may indicate that several loca-
tions of the co-dopants lead to a similar shift of the er-
bium emission.

The quantitative agreement of the satellite line am-
plitude with the expectation suggests that erbium and
europium are randomly integrated into the lattice, and
that there is no strong preference for the two to form
clusters in the used Czochralski growth process. Thus,
by adjusting the concentration of Eu we can obtain a
tailored spectral density in the sidepeaks that — in the
current sample — reaches four orders of magnitude lower
than in nominally undoped crystals.

IV. PROPERTIES OF SINGLE EMITTERS

In the following, we study the properties of single er-
bium emitters in the satellite lines. To this end, we per-
form a high-resolution measurement of the fluorescence
as a function of the laser frequency. As individual emit-
ters are expected to be very narrow, both the resonator
and the excitation laser are stabilized in this experiment
using a frequency comb as a reference [11]. To efficiently
excite the emitters we use the Rapid Adiabatic Passage
technique by applying frequency-chirped square pulses of
4 s duration with a chirp of 0.25 MHzps™!. A magnetic
field of 0.35T is applied approximately along the b-axis
of the crystal , where the effective g-factors of ground and
excited states are g, ~ 9 and g. ~ 10, respectively [? ].
The b-axis is chosen as the Zeeman transitions of both
magnetic classes are split by roughly the same amount,
~ 6 GHz. Thus, only one spin level is excited (as dis-
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cussed below). Within a span of 3 GHz, we find about
fifty peaks in the satellite line "D”, as shown in the upper
panel of 2a.

To demonstrate that these peaks correspond to the
emission of individual dopants, we measure the photon
statistics when exciting a randomly-chosen emitter with
chirped pulses in which the laser is swept over 2.5 MHz
with a chirp rate of 0.6 MHzps™!. As the dead time of
the used detector, < 0.1pus, is much shorter than the
Purcell-enhanced lifetime of the emitters, = 0.1ms, a
single detector is sufficient to measure the autocorrela-
tion function g(? (7). We observe almost perfect anti-
bunching, see Figure 2b. The finite value at zero delay,
g (0) = 0.13(2), is consistent with the contribution of
accidental coincidences that originate from detector dark
counts [40] and could be reduced by two orders of magni-
tude with better nanowire devices [41]. The small bunch-
ing shoulders are attributed to spin pumping, as studied
in detail below.

In the lower panel of Figure 2a, we show the result
of the autocorrelation measurements of all emitters in
the satellite peak "D” that exhibit a strong Purcell en-
hancement P > 30 and thus a large number of detected
photons, enabling a measurement of the autocorrelation
function with a standard deviation below a threshold
of 0.3 within 7 minutes. We then subtract the dark
count contribution [10] to investigate how well-isolated
the emitters are. We find that almost all the dopants
exhibit very low values of the corrected ¢(®(0) < 0.15.
This demonstrates that the co-doping introduced in this
work allows for tailoring the spectral density such that
the background of weakly coupled dopants observed in
our earlier measurements [11] is negligible, while still en-
abling spectrally multiplexed addressing of many emit-
ters with strong Purcell enhancement.

This multiplexing requires that the average frequency
separation of the peaks is much larger than their aver-
age width. To determine the latter with high resolution,
we repeatedly sweep the laser over the same range and
investigate the fluorescence signal in the first 0.25 ms af-
ter the excitation laser pulse, averaged over 3000 repe-
titions per data point. We thus obtain a full spectrum
every 20 minutes. As shown in Figure 2c¢, we find that
the erbium emitters are very stable over many hours.
They do not exhibit any blinking or bleaching. However,
the width of the spectral features is much larger than
the lifetime limit that is below < 1kHz. This indicates
that on timescales shorter than that of the measurement,
the dopants exhibit significant spectral diffusion caused
by electric or magnetic field fluctuations. In our ear-
lier work on nominally undoped membranes, we found
that the latter are dominant. They have two contribu-
tions: The nuclear spin bath, predominantly caused by
the yttrium nuclei surrounding each erbium dopant with
100% isotopic abundance, as well as paramagnetic im-
purities. When the latter are frozen in a large magnetic
field, linewidths down to 0.15 MHz have been observed
[11]. Here, we instead investigate the regime of low mag-



a._ _
2 0.03 1 E
g iy el |«M—1 g
 0.02 - m h >
[ (0]
[0] =

O
o 0.01 8
€ 8
G 0.00 e 5
S 1 ' ' 0
= . - 0 200
>0 1e : 1 'I N ‘I - ..“" e "I ik I - : : i Time bin difference [ms]
59.0 59.5 60.0 60.5 61.0 61.5 62.0 62.5 63.0
Optical frequency [+195116.650 GHz] Optical lifetime [ys]
" 300 200 100
0 Counts per repetition 0.008
c 1 1 pl P d 40 e ———
[2] [2]
[ — € B satellite A o 1010 [ 80 £
6 | ( B ? §- satellite B max=110(10) §-
= ! 4 i —
o 41 2 R N ° 20 L 40 ©
j= I o O g O 2 2
=2 2IF o S g
¥ B[ ¢ 2 . 2
04 T T T T T T T 0 - T T -0
-1 0 1- 0 1- 0 1 02 04 06 08 1.0 40 60 80 100 120
Frequency detuning [MHz] SD linewidth [MHz] Purcell enhancement
Figure 2. Spectral addressing of individual emitters in the satellite lines. a) Top panel: High-resolution fluorescence spec-

troscopy of the outermost satellite line ”D”, in which about 50 single dopants exhibit a strong Purcell enhancement. Thus,
their emission is channeled into the resonator, leading to the detection of single photons after the excitation pulse with up
to 3% probability (peaks). Bottom panel: On most of the studied peaks, the light emitted after pulsed excitation exhibits
very low values — close to zero (gray line) — of the dark-count corrected autocorrelation function at zero delay g(2)(()). This
proves that many single emitters, g (0) < 1/2 (gray dashed line), can be spectrally resolved. b) Autocorrelation measurement
on a randomly chosen dopant (red triangle in a). The finite value at zero delay is explained by the independently measured
dark counts of the detector (gray area, black dashed line). Subtracting this contribution (red left axis) leads to almost perfect
antibunching at zero delay. c) Spectral stability of three randomly chosen emitters. The fluorescence after excitation with
narrowband Gaussian pulses exhibits no blinking, bleaching or significant spectral shifts over many hours. d) Distribution of
the spectral diffusion (SD) linewidth at a low magnetic field of approximately 0.2mT. The fitted linewidth of each dopant
depends on the magnetic field fluctuations within the host crystal. These are of similar size, but differ slightly between dopants,
leading to different SD linewidth. As no significant difference is observed between emitters in different satellite peaks, the data
of peak A and B is summed in the same histogram (dark and light blue, respectively). e) The distribution of the lifetime (top
axis) and Purcell enhancement factors (bottom axis) of the dopants with the strongest coupling to the resonator is in good
agreement with the theoretical expectation (red dashed). A total of 360 emitters with an enhancement > 35 can be resolved
spectrally in the satellite peaks B-D.

netic field, such that the effect of paramagnetic impurities
can be studied. By fitting the signal of the dopants, aver-
aged over 10 minutes, to a Gaussian function, we obtain
the spectral diffusion (SD) linewidth. Its FWHM is in
the range of 0.2 to 1 MHz for all investigated dopants. A
histogram of the SD linewidth distribution is shown in
Figure 2d. The observation that the SD differs between
the emitters demonstrates that the noise is local to each
dopant. As the yttrium nuclear spin bath is identical for
each emitter, and was found to give a lower contribu-
tion in our earlier work, we conclude that the SD at low
magnetic field is dominated by paramagnetic impurities.
Still, their effect is quite moderate, such that the mea-
sured SD linewidth is among the lowest reported in the
literature, comparable to that in [11, 14].

Besides the SD linewidth, also the distribution of the

Purcell enhancement factors deserves further study. To
this end, the decay of the single-dopant fluorescence is
measured after pulsed excitation for all emitters that are
clearly resolved in the satellite lines B-D. Similar results
would be expected for measurements on the other satel-
lite lines. A histogram of the lifetimes, determined from
exponential fits, is shown in Figure 2e. The measured
Purcell factors match the distribution calculated from
the electric field amplitude of the fundamental Gaus-
sian standing-wave mode of the Fabry-Perot cavity (red
dashed) [20], with a fitted density of emitters in the satel-
lite line and a maximum Purcell enhancement of 110(10).



V. SPIN PROPERTIES

To study the spin properties of the emitters, we again
apply a small magnetic bias field along the b direction of
the YSO crystal. This splits the effective spin levels of
the 4115/2 ground and the 4113/2 optically excited state,
as shown in Figure 3a. We first apply a field of 0.2mT
and measure the fluorescence of a single dopant as a func-
tion of the laser detuning. In Figure 3b, one can clearly
resolve the spin-flip (red and blue) and spin-preserving
(orange and green) transitions. The former are less in-
tense owing to the different magnitude of the electric
dipole transition rate [42] that leads to a lower cyclicity
of the transition [43]. In addition, the SF transitions are
broader, (3.240.3) MHz as compared to (0.504+0.02) MHz
for the SP ones. This strengthens our hypothesis that
magnetic field fluctuations caused by electronic and nu-
clear spins are the dominant source of SD, as the spin-flip
transitions are more sensitive to them. A quantitative
comparison between the difference in the splitting and
the difference in the linewidth, however, is not appropri-
ate, as the full interaction Hamiltonian needs to be evalu-
ated to predict the broadening in the regime of moderate
B field, in which the interaction terms dominate in the
Hamiltonian [19, 44].

To further study the spin dynamics upon optical ex-
citation, we apply a field of 1mT. We then excite a
randomly chosen dopant with laser pulses whose band-
width of 1MHz is chosen such that the emitter is effi-
ciently excited on one of the transitions, but not excited
on the other. We then analyze the statistics of the light
emitted within a window of 400 ps after the pulses, See
Figure 3c. We alternate between pulses on each of the
two spin-preserving (SP) transitions, orange and green in
Figure 3a and b. When only evaluating the counts after
the pulses exciting one of the transitions, e.g. the one
between the lower spin levels (orange), we again observe
perfect antibunching in the auto-correlation function, as
discussed earlier. However, in addition to the antibunch-
ing feature at zero delay, we also observe broader bunch-
ing shoulders. The reason is that only one of the spin
states is excited (”bright”), while the other is off-resonant
and thus ”dark”. Detection of an emitted photon sig-
nals that the spin is in the bright state, which leads to a
higher detection probability after subsequent excitation
pulses at the same frequency. At longer delay, the spin
has decayed to a random state. As only one of the tran-
sitions is resonant with the laser, the average number of
detected photons is thus reduced. In effect, this results
in ”bunching” shoulders in the ¢( function.

The bunching is more pronounced than that measured
at larger magnetic fields, see e.g. Fig. 2b, where it is
limited by a short spin lifetime [33]. At low fields, in-
stead, the spin state is randomized with increasing num-
ber of excitations because the emitter can also decay on
the spin-flip (SF) transition, even though the latter is
not enhanced by the Purcell effect because of its large
detuning with respect to the cavity resonance. In the de-

picted measurement, the resulting decay of the bunching
is exponential in the number of repetitions, with a decay
constant of 205(5) attempts. This number could be fur-
ther increased by aligning the optical dipole to the cavity
mode by applying the magnetic field with an optimized
orientation [43]. This would enable single-shot readout
of the spin state with a high fidelity.

In addition to the autocorrelation, one can also evalu-
ate the cross-correlation when alternatingly exciting the
SP transitions. This then corresponds to the probability
to detect a photon after driving one SP transition, condi-
tioned on a detection event after a prior pulse driving the
other SP line. As expected, the resulting curve (gray in
Figure 3c) exhibits an antibunching feature that decays
inversely to the bunching feature of the autocorrelation
measurement (orange).

With the ability to resolve the spin splitting, we can
further determine if it differs between the satellite peaks.
Possible reasons for such a discrepancy are that the Eu
atoms may change the magnetic environment in their sur-
rounding and that they distort the erbium site, leading to
a change in the crystal field levels and thus the effective
g-factors. To investigate this, we apply a slightly larger
field, around 2.5mT, and measure the splitting of the
lines for several dopants. As the SF transitions at this
field are far-detuned from the cavity resonance — more
than ten linewidths — and thus experience no Purcell en-
hancement, we use a different scheme to determine their
relative frequency, shown in Figure 3d. We first initial-
ize (7init”) the spin by driving the red SF transition in
a broad spectral range with frequency-modulated laser
pulses. Then, the blue SF transition is driven with a
narrowband pulse ("pump”). Fitting the result of sub-
sequent measurements on the SP transitions (”readout”)
allows us to determine the frequency of the SF transition
with high accuracy.

In the analysis of the data, we observe two classes of
emitters with slightly larger or smaller splitting, see Fig-
ure 3e. This is caused by a slight misalignment of the
magnetic field from the b-axis, which entails that the
two magnetic subclasses of erbium in YSO (commonly
labeled T and II) are not fully degenerate. However, in
addition to the difference between the classes, we ob-
serve that the splitting of the transitions differs between
the satellite peaks, in particular for the outermost ones.
The absolute difference is more pronounced on the SF
transition (that is more sensitive to the B-field), while
the relative change is stronger on the SP transition.

For comparison, we also show the splitting of persis-
tent spectral holes burnt in the center of the inhomo-
geneous distribution, where many emitters contribute to
the signal. For the outermost satellite peak "D”, the
difference of the spin-flip transition of single dopants is
significantly larger than the FWHM of the holes in the
central line (shaded areas) that is determined by the in-
homogeneous broadening of the spin transitions. This
has two favorable consequences: First, we expect that
the spin lifetime will be increased in the satellite lines, as
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Figure 3.  Spin properties of individual emitters. a) Level scheme. The lowest crystal field level Z; of the *Iys /2 ground

state, and the lowest crystal field level Y1 of the optically excited *I;5 /2 state split in an applied magnetic field, yielding four
transitions (colored arrows) at different frequency. b) When a magnetic field is applied, the two spin-preserving (green, orange)
and spin-flip (red, blue) lines can be resolved. The latter are broader, as the corresponding transitions are more sensitive
to magnetic field noise from the nuclear spin bath. c¢) Photon correlation functions in a small magnetic field. Laser pulses
selectively excite the spin-preserving transition of a single dopant, leading to the emission of antibunched light at zero delay,
as discussed in detail in Fig. 2b. The main difference shown in this panel is an additional, pronounced bunching feature
observed at short time difference when only the emission after pulses of the same frequency is analyzed (orange). In contrast,
when looking at the cross-correlation, i.e. light emitted after pulses of alternating frequency, a broad antibunching feature is
observed. This proves the spin-selective excitation and the spin-preserving character of the transitions. d) Top: Pulse sequence
to determine the splittings of the transition frequencies. Bottom: Measurement to determine the frequency of the blue (4)
spin-flip transition of a single dopant in satellite line ”C”. e) The splittings of the spin-preserving (Agp, bottom) and spin-flip
(Asr, center) transitions depend on the detuning from the center of the inhomogeneous broadening. The difference between
the satellite lines (top) is larger than the FWHM of the spin inhomogeneous broadening, which is measured on the central line
using a different technique, persistent spectral holeburning (grey shaded areas).

its dominant limitation at cryogenic temperature is the lines.
flip-flops with other spins [28]. Those will be suppressed
for the dopants in the direct vicinity of a co-dopant, as
they are off-resonant with most other erbium emitters in
the crystal. Second, the difference in the SF transition

frequency entails that dopants in the satellite lines can

VI. OPTICAL COHERENCE

be selectively addressed by microwave radiation. Thus,
one can dramatically reduce the main limitation of the
coherence of the dopants, which is instantaneous spectral
diffusion that cannot be overcome by dynamical decou-
pling for dopants with anisotropic interactions [19]. As
the instantaneous-diffusion linewidth depends linearly on
the dopant concentration, we expect that an improve-
ment by four orders of magnitude is possible at the stud-
ied concentration of co-dopants using appropriate decou-
pling sequences [19]. Considering that a coherence time
exceeding 0.1 ms has been observed for erbium in nomi-
nally undoped YSO [9], second-long coherence seems thus
achievable on the electronic spin transition in the satellite

After investigating the spin properties of the emitters,
we now turn to their optical coherence. To this end, we
further increase the magnetic field to > 250 mT to avoid
superhyperfine-induced decoherence, which happens on
a timescale of seven microseconds at zero field [15]. We
then select a random dopant with a large Purcell-factor
and apply Gaussian pulses with a FWHM of 0.32 us on
the lower SP transition, as shown in Figure 4 (top).
When varying the pulse amplitude, we obtain Rabi oscil-
lations without significant decay (bottom). This testifies
that the coherence time is much longer than the pulse
duration, and that the cavity resonance frequency and
thus the laser power in the resonator is well stabilized.
The result of such a measurement is very similar for all



investigated dopants, except for the Rabi frequency that
depends on the Purcell factor.

To determine the optical coherence time, we apply a
Hahn echo sequence on the optical transition, see the in-
set of Figure 4b. It starts with an optical 7/2 pulse. A
subsequent 7 pulse compensates for a static detuning of
the emitter before another 7/2 pulse is applied. We then
evaluate the fluorescence after the last pulse as a func-
tion of the delay between the pulses. To exclude artifacts
from pulse imperfections, we plot the difference between
a measurement with unchanged phase and a measure-
ment with inverted phase of the first pulse [11]. We find
that for some of the dopants with large Purcell enhance-
ment, the optical coherence T exhibits a decay (main
graph, blue data of a randomly-selected emitter) whose
timescale is only bounded by the Purcell-enhanced life-
time Ty = (131 £ 1)ps (red data and grey fit curve),
realizing the equality sign in the relation 7o < 2 - T3.
This observation of lifetime-limited optical coherence is
a critical capability for the entanglement of dopants via
the interference of photons [7]. The small remaining enve-
lope modulation is caused by superhyperfine interactions.
It can be eliminated by further increasing the magnetic
bias field [45].

Because of the long lifetime of europium nuclear
spins[6], no difference of the optical coherence is ex-
pected between the main line and any of the sidepeaks.
However, we observe that it differs between individual
dopants, which means that the noise that leads to de-
phasing originates in the immediate surrounding of each
emitter. Figure 4c shows a measurement on another, ran-
domly chosen emitter with a longer lifetime (red). In the
Hahn echo measurement (blue), this emitter does not
exhibit lifetime-limited coherence. However, the coher-
ence can be extended by applying a pulse sequence on
the optical transition that decouples quasistatic fluctua-
tions caused by other impurities. Using XY4, a sequence
of four 7 pulses with a phase that alternates by m/2,
the coherence is again extended to the lifetime limit of
Ty = (0.6240.03) ms. This constitutes a fivefold increase
compared to our previous work that achieved 0.12ms at
large magnetic fields that were applied to freeze out spin
noise [11]. The observed improvement is attributed to
the new resonator stabilization scheme that avoids heat-
ing of the crystal at the position of the dopants.

VII. CONCLUSION

In summary, we have demonstrated that co-doping is
an effective technique to tailor the spectral density of
rare-earth emitters in a common host material. At the
studied concentration, it does not broaden the inhomo-
geneous distribution compared to that measured in bulk
crystals [33, 37-39] and thicker membranes [20]. Still, in
the satellite lines, it allows to resolve and control more
than 360 individual emitters with Purcell enhancement
factors > 35 in a ten micrometer thin membrane. These

emitters can exhibit lifetime-limited optical coherence,
and a spectral diffusion below 1 MHz that is dominated
by magnetic field noise of the surrounding spins in the
crystal. As the spin transitions of the satellite peaks are
shifted with respect to those in the main line, we expect
that second-long coherence may be achieved by dynami-
cal decoupling.

These advantages are not expected for emitters in the
tail of the inhomogeneously broadened linewidth stud-
ied in previous experiments [9, 11, 43]. Such emitters
can have interactions with one or several random impu-
rity atoms in the crystal [46, 47]. In contrast to these
experiments and others that use nuclear spin registers
[18], our approach enables a reproducible and controlled
coupling to one specific co-dopant at a predetermined
position. When using elements with a nuclear spin, such
as Eu, this paves the way to very long-lived quantum
memories in the proximity of individual telecom emit-
ters. This could be implemented based on the magnetic
dipole interaction and the control techniques pioneered
with nitrogen-vacancy centers in diamond [19]. However,
in case magnetic dipolar couplings are used, the always-
on character of the interaction Hamiltonian would limit
the performance of quantum network memories [50]. This
can be avoided in our approach by operating the system
at a bias field that decouples the magnetic interaction
[6], and instead using strain- [31] or electric-dipole cou-
pling of the emitters in the optically excited state [29, 30].
To this end, it will be advantageous if both the dopant
and the co-dopant allow for single-emitter addressing. In
the current setup, this should be feasible by applying an-
other control laser at 580 nm that is resonant with the 7 Fy,
to ®Dy transition of europium. Based on this capacity,
combining the excellent memory performance of Eu with
the telecom transition of erbium emitters constitutes a
promising system for the implementation of fiber-based
quantum networks on a global scale.

VIII. METHODS

The experimental setup is similar to that used in our
earlier work [20]. The supplementary information of this
article contains a detailed description of the fabrication
and mounting process of the thin crystal membrane and
Fabry-Perot cavity. In the following, we will focus on the
technical improvements and modifications of the setup
that have been performed for the experiments described
above. Besides the use of a co-doped crystal, this in-
cludes improvements to the Fabry-Perot cavity and its
stabilization.

A. Yttrium-orthosilicate sample

Yttrium orthosilicate is generally considered a very fa-
vorable host for rare earth dopants for quantum applica-
tions for several reasons: First, as all rare earth dopants
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Optical coherence of emitters in the satellite lines. a) When the amplitude of the excitation pulses is swept,

the fluorescence after the 0.32 ps long excitation pulse, which is proportional to the population in the optically excited state,
exhibits Rabi oscillations without any signatures of damping. b) Coherence measured in a Hahn echo sequence (inset) on the
optical transition. We first study an emitter with a short Purcell-enhanced decay of (131 + 1) ps (red fluorescence decay data
and black fit curve). Here, two times the lifetime sets an upper bound to the envelope of the Hahn echo decay (blue) as a
function of the sequence length. Thus, the studied emitter exhibits lifetime-limited coherence. ¢) The Hahn echo (blue) of a
dopant with a longer lifetime of (290 & 10) us (red) exhibits a steeper decay. Application of four optical pulses with alternating
phase along x and y (inset) extends the optical coherence (green) back to the lifetime limit (red).

feature similar size and chemical properties, they can eas-
ily integrate into the crystal by replacing a single yttrium
ion without causing major distortions of the crystal struc-
ture. Second, the low density of magnetic moments in
YSO and the low crystal symmetry enable exceptional
coherence properties, with the longest coherence times
reported in any material for qubits encoded both in spin
degrees of freedom [6] and optical excitations [33].

However, as it is difficult to avoid trace impurities of
other rare-earth elements in the starting yttrium mate-
rial, YSO growth with a doping concentration at the
required level of sub-ppb has not been demonstrated.
Instead, the 100-ppm Eu-doped crystal used in this
work has been grown by Scientific Materials using the
Czochralski method (S/N 2-427-17). Crystals of this sup-
plier are known to be very pure, with an erbium concen-
tration below 1 ppm [8, 11].

To fabricate the membranes, crystals with dimensions
of 5mm x 5.5 mm are polished to a thickness of 10+£1 pum
and a surface roughness below 0.3 nm (rms) using a cus-
tom chemo-mechanical procedure as outlined in the sup-
plementary material of [20]. Integrating it into a res-
onator of high-finesse, described below, allows for signifi-
cant Purcell enhancement while avoiding detrimental ef-
fects of surface charges that spoil the spectral properties
and coherence of the optical transitions in nanocavity-
coupled YSO [9].

B. Fabry-Perot cavity

The cavity is formed by two fused-silicon mirror sub-
strates with a diameter d = 7mm, super-polished to a
roughness below 0.2nm (rms) by Research Electro Op-
tics. One of the mirrors is flat, while a regular array of
smooth concave depressions is fabricated on the other via
laser ablation [20]. Each of these dimples forms a cav-

ity that exhibits a Gaussian fundamental mode with its
waist at the flat mirror surface. Here, the YSO sample
is attached by van-der-Waals forces.

To achieve the required reflectivity, both mirror sub-
strates are coated prior to assembly with alternating lay-
ers of NbyOs and SiO, (Laseroptik GmbH). The dim-
pled mirror has a total of 31 layers and the flat outcou-
pling mirror has 27 layers. Compared to our previous
experiments [11, 20], the reduced reflectivity of the sec-
ond mirror leads to an increased outcoupling efficiency
of 75(5)% while preserving a narrow cavity linewidth of
Av = (65 £ 10) MHz FWHM.

To still achieve a stronger Purcell enhancement, the
radius of curvature of the dimples, R = (65 & 2) pum, is
chosen more than a factor of two smaller than before.
Together with a twofold reduction of the cavity length
(to a mirror distance of 24 pm), this allows for a stronger
mode confinement, with a waist of (3.82 + 0.04) pm. For
an emitter at the center of the cavity mode this results in
a lifetime reduction up to a factor of P = 116 when the
light is polarized along the optical D2 axis of the crystal.
In the experiment, Purcell factors up to P = 110(10) are
observed, which constitutes an almost two-fold increase
compared to our previous experiments [11].

C. Resonator stabilization

During the experiment, the cavity needs to be stabi-
lized using a piezo tube to the transition of the emitters.
Previously, this was done using the Pound-Drever-Hall
technique with a second laser on a higher resonator mode,
which is separated by 28 nm from the erbium resonance
in the current setup. However, the induced heating then
reduces the optical coherence [20]. Thus, in this work
instead of a higher mode of the same cavity, we use a
second, close-by resonator. As both are located on the



same mirror substrate, stabilizing one resonator also sta-
bilizes the length of the other. However, the heating is
spatially separated, such that the dopants can be probed
at the base temperature of the used closed-cycle cryostat
(AttoDry 2100).

Apart from the changed geometrical arrangement, the
used stabilization setup is the same as before. However,
adding additional vibration dampers (Newport VIB320)
to the outer vacuum chamber, where the resonator is
mounted, leads to an improved mechanical stability, with
residual fluctuations of 1.5 pm rms even without the pho-
tothermal feedback used in one of our earlier works [20].

D. Optical setup

The optical setup is shown in Figure 5. It has two
separate branches, one for stabilizing the cavity mirror
separation, and the other for coherent manipulation of
the erbium emitters and the detection of their emis-
sion. For the first task, a tuneable diode laser (Top-
tica CTL) is used, which is locked to a frequency comb
with a linewidth of ~ 0.2 MHz (Menlo Systems FC1500).
For coherent excitation, a fiber laser is used (Koheras
Basik X15), which exhibits a better short-term-stability
(< 1kHz). To ensure long-term stability, the laser is
again stabilized to the frequency comb and referenced to
a wavemeter (HighFinesse WS8).

The light that excites the dopants is modulated by
an I/Q electro-optical modulator (IxBlue MXIQ-LN-30)
that allows for frequency shifts of several GHz. In
addition, two acousto-optical modulators (Gooch and
Housego FiberQ) are used for narrow-bandwidth fre-
quency modulation, phase modulation, and the temporal
shaping of the laser pulses. In addition, they allow for
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switching with an on-off contrast of 120 dB to avoid un-
wanted leakage of the pump laser light. The electronic
signals to control the experiment are generated with arbi-
trary waveform generators (Zurich Instruments HDAWG
and SHFSG).

The erbium emission is detected with superconducting
nanowire single photon detectors (ID Quantique) with a
detection efficiency of up to 80 %. We choose a lower bias
current to reduce the dark count rate to 10.2 Hz, which,
however, also reduces the efficiency to 40%. To avoid
latching the detectors by the strong excitation pulses,
an additional switch (PhotonWares NanoSpeed) is used
in front of the detectors. The signal is then recorded
using a time-tagger (Swabian Instruments Time Tagger
20). Spectral filters (Semrock) are used to eliminate the
detrimental effect of stray light.
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Figure 5. Experimental setup. The system uses two cav-
ities fabricated on the same pair of mirrors. The first res-
onator (left half of the image) is used to stabilize the mir-
ror separation using the Pound—Drever—Hall technique. The
necessary sidebands at f = fo £ 280 MHz are generated us-
ing an electro-optic modulator (EOM). Using a beamsplitter
(BS) with 90/10 split ratio, the backreflection of the cavity
is directed to an avalanche photodiode (APD). The mode is
passing through two longpass filters (LP) with a cut-off at
1550 nm to suppress amplified spontaneous emission noise.
In the second cavity (right half), individual erbium emitters
are investigated and controlled. To this end, frequency mod-
ulation of the light is performed using an IQ-EOM and two
consecutive acousto-optical modulators (AOM). A beamsplit-
ter with a 97/3 splitting ratio directs the majority of the light
emitted from the cavity to a superconducting nanowire single-
photon detector (SNSPD). The mode is passing through a
bandpass filter (BP) with a center wavelength of 1536 nm and
a pass-band of 3nm to avoid detecting scattered light from
the lock laser and other light sources.
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