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Multimode storage of quantum microwave fields in electron spins over 100 ms
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A long-lived multi-mode qubit register is an enabling
technology for modular quantum computing architec-
tures. For interfacing with superconducting qubits, such
a quantum memory should be able to store incoming
quantum microwave fields at the single-photon level for
long periods of time, and retrieve them on-demand. Here,
we demonstrate the partial absorption of a train of weak
microwave fields in an ensemble of bismuth donor spins
in silicon, their storage for 100ms, and their retrieval, us-
ing a Hahn-echo-like protocol. The long storage time is
obtained by biasing the bismuth donors at a clock tran-
sition. Phase coherence and quantum statistics are pre-
served in the storage.

Quantum memory as a matter-based information storage
medium for itinerant qubits has been recognised a powerful
ingredient in quantum technologies, underpinning applica-
tions such as quantum repeaters [1]. In analogy with memo-
ries in classical computing, quantum memories offer storage
that is both long-term compared to data lifetimes in process-
ing qubits as well as high density, for example when multi-
mode memories are employed to store a large number of
states. These attributes can be of general benefit to quantum
computing architectures, supporting approaches with a high
degree of modularity. Inspired by such possibilities, quan-
tum memories in the optical domain have been developed in
particular using rare-earth-ion-doped crystals, reaching high
efficiency [2], and storage times in the millisecond range [3].

Quantum memories suitable for interfacing with super-
conducting quantum processors, must instead operate in the
microwave regime, which requires operation at millikelvin
temperatures in a dilution refrigerator. A microwave multi-
mode quantum memory with long storage times would rep-
resent a potent and versatile new component in quantum
computing architectures based on superconducting qubits.
For example, it could be used to realise sub-processors op-
erating a Quantum Turing Machine architecture with high
internal connectivity and built-in long-term memory [see
Fig.1(A)] [4], helping to overcome some of the limitations
of present day superconducting qubit processors [5–7].

∗ patrice.bertet@cea.fr

For implementing such a quantum memory, superconduct-
ing microwave cavities [8, 9] and mechanical resonators [10,
11] have been considered, with storage times in the mil-
lisecond range. Ensembles of electron spins in solids offer
a large number of degrees of freedom well decoupled from
their environment with coherence times that can reach sec-
onds [12–14], and are thus well suited to implement a many-
mode quantum memory with long storage time [4, 15]. For
modularity, it is natural to physically separate the quantum
processor and the quantum memory, and to interface the two
devices via propagating microwave photons. Operating a
spin-ensemble-based quantum memory thus amounts to ab-
sorbing incoming microwave photons and releasing them on-
demand in the same quantum state [see Fig. 1(A)].

A convenient way to interface the spins and the incom-
ing photons [see Fig. 1(B)] is via a superconducting micro-
resonator of frequency ω0, capacitively coupled to the input
line with an energy damping rate κ, and inductively coupled
(with single spin coupling strength g0) to an ensemble of N
spins, characterized by its Larmor frequency ωS with inho-
mogeneous linewidth of Full-Width-Half-Maximum Γ. The
resonator serves to enhance microwave absorption and re-
emission by spins, but also provides a convenient reset mech-
anism for the memory, via the Purcell relaxation of each in-
dividual spin at a rate ΓP = 4g2

0/κ [16, 17].
The physics of the memory can be demonstrated using

weak resonant coherent pulses with a small average photon
number. Such microwave pulses with amplitude envelope
βin(t) are absorbed by the spins with an efficiency governed
by the ensemble cooperativity C = NΓP/Γ. Since the re-
flected pulse amplitude is βref(t) = βin(t)(1 − C)/(1 + C),
complete absorption is achieved for C = 1, which appears
as a necessary condition for a high-fidelity memory (see [18]
and Supplementary Materials). After absorption in the spin
ensemble, the microwave fields should be retrieved using se-
quences of control pulses. The simplest sequence consists
in applying a π pulse to the spins after a delay τ, which
generates an echo of the absorbed pulse at time 2τ. Be-
cause this echo is generated at a time when nearly all spins
are in the excited state, it is unavoidably accompanied by
NΓP/Γ = C spontaneously emitted noise photons, thus re-
ducing the memory fidelity [19]. Therefore a more complex
protocol must be used, involving two π pulses and dynamic
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control of the cavity frequency, in order to form the echo in
the spin ground state and thus avoid added noise [18].

Reaching unit cooperativity requires large spin concentra-
tions; but spin-spin interactions then reduce the coherence
time. This proved to be a serious limitation in previous
experiments storing microwaves in spin ensembles, first in
the classical regime [20], then in the quantum regime [21–
23], where the longest storage times demonstrated reached
only of order 100 µs. This conflict can be mitigated by bi-
asing the spins at specific magnetic fields where their ef-
fective magnetic moment vanishes (thus minimizing deco-
herence induced by spin-spin interactions), while keeping a
finite transverse susceptibility so that g0 remains non-zero,
opening the possibility to reach C = 1 without compromising
the coherence time. Such “clock transition” (CT) or “ZEro-
First-Order-Zeeman” (ZEFOZ) points occur in spin systems
where the electron spin is strongly hybridized with a nuclear
spin by the hyperfine interaction, as in bismuth donors in sil-
icon [24, 25] and rare-earth-ion-doped crystals [26, 27].

Here, we use an ensemble of bismuth donors in sili-
con biased at a clock transition to demonstrate the long-
term storage of microwave fields. The device schematic is
shown in Fig. 1(C). Bismuth atoms were implanted around
a ∼ 100 nm depth in a silicon substrate that was enriched
with the nuclear-spin-free 28Si isotope for longer coherence
time. At low temperature, bismuth atoms trap a conduction
electron, forming the donor systems. The spin Hamiltonian
HBi/~ = (γeS +γnI) ·B0 + AS · I is the sum of the Zeeman in-
teraction of the electron (nuclear) spin S = 1/2 (I = 9/2)
of the bismuth donor with the applied magnetic field B0
(γe/2π ' 28 MHz/mT and γn/2π ' 7 kHz/mT being the
electronic and nuclear gyromagnetic ratios) and of their hy-
perfine interaction with a strength A/2π = 1.475 GHz. The
resulting energy levels |F,m〉 can be grouped in a low-energy
(F = 4) manifold of 9 states and a high-energy (F = 5) man-
ifold of 11 states [see Fig. 2(A)], separated by ∼ 7.38 GHz, m
being the eigenvalue of the total angular momentum S z + Iz
along the field direction z [24]. The operator S x has non-
zero matrix elements between all pairs of states that verify
∆m = ±1, and transitions between such states are therefore
allowed under a transverse driving microwave field B1 along
the x direction. We note that transitions |4,m〉 ↔ |5,m − 1〉
and |4,m − 1〉 ↔ |5,m〉 are quasi-degenerate. In this work
we are interested in the |4, 0〉 ↔ |5,−1〉 and |4,−1〉 ↔ |5, 0〉
transitions, which satisfy the CT condition at ∼ 7.338 GHz
and B0 = 27 mT where dω/dB0 = 0 while the transition ma-
trix elements 〈4, 0|S x|5,−1〉 = 〈4,−1|S x|5, 0〉 = 0.25 remain
non-zero. To describe the interaction with microwave fields
close to resonance, we model the pair of transitions as inde-
pendent spin-1/2 systems labelled generically as |0〉 (|1〉) for
the ground (excited) state.

The resonator is designed such that its resonance ω0 is
close to the CT frequency of 7.338 GHz. A finer tuning of
ω0 is obtained by changing the resonator coupling to the
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FIG. 1. Quantum memory. (A) The proposed architecture con-
sisting of a quantum processor coupled via a coaxial cable to a
quantum memory from electron spins. (B) Circuit implementation
of the quantum memory: an ensemble of N electron spins are induc-
tively coupled to a lumped resonator which is capacitively coupled
to a microwave line. Weak coherent data pulses in our demonstra-
tion, travel along the lines, are stored by the spin ensemble, and then
released on-demand by a control pulse. The coupling strength of an
individual spin to the resonator is g0. (C) The hybrid resonator-
spin system. The resonator is fabricated on top of the silicon sub-
strate in a superconducting aluminum thin film to minimize internal
losses. It consists of a capacitor shunted by a 5 µm-wide inductance
wire, to which the spin of bismuth donors implanted around a depth
∼ 100 nm are inductively coupled. A magnetic field B0 is applied
along the inductor (z direction).

measurement line, which is controlled by the length of a
microwave antenna inserted in the sample holder contain-
ing the silicon chip (see Supplementary Materials). Figure
2(B) shows ω0 as a function of B0. Due to the kinetic in-
ductance contribution to the resonator inductance, ω0/2π de-
creases with B0, reaching 7.336 GHz at 27 mT. The external
energy coupling rate of the resonator is κc = 4 × 105 s−1,
though its total damping rate, κ = κc + κi, including internal
losses is power dependent (see Supplementary Materials).
We find that at low input powers corresponding to one intra-
cavity photon on average, κc/κ ∼ 0.3, whereas at high power
κc/κ ∼ 0.5, revealing that part of the losses are caused by
Two-Level-Systems (TLS). The experiments are performed
at T = 20 mK, in the quantum regime for microwave fields
~ω0 � kBT .

Spin spectroscopy is performed with a custom-built spec-
trometer described in more details in Ref. 28, using the
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micro-resonator for the inductive spin detection. Hahn-echo
sequences of pulses (π/2 − τ − π − τ − echo) are sent to the
resonator input at ω0. The resulting echo is amplified by a
Josephson travelling wave parametric amplifier (JTWPA) at
20 mK that adds noise close to the quantum limit [29], before
further amplification at higher temperatures and demodula-
tion at room-temperature. Figure 2(C) shows that an echo
signal is observed over a range of B0 values around the CT,
despite the detuning between the resonator frequency and the
expected donor frequency. This is explained by the differen-
tial thermal contractions of the resonator thin film with re-
spect to the underlying substrate, which causes spatial varia-
tions of the strain profile and consequently of the donor hy-
perfine constant and the Larmor frequency [30]. Based on
the measured lineshape for the first transition near 1.5 mT
[see inset of Fig. 2(B)], the echo-signal field dependence of
Fig. 2(C) is semi-quantitatively accounted for (see Supple-
mentary Materials for more details on lineshape).

We then measure the spin coherence time at the CT by
recording the integral of an echo as a function of the delay
2τ [see Fig. 2(D)], which is well fitted by an exponential
yielding T E

2 = 0.30 s. This is the longest coherence time
measured for electron spins in a nanostructure, in agreement
with the 2.7 s measured in the bulk at another bismuth CT
and a lower bismuth concentration [25]. As expected, T E

2 is
longest near B0 = 27 mT where dω/dB0 = 0 [see Fig. 2(C),
right axis]; also, for comparison, we measure T E

2 = 7.5 ms
on the |4,−4〉 ↔ |5,−5〉 transition at B0 = 1.4 mT with
dω/dB0 ∼ γe, which confirms the interest of CTs for long
coherence times (a detailed study of the coherence time will
be presented elsewhere). The Purcell spin relaxation time
T1 = 5.5 s is measured using an inversion recovery se-
quence [see Fig. 2(F)], yielding a spin-photon coupling con-
stant g0/2π = 40 Hz. All the experiments described in the
following are therefore averaged with a repetition time of
3T1 ∼ 16 s.

We now demonstrate the coherent absorption and retrieval
of weak microwave pulses by the donors at the CT. A Gaus-
sian incoming pulse envelope βin(t) = β exp[−(t/t0)2] is cho-
sen, with t0 = 10 µs larger than the cavity field decay time
2κ−1 = 1.5 µs. To calibrate the input pulse intensity in
photon number nin =

∫
|βin(t)|2dt, we compare the mea-

sured Rabi nutation of the donor spins as a function of β
[see Fig. 2(E)], with numerical simulations in which all the
parameters are determined experimentally. Next, we de-
termine the ensemble cooperativity by measuring the ratio
αp(t)/αs(t) = 1/(1 + C) between the intra-cavity field αp(t)
(resp. αs(t)) with spins polarized (resp. unpolarized). The
data shown in Fig. 3(A) yield C = 3.5±1×10−2, correspond-
ing to a spin density N/(Γ/2π) ∼ 106 spins/MHz consistent
with the known sample implantation parameters. Note that
a careful account of the contribution from resonator losses
and TLS was necessary in the analysis (see Supplementary
Materials).
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FIG. 2. Clock transition in bismuth and its characteriza-
tion. (A) Energy level diagram |F,m〉 of electron spins from bis-
muth at small magnetic fields. Green lines indicate the four lev-
els |4,−1〉, |4, 0〉, |5,−1〉, and |5, 0〉 involved in the two quasi-
degenerate CT. (B) The ESR-allowed transition frequency of bis-
muth donor spins in silicon between 7.3 − 7.4 GHz, and the mea-
sured resonator frequency ω0 as a function of B0. The CT with
dω/dB0 = 0 can be seen at B0 = 27 mT. Inset: zoom around
CT to show degenerate transition and expected strain broadened
spectrum in frequency. (C) Measured echo detected spectroscopy
around the CT (green symbols, left axis), calculated one (black line,
left axis - see Supplementary), and two-pulse echo coherence time
T E

2 versus B0 (red bars, right axis). (D) Measured echo area de-
cay at CT (symbols) and corresponding exponential fit (line) yield-
ing T E

2 = 0.3 ± 0.05 s. Magnitude detection is employed to cir-
cumvent phase noise from the measurement setup. (E) Measured
(symbols) and simulated (line) Rabi oscillations at the CT. Each Ae

is plotted as a function of the amplitude β of the first pulse. (F)
Measured spin relaxation at the CT using an inversion recovery se-
quence (symbols), and corresponding exponential fit (line) yielding
T E

1 = 5.5 ± 0.5 s.

With the knowledge of the cooperativity C, the whole stor-
age/retrieval protocol can be demonstrated and quantitatively
understood. Because C � 1, we use here the simple re-
trieval protocol based on a single π pulse, with a square shape
of 2 µs duration. For nin = 240 ± 24 input photons, ζnin
should be absorbed, with ζ = 4C(κc/κ) = 4.3 ± 1.4 × 10−2

(see Supplementary Materials), and ζ2nin = 0.45± 0.15 pho-
tons should be re-emitted as a Hahn echo. Data shown in
Fig. 3(B) for τ = 100 µs are in quantitative agreement with
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FIG. 3. Storage and retrieval of weak pulses at clock transition. (A) Measured intra-cavity field α averaged over 103 repetitions at
a repetition rate of 200 ms (spins saturated, dashed curve) and of 16 s (spins polarized, solid curve). (B) Measured (left panel, 4 × 103

averages) and simulated (right panel) reflected field on resonance (
√
κcα − βin) and echo at a time� T E

2 . The simulation assumes a spectral
density of N/(Γ/2π) = 106 spins/MHz and a fixed g0/2π = 40 Hz. For panels (A, B) there are 240 photons in the input pulse. (C) Top
(bottom): a train of weak microwave fields, with input field βin measured off resonantly to allow comparison, containing 240 (24) photons
at the input and their retrieval after the refocusing π pulse. The numbering highlights that retrieval maintains the phase relation with respect
to the input field. The retrieved fields are multiplied by ζ−1 ≈ 24, where ζ = 4C(κC/κ) is the theoretical efficiency of the retrieved field at a
time� T E

2 .

these analytical predictions as well as with a complete simu-
lation of the experiment.

We then demonstrate long-lived and multi-mode first-
in/last-out microwave storage by sending a train of 20 weak
Gaussian pulses with varying phases, and retrieving them us-
ing a single refocusing pulse. The experiment was performed
twice, comparing input pulse intensities of nin = 240±24 and
24 ± 2 photons. As seen in Fig. 3(C), echoes are retrieved
after 100 ms with a well-defined phase. The retrieved field
amplitude is slightly reduced from the expected value of ζβin,
mostly due to spin decoherence during the storage time, and
also for a small part to resonator phase noise caused by vor-
tices trapped in the resonator thin film (see Supplementary
Materials). The recovered intensity corresponds to respec-
tively 0.3 ± 0.1 and 0.03 ± 0.01 photons per echo, ∼ 10−3 of
the input pulse energy.

Finally, we address the question of the quantum statistics
of the echo field. For that, we record a histogram of inte-
grated output signals acquired during the echo E, and outside
the echo O at a time when all spins are in their ground state.
Thanks to the photon number calibration, the average echo

amplitude Ē − Ō = ζ
√

nin = 0.5 ± 0.1 provides an absolute
calibration of the horizontal scale in dimensionless (square
root of photon number) units. This enables a comparison of
the measured standard deviations σO ∼ σE = 1.5 ± 0.3 to
the expected σO =

√
(n̄id + 1)/2 and σE =

√
(n̄id + C + 1)/2

(see supplementary Materials), where n̄id describes JTWPA
non-ideality, microwave losses between the sample and the
amplifier, and added noise by the higher-temperature ampli-
fication chain. We find n̄id = 3.5 ± 1.7, a reasonable value
compared to those measured in similar circuit QED setups.
Then, no measurable difference is observed between σE and
σO, in agreement with the theoretical estimate which pre-
dicts less than 0.5% difference. Overall, these measurements
prove the consistency between our photon number calibra-
tion protocol and the statistics of the recovered signal, and
they show that the echo is recovered with negligible added
noise, close to the quantum limit.

Turning this proof-of-principle into an operational quan-
tum memory requires increasing the ensemble cooperativity
by a factor ∼ 30, up to C = 1. We argue that this can be
achieved by straightforward design adjustments and without
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FIG. 4. Noise statistics of retrieved echo (A) Average of 103 sin-
gle shot traces of reflected signals (

√
κcα−βin) acquired with a repe-

tition rate of 16 s. The input and retrieved field contain 240 photons
and 0.25 photons respectively. In this run, the internal losses were
slightly larger than in Fig. 3(B), leading to a lower value of ζ and a
lower echo amplitude. (B) Histograms of signal quadratures before
the refocusing π pulse and on the echo. Each histogram sample is
acquired by integrating signals for 100 µs weighted by a normal-
ized gaussian mode shape describing the echo. Solid curves are
calculated gaussians of same area.

compromising the spin coherence time, by increasing both
the resonator quality factor and the number of implanted
spins. Importantly, we propose to increase the number of
spins at fixed concentration, simply using a deeper implanta-
tion profile, up to 1 µm as already shown [31]. The demon-
stration of a fully operational microwave quantum memory
will then be achieved using the two-pulse protocol proposed
in [18], and applied to store quantum states originating from
a transmon-based quantum processor.

In conclusion, we have demonstrated the absorption of
trains of weak microwave pulses consisting of only a few
photons in a hybrid quantum device, their storage for 100 ms,
and their phase-coherent re-emission without added noise.
Our results illustrate the utility of clock transitions for effi-
cient quantum memories with long storage times as well as
memory reset via the Purcell effect.
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SUPPLEMENTARY MATERIAL

I. DEVICE SETUP

The spin-resonator hybrid device is measured at the base
temperature of a dilution refrigerator in a setup as shown in
Fig. S1(A). The substrate is a natural silicon wafer with an
epitaxially grown 700 nm surface layer of isotopically puri-
fied 99.95% 28Si. This was implanted with Bi ions at ener-
gies of 40, 80, 120, 200, and 360 keV with a total fluence
of 1.1 × 1012 cm−3 and annealed at 800◦C for 20 min in an
N2 atmosphere (identical to the 28Si sample used in Ref. 32).
The resonator was patterned by electron-beam-lithography
followed by evaporation of a 50 nm aluminum thin-film and
liftoff. Prior to fabrication, the substrate was cleaned with a
piranha solution, and oxygen plasma ashing was used shortly
before thin-film deposition. The resonator inductance is a
700 µm long and 5 µm wide wire, which is shunted by a
co-planar capacitor consisting of 12 inter-digitated fingers,
50 µm wide and 50 µm apart.

The device is mounted inside a copper box with single
antenna coupling to allow measurements in reflection. Re-
flected signals, before demodulation at room temperature,
are first amplified by a TWPA at 20 mK and then by a HEMT
at 4 K. The length of the antenna can be tuned to control the
coupling and hence tune the resonance frequency, in this case
by ∼ 10 MHz, which allows us to target the clock transition.
Measured resonance curves are shown in the main panel of
Fig. S1(B) for two values of coupling rate κc.

The magnetic field of 27 mT needed to bias the bismuth
donor spins at their CT is large compared to the 10 mT crit-
ical field of bulk aluminum, and can therefore only be ap-
plied parallel to the sample. In our experiment, alignment
is achieved mechanically before cool-down, since the field
is applied by a single-axis coil, and residual misalignments
are unavoidable. As a result, significant phase noise and fre-
quency hysteresis (∼ 1 MHz) are observed in the resonator
response. Moreover, the resonator frequency is seen to vary
by ±1 MHz and κ change by ±20% from one cooldown to
another. Resonator phase noise translates into an additional

TABLE S1. Resonator parameters

Inductor width/length 5 µm/700 µm
ω0/2π at B0 = 27 mT 7.336 GHz
Resonator impedance 40 Ω

κc 4 × 105 s−1

κi (ncav = 1, B0 = 27 mT) 9 × 105 s−1

κ (ncav = 1, B0 = 27 mT) 13 × 105 s−1
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FIG. S1. Measurement setup. (A) The device is mounted inside
a copper box to facilitate measurements in reflection via an antenna
coupling. The reflected pulses and echo at the resonance frequency
ω0 are first amplified by a TWPA followed by further amplifica-
tion and homodyne detection at room temperature. (B) Main panel:
Reflectance measurements of the resonance for two lengths of the
antenna performed at an average intra-cavity photon number of one.
Black curves are least square fits. Inset: Change in the resonator in-
ternal loss rate κi as a function of average intra-cavity photon num-
ber ncav. Measurements are done at B0 = 0.

decoherence channel for the spins, because it results in an
uncontrolled relative phase between the π/2 and π pulses.
For the T2 measurements of Fig. 2, this can be circumvented
by averaging the echo magnitude and not quadratures, as is
commonly done in EPR spectroscopy. However, magnitude
averaging is not possible for the memory protocol of Fig. 3
since phase coherence between the input and output is essen-
tial; as a result, the data of Fig. 3 could only be acquired at
times when the resonator phase noise was not too strong.

The resonator internal loss rate κi is observed to decrease
with average intra-cavity photon numbers as shown in the
inset of Fig. S1(B) for B0 = 0. Power-dependent losses are
a well-known signature for microwave losses caused by a
bath of Two-Level Systems (TLSs). In the context of our
work, these TLSs compete with bismuth spins in photon ab-
sorption, see further below. Near 27 mT and at low power
ncav ∼ 1, internal loss rate κi is 9×105 s−1 while at high input
power, ncav ∼ 106 , κi ∼ κc = 4 × 105s−1.

II. THEORY AND SIMULATIONS

The expectation values of the intra-cavity field operator
〈a〉 = α can be described via standard input-output theory
for N independent spins (labeled by index m) coupled to a

common resonator with coupling rate gm,

∂α

∂t
=
√
κcβ −

κ

2
α − i

N∑
m=1

gmS (m)
+ , (S1)

where S (m)
+ =

[
〈σ̂(m)

x 〉 + i〈σ̂(m)
y 〉

]
/2 is the expectation value of

the m spin raising operator, β the input field, κc and κ being
the external and total coupling rate of the resonator. The spin
dynamics is described by Bloch’s equation

∂S (m)
+

∂t
= −i∆mS (m)

+ + 2igmS (m)
z α − S (m)

+ /T2. (S2)

Here ∆m = ωm − ω0 is the spin-cavity detuning and T2 the
spin coherence time.

Simple analytical expressions can be obtained in the
steady-state in the cases of single g0, large inhomogeneous
linewidth Γ � κ, small drive bandwidth t−1

0 � κ and long T2
coherence times. The absorption of a weak field is obtained
by setting S (m)

z = 1, and the retrieval of a weak echo by set-
ting S (m)

z = −1 for the single-π pulse protocol. The following
expressions are then obtained [18]

αsto =

√
κc

κ

2
(1 + C)

β, (S3)

αret = −

√
κc

κ

4C
(1 + C)(1 −C)

β (S4)

where C = 4g2
0N/κΓ is the ensemble cooperativity. In the

case of a single refocusing pulse, a divergence appears at
C = 1 because the retrieval happens when the spins are in
the excited state and can thus behave as a transient maser,
providing gain in the system. This reveals the limitation of
the single refocusing pulse scheme. The full quantum mem-
ory protocol employs two π pulses [18] such that spins are
back to the ground state and in this case the retrieved field
is αret = −

√
κc

κ
4C

(1+C)2 β. For κ ∼ κc and C = 1, impedance
matching is achieved, implying that the absorption of the in-
put field by the spins as well as a its retrieval after refocusing
are complete.

Disregarding any spin decoherence, and in the limit of
C � 1, the echo amplitude is given by

√
κcα

ret ≈ ζβ, with
ζ = 4C(κc/κ), and the ratio of retrieved to input energy is
provided by ζ2. This is equally true for a storage protocol
including one or two π pulses.

A complete time dependent numerical simulation includes
characteristics of the spin ensemble such as the distributions
of Larmor frequency ρδ(δ) and coupling constant ρg(g), nor-
malized such that

∫
dgρg(g) =

∫
dδρδ(δ) = 1. We note that

such characteristics directly affect both Rabi angles and Pur-
cell relaxation rates and therefore the relative contribution to
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output signals for a given repetition rate. The Purcell relax-

ation time is given by T (m)
1 = κ

4g2
m

[
1 +

(
2∆m
κ

)2
]
. Because the

ensemble inhomogeneous linewidth is much larger than the
cavity-linewidth, we assume ρδ(δ) to be a square function of
size ∼ 10κ centered around the resonator frequency.

III. PURCELL LIMITED T1

In order to reset the spin ensemble in its ground state in-
between two experimental sequences, the repetition time is
chosen to be longer than the spin energy relaxation time T1.
In our experimental conditions, spin relaxation is purely ra-
diative, with T1 = κ/4g2

0 [17]. Spin relaxation curves ac-
quired using inversion recovery sequence with square pulses,
each 2 µs in duration, are shown in Fig. S2 for the first
transition (|4, 4〉 ↔ |5,−5〉) and for the clock transition
(|4,−1〉 ↔ |5, 0〉 and |4, 0〉 ↔ |5,−1〉). The T1 extracted
from exponential fits directly yield the single spin-photon
coupling strength g0/2π = 76 (40) ± 8(4) Hz where we have
used the low power total decay rate κ of 9 (13) × 105 s−1 for
the first transition (CT). The values extracted are consistent
with transition matrix elements 〈0|S x|1〉 = 0.48 (0.25) for
the first transition (CT). Together with these parameters, we
are able to predict the complex echo shapes without any ad-
justable parameter at different delays due to dependence of
Rabi angle and T1 on the detuning, see Fig. S2(B,D).
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magnetic fields. Measurements are done using gaussian pulses with
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IV. BISMUTH SPIN SPECTRUM

The lack of in-situ frequency tuning prevents a com-
plete spectrum measurement near the clock transition. The
spin-spectrum near the first transition can however be ob-
tained by sweeping the magnetic field (see the main panel of
Fig. S3(A)). The spectrum displays a split-peak shape with
an inhomogeneous linewidth of ∼ 0.2 mT or 5 MHz, much
larger than the expected ∼ 1 kHz dipolar linewidth and than
the 100 kHz broadening due to the bath of residual 29Si nu-
clear spins [33].

The split-peak spectrum was explained in Ref. 30 by the
dependence of bismuth donor hyperfine constant on the hy-
drostatic component of the strain ε, with (1/2π)dA/dε =

29 GHz. In our device, strain is due to the ten-times
smaller thermal expansion coefficient of silicon relative to
aluminum. A colormap of hydrostatic strain computed using
COMSOL software is shown in the inset of Fig. S3(A). Three
colors of the colormap roughly denote three species of spins.
Pink areas represent negatively strained spins just below the
wire |x| < 2.5 µm and form the left peak and the left tail of the
spectrum. White areas |x| > 2.5 µm are unstrained and form
for the right peak. Green areas are positively strained spins
making the tail of the right peak. Since the strain is magnetic
field independent, we can identify the spin location for the
measurements near CT. Given ω0/2π is below the unstrained
spin transition frequency by f∆ ∼ −2.6 MHz, spins must be
located below the wire (x = 0 ± 0.5 µm). This is supported
by the black curve in Fig. 2C reproduced using the spectrum
near first transition and measured f∆ near CT.
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V. TLS ABSORPTION

Two level systems (TLSs) already show up in the power
dependence of internal quality factor, see the inset of Fig. S1.
We extract their contribution quantitatively by measuring the
absorbed field at magnetic fields where spins are resonant or
non-resonant with the resonator frequency ω0. To get the ab-
sorbed field, we subtract the reflected field measured with a
repetition time trep = 3T1 from the one taken at trep � T1,
such that spins are either polarized or saturated, respectively.
The measurements at different magnetic fields are plotted
as solid lines in Fig. S3(B,D). For the first transition (CT)
we observe that only 40 (20)% field absorption comes from
spins, the rest being from the TLSs. The difference in ab-
sorption fraction between the first and the CT transition is
consistent with the expected reduction in cooperativity. In-
deed, at the CT, the matrix element is twice smaller than at
the first transition, contributing to a reduction by a factor of
4 since C is proportional to g2

0, whereas the number of spins
is doubled because of the transition quasi degeneracy, lead-
ing to an overall cooperativity reduction by a factor of 2, as
observed. All relevant plots in the main text and the Supple-
mentary materials have been corrected for the contribution
from TLSs.

VI. NUMBER OF SPINS

A rough estimate of the spin number N can be made using
the bismuth implantation profile, the device geometry and
the spin linewidth. Taking the nominal concentration of 8 ×
1016 cm−3, there are 2.8×107 spins in a box of volume 5 µm×
0.1 µm × 700 µm (volume only below the wire forming the
left peak of the split spectrum in Fig. S3A). These spins are
distributed among states of the lower-energy F = 4 manifold
with a linewidth of Γ/2π ∼ 2.5 MHz, thus there are ∼ 1.2 ×
106 spins/MHz per level of the F = 4 manifold.

For a quantitative extraction of N, we measure the change
in the intra-cavity field αsto when spins are saturated or po-
larized. In our case, a pulse sequence can be simply re-
peated on a time scale much shorter than T1 to saturate the
spins. Experimentally measured intra-cavity fields are shown
in Fig. S4(A) for the first transition from which we deduce
C ≈ 0.08. This value is consistent with the numerical simula-
tions shown as dashed lines and yielding the number of spins
coupled to the resonator as, N/(Γ/2π) ≈ 5 × 105 spins/MHz
for g0/2π ≈76 Hz. The same method has been employed in
the main text (Fig. 3(A)) to extract 106 spins/MHz near the
CT.

An independent approach to quantify spin absorption is to
measure change in the resonator quality factor as a function
of the magnetic field as shown in the Fig. S4(A). The ap-
proach has the advantage that the TLSs do not react to mag-
netic fields. Changes in Q = ω0/δωB can be derived using
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FIG. S4. Storage and retrieval of microwave photons near the
first transition. (A) Measured intra-cavity field for the cases of
spins saturated (αs, red) and polarized (αp, green). (B) Change in
total quality factor of the resonator due to absorption from spins
measured at average photon number of ncav ∼ 0.1. (C) Measured
input fields and retrieved field quadratures I and Q. The retrieved
field is multiplied by ζ−1, where ζ = 4C(κc/κ) = 0.14 is the mem-
ory field efficiency at time � T2. Dashed curves in all panels are
numerical simulations.

input-output theory [34]

δωB = κ + g2
ens

Γ/2
(∆2

s + Γ2/4)
, (S5)

where κ is the total decay rate of the resonator away from
spin resonance, ∆s = ω0 − ωs the detuning between spins
and the resonator, Γ the spin ensemble linewidth and gens =

g0
√

N. The change in total quality factor Q (= ω0/δωB) as a
function of B0 near the first transition is plotted in Fig. S4(B).
The dependence roughly follows the asymmetric shape seen
in echo detected spectroscopy. From the Eq. S5, we esti-
mate N = 106 spins distributed in a Lorentzian spectrum of
FWHM linewidth Γ/2π = 1 MHz. This estimate of N/Γ is
within a factor of 2 of the one extracted using the absorbed
intra-cavity field.

VII. FIELD ABSORPTION AND RETRIEVAL

In addition to the data shown in the main text, we also
demonstrate the storage and retrieval of weak coherent fields
at the first Bi:Si transition (B0 = 1.4 mT, d f /dB0 =

25 MHz/mT) as shown in Fig. S4(C). A train of microwave
fields each containing less than 40 photons is incident on the
spin ensemble and retrieved using a refocusing π pulse. We
see again that the retrieved signal maintains the phase rela-
tion with respect to the input field. The storage time is how-
ever much smaller than at the CT, since the coherence time
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is T2 = 7.5 ms. The retrieval field efficiency ζ = 4C(κc/κ) =

0.14 here is however larger than the value measured at CT
due to lower internal losses (κi = 5×105 s−1, κc = 4×105 s−1)
and stronger spin-photon coupling strength g0/2π = 76 Hz.

VIII. NOISE MEASUREMENTS

Here, we detail the noise measurements reported in Fig. 4.
Considering N spins excited during the refocusing π pulse,
the number of photons nSE emitted due to their spontaneous
emission between time t and t + dt is Ndt/T1 for t, dt � T1.
In the Purcell limit, this yield the number of photons emitted
by spontaneous emission during the echo,

nSE = N
4g2

0

κ
dt ∼ N

4g2
0

κΓ
= C, (S6)

since the echo duration is ∼ 1/Γ.
We can define the field annihilation and creation oper-

ators in the output mode in which the echo is emitted as
a =

∫
u(t − t0)aout(t)dt and a† =

∫
u(t − t0)a†out(t)dt, where t0

is the mean echo arrival time, and u(t) is the envelope func-
tion defining the mode, verifying

∫
|u(t)|2dt = 1. We take

u(t) as the Gaussian envelope of both the input pulse and the

echo, i.e. u(t) = βin(t)/
√∫

β2
in(t)dt. With this definition, the

quadrature Xa = (a + a†)/2 verifies δX2
a = 1/4 for a coher-

ent state and for the vacuum, and δX2
a = 1/4(1 + 2C) for a

thermal state containing C photons on average.
The total output noise also includes the amplifier noise.

Amplification is modelled as transforming input mode a into
output mode b =

√
Ga +

√
G − 1a†id, where G is the power

gain, and aid the idler operator. Defining the output mode
quadrature as Xb = (b + b†)/2, we get 〈b〉 =

√
G〈a〉, and

δX2
b = GδX2

a + (G − 1)δX2
id.

We then write δX2
id = 1

4 (1 + 2n̄id). In this equation, a non-
zero value of n̄id accounts for amplifier non-ideality, but also
for losses in-between the sample and the amplifier as well
as added noise by the following amplifiers of the detection
chain. In the limit of large gain, the total noise referred to
the amplifier input thus writes δX2 = [G/4 + (G − 1)(1 +

2n̄id)/4]/G ' (n̄id + 1)/2 for vacuum or a coherent state, and
δX2 = (n̄id + C + 1)/2 for a thermal state of C photons on
average.

As explained in the main text, we find n̄id = 3.5 ± 1.7,
a reasonable value compared to those measured in similar
circuit QED setups. This consistency check gives us confi-
dence both in the determination of field amplitudes and pho-
ton numbers in absolute units, and confirms that the echo
emission occurs indeed with negligible added noise.




