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A quantum memory at microwave frequencies, able to store the state of multiple superconducting qubits
for long times, is a key element for quantum information processing. Electronic and nuclear spins are
natural candidates for the storage medium as their coherence time can be well above 1 s. Benefiting from
these long coherence times requires one to apply the refocusing techniques used in magnetic resonance, a
major challenge in the context of hybrid quantum circuits. Here, we report the first implementation of such
a scheme, using ensembles of nitrogen-vacancy centers in diamond coupled to a superconducting
resonator, in a setup compatible with superconducting qubit technology. We implement the active reset of
the nitrogen-vacancy spins into their ground state by optical pumping and their refocusing by Hahn-echo
sequences. This enables the storage of multiple microwave pulses at the picowatt level and their retrieval
after up to 35 μs, a 3 orders of magnitude improvement compared to previous experiments.

DOI: 10.1103/PhysRevX.4.021049 Subject Areas: Condensed Matter Physics,
Quantum Information

I. INTRODUCTION

The ability to store a quantum state over long times is a
desirable feature in many quantum information protocols.
In the optical domain, quantum memories are necessary to
implement the quantum repeaters needed for future long-
distance quantum networks and are the object of active
research [1–5]. Quantum memories at microwave frequen-
cies have also become of great interest in recent years
because of the development of superconducting qubits,
which have their resonance frequency in the GHz range, in
the perspective of implementing holographic quantum
computing [6–8]. For such schemes, the memory should
act as an ideal multiqubit register, able to store the state of
large numbers of qubits over long times and to retrieve
them on demand.
Spin ensembles have emerged as promising candidates

for such a microwave quantum memory because of their

long coherence time [9–12] and because a spin ensemble
withstands many orthogonal collective modes that are well
suited to store multiple qubit states. Existing proposals
[13,14] (inspired by optical quantum memory protocols
[4,5]) proceed in two distinct steps. In the write step, the
microwave field prepared in a well-defined quantum state
jψi (for instance, by a superconducting qubit) is absorbed
by the spin ensemble. This generates a transverse mag-
netization that decays rapidly in a time T�

2 due to the spread
of resonance frequencies in the ensemble. Given the
weakness of the coupling constant of a single spin to the
microwave field, efficient absorption requires embedding
the ensemble in a high-quality factor microwave resonator
in order to reach the so-called high-cooperativity regime
[15–19]. The second step (read) of the memory operation
consists of retrieving the initial state. It relies on the
principle of Hahn echoes [20]: dephasing due to inhomo-
geneous broadening can be counteracted by applying a π
pulse to the spins at time τ, which acts as a time reversal
and, thus, causes all the magnetic dipoles to return in phase
(refocus) at time 2τ. Quantum memory proposals [13,14]
combine two consecutive refocusing π pulses applied to the
spins with dynamical tuning of the resonator frequency and
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quality factor, thereby retrieving the amplitude of the input
microwave field while preventing the addition of noise, as
required for a high-fidelity memory performance [21]. The
maximum storage time of the memory is approximately the
Hahn-echo decay time T2, so that the maximal number of
stored quantum states is of order T2=T�

2, a figure which can
be very large in many spin systems.
The write step of this protocol (quantum state transfer)

has been demonstrated at the single-photon level in recent
experiments [22,23]; the remaining obstacle to a multimode
microwave quantum memory is therefore the implementa-
tion of Hahn-echo refocusing sequences at the quantum
level in a hybrid quantum circuit. The object of this work is
precisely to identify the challenges posed by this task and to
demonstrate experimentally that they can be solved. For
simplicity, we consider a protocol simpler than the full
quantum memory [14] but which constitutes an essential

building block: the two-pulse echo (2PE). As depicted in
Fig. 1(a), the 2PE consists in storing weak pulses θi into the
spin ensemble at times ti and applying a single refocusing
pulse at time τ, which triggers the emission of echo pulses
ei at times 2τ − ti (therefore, in reverse order) in the
detection waveguide [24].
Performing the 2PE at the quantum level imposes a

number of requirements that represent experimental chal-
lenges. For quantum states to be well defined, thermal
excitations should be absent from the system. This implies
both that the spin ensemble has a high degree of polari-
zation and that the microwave field is in its ground state
with high probability, which can only be achieved if the
experiments are performed at millikelvin temperatures. At
these temperatures, however, spins tend to relax very
slowly towards their ground state, and an active spin reset
is therefore needed in order to repeat the experimental
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FIG. 1. Principle of the experiment. (a) Scheme of the multimode two-pulse echo (2PE) protocol applied to an ensemble of spins
placed in an electromagnetic cavity: successive low-power microwave pulses θi are stored in the spin ensemble. A refocusing pulse R
acts as time reversal for the spins and triggers the retrieval of the stored pulses as echoes ei in reverse order. Top and bottom time lines
show the applied and the reflected and echo signals, respectively. (b) Setup placed in a dilution refrigerator: the cavity is a lumped-
element parallel LC resonator in niobium coupled to a coplanar waveguide by a capacitor Cc. It consists of an interdigitated capacitor C
and a meander wire inductor L creating the ac magnetic field shown in the inset, for a 10 μW incident microwave power at resonance.
The spin ensemble consists of NV centers in a diamond monocrystal pressed on top of the inductor. Laser pulses can be shone on it
through an optical fiber glued to its top face. A tunable dc magnetic field BNV is applied parallel to the [110] direction of the crystal.
(c) Negatively charged NV centers in diamond consist of a nitrogen atom next to a vacancy of the diamond lattice, having trapped an
electron. Their electronic spin S ¼ 1 is coupled by hyperfine interaction to the nitrogen nuclear spin I ¼ 1 (for the 14N isotope). Half of
the electronic spins (subensemble denoted N-Orth. in blue) make an angle α ¼ 35.3° with BNV, whereas the other half (subensemble
Orth. in red) is orthogonal to the field. (d) NV simplified energy diagram (top) showing the ground 3A and the excited 3E electronic
states as well as the Zeeman and hyperfine structure of 3A, with D=2π ¼ 2.8775 GHz the zero-field splitting. (bottom) Magnetic field
dependence of the allowed transitions for both N-Orth. (blue) and Orth. (red) subensembles, showing, respectively, a linear and a
quadratic Zeeman effect. NVs can be optically repumped in their mS ¼ 0 ground state by application of green (532 nm) laser pulses
exciting the 3A-3E transition.
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sequence at a reasonable rate (> 1 Hz) as required by
experiments at the single-photon level. Then, applying
refocusing pulses to the spins requires large microwave
powers potentially incompatible with the detection of
quantum fields. Finally, the echo emitted by the spins
should faithfully restore the initial field, which implies that
the echo recovery efficiency E, which we define as the ratio
of the energy radiated during the echo to the energy of the
incoming pulse, should be close to 1. To summarize,
reaching the quantum regime requires a mean excitation
per mode (both microwave and spin) nmw;sp ≪ 1, input
microwave fields with intracavity photon number n̄ ≈ 1,
and an echo efficiency E close to 1.
These stringent requirements have never been met in an

experiment, by far. The multimode character of the 2PE has
been recently benchmarked in the classical regime [25]
with an ensemble of phosphorus donors in silicon at 10 K in
the three-dimensional microwave cavity of an electron
paramagnetic resonance spectrometer. That experiment
reached nmw;sp ≈ 20, n̄ ≈ 1014, and an echo recovery
efficiency E ≈ 10−10. Here, we use negatively charged
NV centers in diamond, which are color centers consisting
of a substitutional nitrogen atom sitting next to a vacancy of
the lattice [see Fig. 1(c)] with properties suitable for a
quantum memory. Indeed, their spin triplet (S ¼ 1) elec-
tronic ground state has a long coherence time [9] and can be
optically repumped in the spin ground state jmS ¼ 0i [see
Figs. 1(c) and 1(d)] as a result of spin-dependent inter-
system crossing from the electronic excited triplet state to a
metastable singlet state [not shown in Fig. 1(d)] [26]. We
revisit the 2PE protocol with an ensemble of NV centers at
400 mK coupled to a planar superconducting resonator, in a
setup compatible with hybrid quantum circuits, with active
reset of the spin at the beginning of each experimental
sequence, and we demonstrate the storage of multiple
pulses at the picowatt level into orthogonal collective
modes of the spin ensemble for 35 μs, 3 orders of
magnitude longer than in earlier experiments [27]. Our
experiment reaches nmw ≈ 3, nsp ≈ 0.1, n̄ ≈ 100, and
E ≈ 2 × 10−4, and, therefore, comes closer to the quantum
regime than previous work by several orders of magnitude.
We quantitatively identify the present limitations and show
that they can be solved in future experiments, opening the
way to the implementation of quantum memory protocols.

II. EXPERIMENTAL SETUP AND NV
HAMILTONIAN

The experimental setup is sketched in Fig. 1(b) (see also
the Supplemental Material [28]). A diamond crystal homo-
geneously doped with NV centers (½NV−� ≈ 2 ppm) is
glued on top of the inductance of a planar superconducting
LC resonator cooled in a dilution refrigerator. For optical
pumping, 532 nm laser light is injected through a single-
mode optical fiber, glued on top of the crystal, 1.5 mm
above the resonator inductance. A magnetic field ~BNV is

applied parallel to the chip along the ½110� crystalline axis
[see Fig. 1(c)].
NV centers in their ground state are described [29] by

the Hamiltonian HNV=ℏ ¼ DS2z þ EðS2x − S2yÞ þ AzSzIzþ
γe ~BNV · ~SþQ½I2z − IðI þ 1Þ=3�, with ~S (~I) the spin oper-
ator of the S ¼ 1 NV electronic spin (the I ¼ 1 nitrogen
nuclear spin), D=2π ¼ 2.8775 GHz the zero-field splitting
between states mS ¼ 0 and mS ¼ �1, Az ¼ −2.1 MHz the
hyperfine coupling, and Q ¼ −5 MHz the nuclear quadru-
pole momentum [30]. Local electric field and strain couple
the spin eigenstates jmS ¼ �1i with strength E [31]. The
energy eigenstates j�i, shown in Fig. 1(d), are thus linear
combinations of states jmS ¼ �1i; in particular, at zero
magnetic field, states j�i¼ðjmS¼þ1i�jmS¼−1iÞ= ffiffiffi

2
p

are separated in energy by 2E. In the experiment, we use
transitions between the spin ground state jmS ¼ 0i and the
two excited states j�i at frequencies close to the zero-field
splitting.
The resonator is capacitively coupled to measurement

lines through which microwave signals are applied, with
the amplitude and phase of the reflected field detected by
homodyne demodulation after amplification at 4 K. The
reflection coefficient S11, shown in Figs. 2(a) and 2(b),
yields the resonator frequency ωc=2π ¼ 2.88 GHz and
quality factor Q ¼ 80. Such a low Q was chosen to avoid
spin relaxation by superradiant spontaneous emission after
excitation by the refocusing pulse [32]. Dips in jS11j are due
to absorption by the NVs, as evidenced by their dependence
on BNV.

III. ACTIVE RESET OF THE SPINS

To demonstrate optical repumping of the NVs in
jmS ¼ 0i, we probe the spin polarization after a laser pulse
of power PL and duration TL by measuring the absorption
of a microwave pulse at ωd=2π ¼ 2.884 GHz. In addition
to repumping the spins, the laser generates quasiparticles in
the superconductor and carriers in the silicon substrate. We
thus introduce a delay of 300 μs between the two pulses for
these excitations to relax. In order to start from a repro-
ducible spin polarization, a strong microwave pulse is
applied before the laser pulse, which saturates all the spins
at the beginning of each sequence [see Fig. 2(c)].
The results are shown in Fig. 2(d) for PL ¼ 1.5 mW.

Without laser pulse, the reflected pulse amplitude is
independent of BNV, proving that the spins are efficiently
saturated by the initial microwave pulse. For nonzero TL,
absorption peaks with the triplet shape characteristic of the
NV hyperfine structure are observed, indicating sizable NV
polarization. To quantify the effect, we convert the absorp-
tion signal into the imaginary part of the spin susceptibility
χ00ðTL; BNVÞ [see Fig. 2(e) and the Supplemental Material
[28]], which yields the relative spin polarization
pðTLÞ ¼ χ00ðTL; BNVÞ=χ00ðTmax; BNVÞ, with Tmax the maxi-
mum repumping time. The polarization increases with TL
and then saturates [see Figs. 3(a) and 3b)], which shows
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that the spins reach the maximum polarization allowed by
optical pumping at 532 nm, close to 90% according to
earlier work [33]. The refrigerator cold stage was heated to
400 mK due to laser power; all of the following results were
obtained under these conditions. Better alignment of the
fiber with the resonator should reduce the power needed by
2 orders of magnitude.
Using the optical pumping, we measure the energy

relaxation of the spins. The spins are first repumped, after
which a series of a 20 ms resonant probe microwave
pulse separated by 10 s are applied. The average reflected
amplitude of each pulse is plotted in Fig. 3(c) and shows
a biexponential response with time constants T1;a ¼ 35 s
and T1;b ¼ 395 s, similar to recent measurements [18].
These very long values confirm the need of actively
resetting the spins for operating a quantum memory.

IV. PULSED RESPONSE OF THE SPINS

As a first step towards the application of refocusing pulses
to the spins, we measure their time-domain response to
microwave pulses of varying power. The experiments are
performed at BNV ¼ 0 mT. The zero-field spin

PL

TL

300 s

FIG. 2. Spectroscopic signals and optical repumping. (a) Measured (open circles) and fitted (solid line) phase of the reflection
coefficient S11 showing the resonator resonance at ω0=2π ¼ 2.88 GHz with quality factor Q ¼ 80, when the spins are saturated and do
not contribute to the signal. (b) Measured reflection coefficient modulus jS11j around the center of the resonator line, showing the
absorption by the spins for different magnetic fields. Top line (6 mT, black) corresponds to all spins (Orth. and N-Orth.) being far detuned
and shows no absorption. Other lines show several absorption peaks moving with magnetic field (subensemble N-Orth.) or not
(subensemble Orth). (c) Optical reset of the NV center spins. The spins are first saturated by a 20-μs-longmicrowave pulsewith frequency
ωd and applied power −24 dBm; they are then optically repumped to their ground state with a laser pulse of power PL and duration TL.
After letting the system cool down during 300 μs, the reflected amplitude of an applied weak (−132 dBm) 20-ms-long measurement
pulse at ωd=2π ¼ 2.884 GHz is measured. (d) Reflected amplitude for PL ¼ 1.5 mW and different TL. The curves show the hyperfine
split mS ¼ 0 to mS ¼ �1 spectroscopic transitions of the N-Orth. subensemble, with an amplitude that increases with TL because of
increasing spin repolarization. (e) Corresponding imaginary part χ00ðBNVÞ of the spin susceptibility. In addition, the dashed and dash-
dotted lines show, respectively, χ00ðBNVÞmeasured at thermal equilibrium (30 mK, no saturating nor optical pulse) and calculated (see the
Supplemental Material for methods and Figs. S3 and S4 [28]) and rescaled by a global factor to match the experiment at TL ¼ 4 s.
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FIG. 3. Spin reset efficiency and relaxation. (a),(b) Relative spin
polarization dependence on TL for PL ¼ 1.5 mW and on PL for
TL ¼ 6 s. The experimental sequence is shown in Fig. 2(c). (c) NV
spin relaxation time measurement. A series of Δτ ¼ 20 ms weak
microwave pulses (−120 dBm) atωd=2π ¼ 2.884 GHz, separated
by τ ¼ 10 s, is applied following optical reset of the spins. Blue
dots are the average reflected amplitude of each pulse. A biexpo-
nential fit (red solid line) yields T1;a¼35s and T1;b¼395s.
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susceptibility χ00ðωÞ [see Fig. 4(a)] shows two broad peaks
corresponding to the j0i → j−i and j0i → jþi transitions.
The width of these peaks is governed by the inhomogeneity
of local electric fields and strain acting on the NVs, which
results in a broad distribution of E, causing the hyperfine
structure to be barely resolved, as seen in Fig. 4(a). On the
j0i → jþi transition, the spin absorption reaches a maxi-
mum at ωe=2π ¼ 2.8795 GHz, which we will use as the
frequency of all microwave pulses in the following. Square
microwave pulses of varying input power Pin are sent to the
sample, and their reflected amplitude A is measured. The

data are shown in Figs. 4(b) and 4(c), rescaled by
ffiffiffiffiffiffi
Pin

p
, and

compared to the reflected amplitude of the same microwave
pulse with the spins initially saturated by a strong pulse. At
low power (the linear regime), after an initial transient where
resonator and spins exchange energy, A reaches half of the
saturated value in steady state, indicating that the spins
absorb≈75% of the incoming power. The steady-state value
ofA increases with incoming power, indicating reduced spin
absorption caused byprogressive saturation of the ensemble.
Note that no clear Rabi oscillations are observed. This is
due to the spatial inhomogeneity of the microwave field

A
A

300 s
A

FIG. 4. (a) Measured (solid line) and computed (dash-dotted line) imaginary part χ00ðωÞ of the spin susceptibility at BNV ¼ 0 mT. The
calculated curve (see Supplemental Material [28]) was rescaled by a global factor to match the experiment. (b) Reflected field amplitude
A for a square input microwave pulse of power Pin. Solid lines are experimental data with Pin ¼ −90, −60, −55, and −50 dBm (blue,
green, yellow, and red, respectively), dashed lines are simulations. The black curve is obtained when spins have
been saturated by an initial strong pulse. The curves have been rescaled by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pin=P0

p
for easier comparison, with P0 ¼ −90 dBm.

(c) In-phase (blue) and out-of-phase (green) quadrature of the reflected field for Pin ¼ −90 dBm. (d) Spin-echo sequence. An incoming
microwave pulse θ with power −60 dBm is followed by a delay τ and a 1-μs-long refocusing pulse (R) with power −20 dBm, yielding
an echo e at time 2τ. Saturation of the amplifiers (shown in red) limits the measurable amplitude to about 2 V. (e) Experimental (crosses)
and simulated and rescaled (open circles) area of the echo as a function of the refocusing pulse power PR. (f) Measured (crosses) decay
of the echo maximum amplitude as a function of τ. Dashed and solid lines are an exponential fit yielding a characteristic time
T2 ¼ 8.4 μs and a biexponential fit fðτÞ yielding T2A ¼ 4.7 μs and T2B ¼ 14.3 μs, respectively.
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generated by the planar resonator [see Fig. 1(b)], which
causes a spread of Rabi frequency within the ensemble; in
particular, this prevents the application of precise π pulses to
all the spins [34],which is an issue forHahn-echo sequences.
In order to understand in detail the spin dynamics, we

compare the experimental data to the result of numerical
simulations. These simulations consist of a number of
mean-value equations along the lines of Ref. [14] and
explained in further detail in the Supplemental Material
[28]. In particular, the inhomogeneity in both spin fre-
quency and coupling strength is taken into account by
dividing the ensemble into a sufficiently large set of
homogeneous subensembles and integrating the equations
of motion for the resonator field and the spin components
of all of the subensembles. The distribution of spin
frequencies follows from the spin susceptibility shown in
Fig. 5(a), and the distribution of coupling strengths depends
on the resonator-field vacuum fluctuations, whose spatial
distribution is calculated using the COMSOL simulation
package and exemplified in the inset of Fig. 1(b). The
actual distributions used are shown in Fig. S5 of the
Supplemental Material [28].
The simulations employed assume an ensemble of spin-

1=2 particles, which is an approximation in the case of NV
centers having a spin of 1. However, in the linear,
nonsaturated regime this description is exact, and for the
nonlinear, saturated regime we expect the approximation to
be justified since the applied π pulse has a narrow frequency
bandwidth and is tuned predominantly to the j0i → jþi
transition of the NV centers. In Figs. 4(b) and 4(c), the
measured and calculated reflected field are compared and
show a convincing agreement, without any adjustable
parameter. This confirms the validity of the calculations,
both in the linear and nonlinear regime, and proves, in
particular, that the frequency distribution used is correct.

V. SPIN ECHO AT HIGH POWER

Despite the impossibility of applying well-defined π
pulses to the spins, we implement a spin-echo sequence
with an initial microwave pulse creating a transverse
magnetization, followed after τ by a refocusing pulse. Its
power PR ¼ −20 dBm is chosen such that spin saturation
is reached within the pulse duration, as required for spin
echo. The reflected signal amplitude is shown in Fig. 4(d),
with the expected spin echo observed at 2τ. We study the
amplitude of this echo as a function of PR, and compare this
curve to the result of the simulations. The agreement is
quantitative, as shown in Fig. 4(e); in particular, the power
at which the echo amplitude saturates is well predicted by
the simulations. This shows further evidence of the validity
of calculated coupling strengths and of the spin-1=2
approximation.
The dependence of the echo amplitude on τ is fitted

by a biexponential function fðτÞ ¼ A expð−2τ=T2AÞþ
B expð−2τ=T2BÞ, with two different coherence times

T2A ¼ 4.8 μs and T2B ¼ 14.3 μs, and A ¼ 0.78 and B ¼
0.22 [see Fig. 4(f)]. Such a dependence is expected for an
ensemble of NV centers in zero magnetic field. Indeed, the
coherence time of NV centers is limited by dipolar
interactions with the surrounding spin bath, either para-
magnetic impurities (P1 centers) or 13C nuclear spins. This
spin bath can be approximated as generating a fluctuating
magnetic field that blurs the phase of the NV center. In zero
magnetic field, an interesting situation occurs: the nuclear
spin state mI ¼ 0 becomes immune to first order to
magnetic fluctuations [31] because of the strain-induced
coupling between states mS ¼ �1, which gives rise to an
avoided level crossing, and thus to a transition frequency
independent of magnetic field to first order [see Fig. 1(d)].
This was shown in previous work to make the free-
induction decay time T�

2 1 order of magnitude longer in
zero magnetic field [31], and should equally lead to a
longer Hahn-echo time T2. However, this is not true for
states with mI ¼ �1, which should, therefore, have a
shorter decoherence time T2 in zero magnetic field.
More details will be given in future work.

VI. MULTIMODE 2PE PROTOCOL AND
DISCUSSION

Finally, we implement the multimode 2PE protocol with
weak microwave pulses. Six consecutive microwave pulses
with a varying phase and identical amplitude corresponding
to ≈104 photons in the resonator are first absorbed by the
spin ensemble, and a strong refocusing pulse is then applied
10 μs later [see Fig. 5(a)]. The sequence is averaged 104

times at a repetition rate of 1 Hz, made possible by the
active reset of the spins. As shown in Fig. 5(b), the six
pulses are recovered after the refocusing pulse up to 35 μs
after their storage, with an amplitude reduced by ∼102
compared to the incoming pulse, corresponding to ∼1
photon in the resonator. As expected, the pulses are
reemitted in reverse order [see Fig. 5(c)]. Note that the
strong refocusing pulse (∼109 photons in the cavity) does
not prevent detection of fields at the single-photon level few
microseconds later. We were able to detect a measurable
spin-echo signal for pulses containing up to 100 times
lower energy, thus populating the resonator with n̄ ≈ 100
photons on average [see Fig. 5(d)].
An important figure of merit is the field retrieval

efficiency E, defined as discussed in the Introduction as
the ratio between the energy recovered during the echo and
the energy of the incoming pulse. In the data shown in
Fig. 5(b), E is seen to decrease with τ due to spin
decoherence, following approximately the relation
Ee ¼ 0.03jfðτÞj2, which yields E ¼ 2.4 × 10−4 for
2τ ¼ 17 μs. Coming back to the figures of merit defined
in the Introduction, our measurements reach nmw ≈ 3,
nsp ≈ 0.1, n̄ ≈ 100, and E ≈ 2 × 10−4, many orders of
magnitude closer to the quantum regime than previous
state-of-the-art experiments [25].
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Reaching the quantum regime, however, requires a
recovery efficiency E close to 1, and, therefore, calls for
a quantitative understanding of our measurement imper-
fections. For that purpose we perform simulations of the
multimode 2PE protocol. As seen in Fig. 5(b), the mea-
surements are well reproduced, although a 7 times higher
efficiency Et ¼ 0.21jfðτÞj2 is predicted. We attribute the
discrepancy between Ee and Et to the imperfect modeling
of decoherence. Indeed, our simulations treat spin
decoherence in the Markov approximation. This is not
an adequate treatment since it is well known that the spin
bath environment displays strong memory effects. In
particular, this Markov approximation is expected to
improperly describe the dynamics of a spin under the
action of a microwave drive, as happens during
the refocusing pulse. This non-Markovian bath causes
the Rabi oscillation of a single spin to decay faster than
the spin-echo damping time T2, as was observed in
Ref. [35], for instance. This effect is not included in our
simulations and might explain the remaining discrepancy
between theory and measurements. Overall, we infer from
the simulations that Et would reach 0.2 for a sample with
infinite T2; this number quantifies the reduced efficiency
caused by refocusing pulse imperfections and finite spin
absorption. In the measured efficiency Ee ≈ 2 × 10−4, finite
spin coherence causes a further 10−3 reduction, thus

appearing as the main limitation of the field retrieval
efficiency in the present experiment.
According to the previous analysis, a 1 order of

magnitude increase of the coherence time would be
sufficient to reach an echo efficiency ≈0.1, which would
enable first experiments in the quantum regime. This can be
achieved [9] with samples having a reduced concentration
of nitrogen paramagnetic impurities as well as isotopic
enrichment of 12C. Further improvements of the echo
efficiency will be reached thanks to better refocusing
pulses using rapid adiabatic passage [14,36], or by tailoring
the spin spatial distribution [37]. These combined advances
should make it possible to reach the figures of merit
required to implement a complete quantum memory pro-
tocol [13,14] at the single-photon level and to experimen-
tally explore its fidelity. Optical pumping in a hybrid
circuit, as demonstrated here, is also a first step towards
the polarization of the nitrogen nuclear spins [38], and in
the longer term towards a nuclear-spin-based quantum
memory.
In conclusion, we implement the multimode storage and

retrieval of microwave fields in an ensemble of NV centers
in diamond at millikelvin temperatures, with active reset by
optical pumping and refocusing by a strong microwave
pulse. These results demonstrate that complex dynamical
control of spin ensembles is compatible with hybrid

300 s

FIG. 5. Test of the 2PE protocol for multimode storage of few-photon pulses. (a) Experimental sequence including a spin reset
pulse, a train of six microwave pulses θi (i ¼ 1;…; 6) with an identical amplitude (corresponding to ∼104 photons in the resonator)
and different phases φ1 ¼ φ2 ¼ φ4 ¼ −π=4 and φ3 ¼ φ5 ¼ φ6 ¼ π=4, and a 50 dB stronger refocusing pulse R with phase
φr ¼ 0.1 rad. (b) Amplitude of the measured (solid line) and calculated (dash-dotted line) output signal showing the reflected pulses
θi (after partial absorption by the spins) and R (its amplitude being trimmed by amplifier saturation, shown in red), as well as the six
reemitted echoes ei (magnified by a factor of 5). Inset: Comparison between the energies of the reflected θi pulses with the spins
saturated (black line) or reset in their ground state (blue line) shows that about 75% of the incident power is absorbed by the spins.
(c) In‐phase (blue solid line) and Out‐of‐Phase (purple solid line) quadratures I and Q of the output signal, showing that the ei pulses
(magnified by 10) are recovered with phase −ðφi − φrÞ, as expected. (d) Spin echo e of ∼0.02 photons in the resonator for a low-
power incoming θ pulse populating the resonator with only ∼100 photons. The refocusing pulse (dashed line) was suppressed in the
room-temperature detection chain by a microwave switch to avoid saturating the follow-up amplifiers.
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quantum circuits, thus enabling the long-term storage of
quantum information in electronic or nuclear spin ensemble
quantum memory.
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