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Ensembles of erbium dopants can realize quantum memories and frequency converters that operate
in the minimal-loss wavelength band of fiber optical communication. Their operation requires the
initialization, coherent control and readout of the electronic spin state. In this work, we use a
split-ring microwave resonator to demonstrate such control in both the ground and optically excited
state. The presented techniques can also be applied to other combinations of dopant and host, and
may facilitate the development of new quantum memory protocols and sensing schemes.

In recent years, the spin of optically interfaced dopants
and impurities in semiconducting hosts has emerged as a
promising platform for quantum technology [1]. Among
all dopants studied to date [2], erbium stands out as
it offers an optical transition with exceptional coher-
ence [3, 4] in the C-band of fiber-optical telecommunica-
tion, where loss is minimal. Pioneering experiments have
demonstrated the storage of photons [5–7], the integra-
tion into waveguides [8–11] and resonators [4, 6, 12–15],
and the potential for second-long hyperfine coherence at
high magnetic fields using the isotope 167Er [16].

In this work, we focus on the electronic spin of the
even isotopes of erbium that have no nuclear spin and a
natural abundance of ∼ 80 %. Because of the short spin
and long optical lifetime, efficient spin initialization has
proven difficult in this system and has only been achieved
by stimulated emission with an additional laser [17]. Fur-
thermore, coherent control of the electronic spin of er-
bium ensembles by microwave (MW) pulses has not been
demonstrated, neither in the ground nor in the excited
state. While the former is typically employed in quan-
tum experiments, the coherence of the latter has only
been investigated recently by Raman-Heterodyne spec-
troscopy [18]. Our first demonstration of coherent control
on such a microwave transition in the excited state man-
ifold offers interesting perspectives for novel microwave-
to-optical transduction and quantum memory protocols
[18].

Coherent control of a spin ensemble requires pulses
with a bandwidth that exceeds the inhomogeneous broad-
ening. In erbium-doped solids, the spin transition is
broadened by around 10 MHz in all host materials studied
to date [2]. Achieving homogeneous MW fields of suffi-
cient strength that can be switched on short timescales
has thus been an open experimental challenge.

In this work, we demonstrate that such fields can be
generated using a split-ring resonator on a printed cir-
cuit board. Our experiments use yttrium-orthosilicate
(YSO), a well-studied host for rare-earth dopants [19].

In this material, the Kramers’ ion erbium substitutes for
yttrium in two crystallographic sites [3], each of which
has two magnetically inequivalent classes [20]. Our study
is performed at a temperature of 0.8 K, where only the
lowest crystal field level of the I15/2 manifold of each site
and class is occupied. A small magnetic field lifts the
two-fold degeneracy of the crystal field levels, which can
then be treated as effective two-level systems [3].

As observed earlier, even at low concentrations the life-
time of their spin state is limited by flip-flop interactions
[5], with a strong dependence on the magnetic field ori-
entation [21] that originates from the anisotropic Zee-
man Hamiltonian [20]. As the lifetime improves quadrat-
ically with the dopant concentration, we use crystals
with a comparably low erbium concentration of 10 ppm,
which reduces to ∼ 2 ppm per site and class for the even
isotopes. We use two samples with 0.5 mm thickness,
but different crystal cut, which exhibit an absorption
of around 4 % when the magnetic classes of the erbium
dopants are aligned. Our measurements therefore re-
quire averaging of several hundred repetitions per data
point. To overcome this difficulty, in future experiments
the crystals could be embedded into high-finesse opti-
cal resonators [4], which are directly compatible with the
presented setup design.

To initialize and measure the spin state, we drive opti-
cal transitions from the ground state to the lowest level
of the I13/2 manifold, which shows a moderate inho-
mogeneous broadening of ∼ 300 MHz [2]. We focus on
spins of site 1 with a transition wavelength of 1536.4 nm,
which we drive using laser fields that are switched with
two fiber-coupled acousto-optical modulators (Gooch &
Housego). We use commercial laser systems with narrow
linewidth (OeWaves Gen3, Koheras Basic X15, or Top-
tica DLpro) that we can stabilize to a constant frequency
difference using home-built beat-detection and locking
electronics.

The laser beams are delivered to the sample either
by free space optics or by polarization-maintaining and
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FIG. 1. a) Sketch of the optical setup. The laser is
gated and frequency-tuned by fiber-coupled acousto-optical
modulators (AOMs). It is focused onto the crystal, which is
kept in a closed-cycle cryostat in direct proximity to a MW
resonator on a printed circuit board (pcb). The transmission
and excitation power are measured by photodiodes. b) State
initialization and readout. As indicated by arrows in the
level scheme (top left), we measure the transmission of the
crystal (faint red arrow) after irradiating a burn laser pulse on
the spin preserving (red arrow, data and fit) or spin-flip (blue
arrow, data and fit) transition. Inset: After burning on the
spin-flip transition, the antihole depth shows biexponential
dynamics (blue data and fit curve). It first increases within
the optical lifetime and then decays within the spin lifetime.

single-mode optical fibers, as shown in Fig. 1(a). In
the latter case, they are collimated in the cryostat us-
ing anti-reflection coated graded-index-lenses (Thorlabs
GRIN2915) that are clamped to the same V-grove that
also holds a fiber in its ferrule (SMPF0215), achieving
an overall transmission around 10 %. To ensure suffi-
cient signal-to-noise ratio, the transmission is measured
by an avalanche photodiode (Thorlabs PDB570C). The
influence of fluctuations of the laser power is eliminated
by dividing the transmission by the independently mea-
sured input power, or by using a heterodyne detection
technique. The signals are digitized by a real-time ex-
perimental control system (NI CompactRIO) that also
switches the lasers.

In the following, we present two schemes that enable
the initialization and readout of rare-earth spin ensem-
bles in the ground and excited state manifold, starting

with the former. Previous experiments at zero magnetic
field found that it is not possible to achieve efficient spin
pumping in Er:YSO [17]. We overcome this challenge
by applying magnetic fields of about 0.02 T along the
D2-axis of YSO, which splits the ground state spins by
3.12 GHz and the excited states by 2 GHz. The mag-
netic field is generated by two neodymium disk magnets
(Maqna) with 7 cm diameter, located outside of the cryo-
stat on micrometer stages, which allows for precise align-
ment of the field amplitude and direction. Thermal drifts
lead to a change of the magnetic field on the order of 10−3

over several weeks, which is smaller than the inhomoge-
neous broadening of our spin ensembles and thus does
not affect the measurements.

With the magnetic field, the optical spin-flip transi-
tions are detuned from the spin-preserving ones by ap-
proximately 2.5 GHz, which exceeds the inhomogeneous
broadening of about 0.5 GHz. When selectively driving
the spin-flip transition for 100 ms, we therefore observe
an antihole in the transmission at the center of the spin
preserving line, as shown in fig. 1b (blue data and fit).
The height of the antihole is directly proportional to the
net polarization of the ground state spins, which allows
for spin readout in coherent control experiments.

Measuring the decay of the antihole over time (inset),
allows us to determine the lifetime of the optical and spin
transition. We find a value of 53(3) ms for the latter, lim-
ited by flip-flop interactions (as observed and character-
ized recently under similar conditions [21]). The ground-
state lifetime is thus considerably longer than that of
the excited state, 11 ms [22]. Thus, even without stim-
ulated emission using another laser [17] or optical res-
onator [4, 9, 13, 15, 23], by applying a sufficient magnetic
field we can achieve efficient spin initialization.

Using a rate equation model based on the experimen-
tal timescales of the hole and antihole decays and the
branching ratio of the excited state decay to the two
ground states [24], we calculate a spin pumping efficiency
around 0.9(1). Within errors, this value agrees with our
experimental data when comparing the area of the an-
tihole (blue data and Lorentzian fit) with that of a hole
burnt on the spin-preserving transition (red arrow, data
and Lorentzian fit). While the width of the latter is lim-
ited by spectral diffusion [3, 25] and power broadening,
the former is set by the inhomogeneous broadening of
the spin transition. We find a full-width-half-maximum
linewidth of ∼ 9 MHz.

After describing spin initialization in the ground state,
we now turn to the optically excited state. Here, one
can use a single laser resonant with the spin-preserving
transition both for state readout and preparation. Com-
pared to optical pumping, this state initialization tech-
nique has two advantages: First, it does not require a
large splitting of the spin states, which allows to freely
choose the qubit transition frequency. Second, the initial-
ization can be very quick, typically ∼ 1 µs, as it is only
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FIG. 2. Details of the microwave resonator. (a) Photograph of the MW resonator. Two striplines capacitively couple to
the resonator that consists of two concentric split-rings. (b) Simulated magnetic field homogeneity along the laser propagation
axis (solid blue inside crystal, dotted blue in vacuum), as well as perpendicular to it (red and orange). In the probed sample
volume of ∼ 0.2 × 0.2 × 0.5 mm3, the MW field amplitude changes by about 2 %. (c) MW transmission from the input to the
output port of the resonator. The measurement (red) shows good agreement with the simulation (grey). Excess loss of ∼ 5 dB
and the slight oscillation is attributed to the loss and impedance mismatch of the cables and components.

limited by the optical Rabi frequency. Therefore, this
scheme can be applied even at elevated temperature, or
in highly-doped crystals in which the flip-flop dominated
ground-state spin relaxation is much faster than sponta-
neous decay from the excited state [21], such that optical
pumping is not possible.

In our experiments, the width of the spectral hole is
narrow (. 1 MHz) and thus only a small fraction of the
optical inhomogeneous linewidth is probed. Still, as there
is no correlation between the broadening in the ground
and excited states, the spin transition linewidth of both
manifolds is comparable. Thus, coherent control in the
excited and ground state pose the same challenging re-
quirements on the amplitude and bandwidth of MW con-
trol fields. In contrast to measurements with single emit-
ters [14, 26, 27] or small ensembles [28] that can use close-
by striplines, experiments with extended ensembles thus
require tailored resonators. Previous setups with erbium
[12, 29] and NV center ensembles [30] used high-Q res-
onators. This has the advantage of requiring little drive
power, but inevitably comes at the price of a small band-
width – too small to achieve coherent control of the en-
semble on the sub-µs timescale of the spin bath evolution
in YSO crystals with Kramers dopants [27, 31].

To overcome this challenge, we use a resonator with
moderateQ ' 50, as shown in Fig. 2(a). It follows the de-
sign used in [32], with a slight modification of the geom-
etry to account for the different resonance frequency and
substrate (Rogers 4350B). With sufficient input power, it
achieves a strong (∼ 100µT/W) and homogeneous (vari-
ation . 2 %) magnetic field over an extended sample vol-
ume of approximately (0.5 mm)3, as shown in (b). Albeit
the mode volume of the resonator, ' 10−5 λ3, is small
compared to the vacuum wavelength λ, the system does
not reach the strong-coupling regime [6] because of the
moderate Q.

A transmission measurement shows a resonance at

3.12 GHz with a linewidth of 60(1) MHz (c, red curve),
which is close to the designed frequency and width ac-
cording to our simulations (grey). The bandwidth thus
exceeds the inhomogeneous broadening of the spin tran-
sition, which allows for fast pulses that drive the entire
ensemble.

To this end, we generate MW signals by applying
pulses from an arbitrary waveform generator (Zurich In-
struments HDAWG) to the pulse and IQ-modulation in-
put of a continuous-wave source (Rohde and Schwarz
SGS100A). The MW signal is amplified (Mini Circuits
ZHL-100W-352+) to a peak power of 0.1 kW. The MW
resonator is thermally anchored at the ground plane side
to an oxygen-free copper block. In pulsed measurements
at full power, using a close-by resistive thermometer we
observe a heating of 0.05 K/mW (cw), which limits the
number of pulses that can be applied to the sample.

We now use these MW pulses to drive an ensemble of
erbium spins after the initialization procedure described
above. When varying the pulse duration, we observe
Rabi oscillations in both the ground and excited state
manifolds, as depicted in the left panel of Fig. 3(c) and
(d), respectively. After 500 ns of continuous MW irradi-
ation, we observe a reduction of the Rabi frequency by
∼ 10 % (not shown), which we attribute to an increased
cable attenuation caused by heating.

The interaction of erbium dopants with magnetic fields
can be modeled as effective spin-1/2 electron with an
anisotropic g-tensor. Both, the Zeeman splitting and the
spin transition strength depend strongly on the orienta-
tion of the static and MW magnetic fields and are charac-
terized by effective g-factors [6, 33]. For experiments on
ground-state spins, we oriented the static magnetic field
along the D2-axis of YSO and the MW field along the
b-axis. This configuration has been chosen as a compro-
mise between a large ground-state g-factor of along the
magnetic field, gg = 10.5 (to ensure sufficient lifetime),
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and along the MW direction, gmw = 1.6 (to enable fast
pulses). We obtain a Rabi frequency of 2π · 14.9(5) MHz
(blue fit curve), which allows for an almost complete in-
version of the population after a π-pulse of 33 ns length
(right panel). At the line center we measure a π-pulse
fidelity of 98 %, and its average over the full inhomoge-
neous linewidth is 0.78(6) following the analysis of [34].

In experiments on optically excited spins, we aligned
the static magnetic field along the b-axis and the MW
field along D2. Again, this configuration is a compro-
mise between a large-enough g-factor parallel to the MW,
gmw = 0.95 (for fast pulses), and parallel to the external
field direction, ge = 10 (to allow tuning the transition
into resonance with the MW using the magnetic fields
achievable in our setup). We measure a Rabi frequency
of 2π · 6.2(2) MHz (red fit curve). The reduction is ex-
plained by the smaller effective g-factor for MW fields
in this orientation and slightly higher MW insertion loss
obtained in this resonator assembly compared to the pre-
vious one.

In ground-state experiments, the signal changes from
an antihole after initialization (fig. 3c, right panel, blue)
to a hole of the same depth after a π-pulse (green). In
contrast, even in case of perfect pulses the maximum sig-
nal difference in the optical readout within the excited-
state manifold is smaller (fig. 3d, right panel, red and
yellow). The reason is that the spectral hole is produced
by two effects: the reduction of the absorption from the
ground state and the increase of stimulated emission from
the excited state. After a π-pulse in the excited state,
the probe laser can no longer stimulate emission, but the
absorption stays reduced. Therefore, the maximum con-
trast after perfect inversion would be 0.5.

The above considerations allow us to calibrate the spin
polarization and extract the MW pulse quality. In both
the ground and excited state, we obtain π-pulse fidelities
of 98 %, in good agreement with our expectation from
the simulated field inhomogeneity of the MW resonator.
If required, further improvement of the control fidelity
can be obtained by composite or shaped pulses [35].

In addition to the imperfect field homogeneity, also the
coherence of the spin ensembles may limit the achievable
control fidelity. In Ramsey measurements, we find coher-
ence times of 0.056(9) µs and 0.07(1) µs in the ground and
excited states, respectively. Within errors, the obtained
values are identical and limited by the inhomogeneous
broadening of the spin transition. In contrast, the co-
herence of a spin-echo measurement differs between the
manifolds. In the excited state, it is limited by the inter-
action with the nuclear spin bath, whereas in the ground
state it is limited by the interaction within the resonant
erbium spin ensemble. A detailed study of these effects
is presented in [31].

To summarize, we have demonstrated the intializa-
tion, coherent control and readout of ensembles of erbium
dopants in YSO. The achieved pulse fidelities allow for
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FIG. 3. Coherent control of erbium ensembles. We
apply 0.1 kW MW pulses to the 3.12 GHz resonance of a dou-
ble split-ring resonator, which drives Rabi oscillations in the
ground level (a,c) or in the excited level (b,d). In the ground-
state experiments, the high Rabi frequency of 2π ·14.9(5) MHz
enables complete inversion over a large fraction of the inhomo-
geneous distribution, as can be seen by comparing the ampli-
tude of the antihole measured before (c, right panel, blue) and
after (green) applying a 33 ns long π-pulse. In experiments
on the excited state, we measure a lower Rabi frequency of
2π · 6.2(2) MHz, because of a reduced transition strength in
this magnetic field configuration. The maximum contrast in
the hole depth before (d, right panel, red) and after (yellow)
a π-pulse approaches the ideal value of 0.5.

detailed studies of the spin coherence and its improve-
ment by dynamical decoupling [31]. Furthermore, our
measurements pave the way to use Er:YSO as a novel
platform for quantum sensing. Compared to established
systems such as the NV-center in diamond [28] and most
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other impurities [1], a sevenfold larger sensitivity to mag-
netic fields is obtained by the high effective g-factor of
erbium dopants. Finally, our demonstration of coherent
control in the excited state of rare-earth dopants may
allow for the implementation of recently-proposed proto-
cols for quantum transduction and memory [18].
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[16] Miloš Rančić, Morgan P. Hedges, Rose L. Ahlefeldt, and
Matthew J. Sellars, “Coherence time of over a second in a
telecom-compatible quantum memory storage material,”
Nat. Phys. 14, 50–54 (2018).

[17] B. Lauritzen, S. R. Hastings-Simon, H. de Riedmatten,
M. Afzelius, and N. Gisin, “State preparation by optical
pumping in erbium-doped solids using stimulated emis-
sion and spin mixing,” Phys. Rev. A 78, 043402 (2008).

[18] Sacha Welinski, Philip J. T. Woodburn, Nikolai Lauk,
Rufus L. Cone, Christoph Simon, Philippe Goldner, and
Charles W. Thiel, “Electron Spin Coherence in Optically
Excited States of Rare-Earth Ions for Microwave to Opti-
cal Quantum Transducers,” Phys. Rev. Lett. 122, 247401
(2019).

[19] Guokui Liu and Bernard Jacquier, eds., Spectroscopic
Properties of Rare Earths in Optical Materials (Springer-
Verlag, Berlin Heidelberg, 2005).
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