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We report the storage of microwave pulses at the single-photon level in a spin-ensemble memory consisting
of 10'* nitrogen-vacancy centers in a diamond crystal coupled to a superconducting LC resonator. The energy
of the signal, retrieved 100 us later by spin-echo techniques, reaches 0.3% of the energy absorbed by the spins.
This 0.3% storage efficiency is quantitatively accounted for by simulations. This figure of merit is sufficient to
envision first implementations of a quantum memory for superconducting qubits.
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Superconducting qubits are attractive candidates for solid-
state implementations of quantum information processing, but
suffer from coherence times shorter than ~100 us [1-3]. To
circumvent this issue, it has been proposed to use ensembles
of spins in semiconductors [4-9] as a multimode quantum
memory, able to store multiple qubit states over longer periods
of time, and to retrieve them on demand [10]. Inspired
by research on optical quantum memories [11-13], realistic
protocols have been proposed recently [14,15]. The state of
a superconducting qubit is first converted into the state of a
microwave photon, propagating or trapped in a resonator. This
photon is then resonantly and collectively absorbed by the spin
ensemble, resulting in a transverse magnetization which, due to
the spread of resonance frequency within the ensemble, decays
in a time T3 called the free-induction decay time. The write
step is later followed by the need to read the stored quantum
state. Both protocols [14,15] propose to apply sequences of
7 pulses to the spins, combined with dynamical tuning of the
resonator frequency [16,17] and quality factor [18,19] in order
to trigger the rephasing of the spins, resulting in the emission
of an echo at a chosen time that faithfully reproduces the initial
quantum state.

Whereas the transfer of a qubit state into a spin ensemble
has been demonstrated experimentally [20-23], implementing
the read step remains the major obstacle to an operational
microwave quantum memory. An intermediate goal consists
in storing a classical microwave pulse with an ultralow power
corresponding to an average of one photon in the resonator
and to retrieve it as an echo after a refocusing pulse, as was
achieved at optical frequencies [24,25]. First results in this
direction were obtained using ensembles of negatively charged
nitrogen-vacancy (NV) color centers in diamond [26,27] and
of rare-earth ions in a Y, SiOs crystal [28]. The NV’s electronic
spinis a spin triplet (S = 1) well suited for a quantum memory
because of its long coherence times in pure crystals [29,30]
and the possibility of repumping it into its ground state mg = 0
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by optical irradiation at 532 nm [31] (see Fig. 1). In [27],
successive low-power microwave pulses were stored in an
NV ensemble, and retrieved later as a series of echoes after
a refocusing microwave pulse was applied. A key aspect in
this experiment was an active reset of the NVs to increase
the repetition rate of successive experimental sequences to
obtain sufficient statistics; this was achieved by applying
optical pumping laser pulses injected through an optical fiber
introduced in the cryostat. The echo efficiency, defined as the
ratio of the echo energy and the stored pulse energy, was,
however, not sufficient in [27] to observe an echo below 100
photons on average in the resonator.

Here, using a sample with a longer coherence time and
an improved optical pumping scheme, we increase the echo
efficiency and the storage time by one order of magnitude.
This allows us to observe an echo with an initial pulse power
corresponding to on average only one photon in the resonator.
The diamond single crystal was synthesized by the temperature
gradient method at high pressure and high temperature using
99.97% '>C-enriched pyrolytic carbon prepared from !*C-
enriched methane as a carbon source [32], resulting in a
nominal 300 ppm concentration of '*C nuclei. The original
1.4 ppm concentration of substitutional nitrogen impurities
(so-called P1 centers) was partially converted into NV centers
by 2 MeV electron irradiation at room temperature followed by
annealing for 2 h at 1000 °C, yielding a final [NV™] = 0.4 ppm
and [P1] = 0.6 ppm. A scheme of the experimental setup is
shown in Fig. 1(a). The diamond is glued onto the inductance
of a superconducting planar lumped-element LC resonator
patterned in a niobium thin film on a silicon substrate.
Microwave pulses can be sent to the resonator input; the
reflected signal is amplified at 4 K and its amplitude and phase
are measured at room temperature by a homodyne detection
setup. For resetting the spins, laser pulses at 532 nm can be sent
onto the sample through direct optical access in the dilution
cryostat.

©2015 American Physical Society
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FIG. 1. (Color online) (a) Experimental setup and principle of
the experiment. An ensemble of ~10'° spins is inductively coupled
to a planar superconducting LC resonator of frequency w, (with a
collective coupling constant g.,s), cooled at 10 mK. The resonator
is measured in reflection through an input coupling capacitance.
Microwave pulses are produced by mixing a continuous microwave
source with dc pulses generated by an arbitrary wave form generator
(AWG). They drive the spins via the microwave current induced in
the resonator inductance. The reflected microwave signal (including
the emitted echo) is amplified at low temperature and demodulated
at room temperature, yielding its amplitude A(¢) and phase ¢(¢).
(b) The spins are nitrogen-vacancy color centers in diamond, which
consist of a nitrogen impurity next to a vacancy of the diamond lattice.
A dc magnetic field Byy applied parallel to the chip along the [110]
crystalline axis so that only NV centers whose axis are nonorthogonal
to the field (shown in blue in the figure) are Zeeman shifted and
contribute to the signal. Laser pulses can be sent onto the diamond via
a direct optical access to the cryostat mixing chamber. (c) NV centers
energy levels in a weak magnetic field. The electronic ground state
is a spin triplet S = 1, with a zero-field splitting D /2w = 2.88 GHz,
coupled by hyperfine interaction to the "“N nuclear spin triplet I = 1.
This splits each of the |mg = 0) — |mg = +1) transitions into a
triplet of lines.

The resonator reflection coefficient S} (w), measured with a
network analyzer, is shown in Fig. 2(a), yielding the resonance
frequency w, /2w = 2.915 GHz and quality factor Q = 650,
fixed by the coupling to the measurement line through the
input capacitor. NV centers are detected by their absorption
of the microwave whenever their transition frequency matches
w,. The energy levels of the NV centers are schematically
shown in Fig. 1(c). The electronic spin is coupled by hyperfine
interaction to the spin-triplet (/ = 1) nuclear spin of the
4N atom, resulting in a splitting of the |mg = 0) — |mgs =
+1) transition into three resonances separated by 2.2 MHz
corresponding to the three different m; states of the '*N. A dc
magnetic field Byy is applied parallel to the chip, along the
[110] crystalline axis of the diamond. Out of the four possible
orientations of NV centers along [111] crystalline axes, two are
perpendicular to the field and are therefore not Zeeman shifted,
so that they do not contribute to the signal. The remaining two
families are brought into resonance with w, at Byy ~ 1.8 mT,
as shown in Fig. 2(b) where the hyperfine triplet is clearly seen
as dipsin | S11(w)| when they cross the resonance. A ~200 kHz
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FIG. 2. (Color online) (a) Phase ¢ of the resonator reflection
coefficient S;;(w) measured with a vector network analyzer (blue
dots), yielding w, /2w = 2.915 GHz and Q = 650 (red line is a fit to
the data). (b) S1;(w) as a function of Byy around 1.8 mT, showing the
NV centers as a triplet of absorption dips. The inset shows |S1;|(Bnv)
at w/2m = 2.915 GHz; blue dots are data, and red line is a fit to a
sum of three Lorentzians with linewidth 0.012 mT. (c) Measured spin
polarization for a laser pulse of power P, = 280 uW as a function of
its duration 7, renormalized to its maximal value. Dashed red and
black lines indicate the laser pulse durations 7;, = 0.2 and 0.1 s used
in the experiments shown in Figs. 3 and 4, corresponding to relative
polarizations p/pmax = 0.72 and 0.62.

full width at half maximum (FWHM) linewidth is measured
for each line of the triplet, much narrower than in previous
work [20,27], due to a lower P1 center concentration and to
the isotopic enrichment in '>C.

For optical pumping of the NV centers, the laser beam
is focused to a 0.6 mm diameter at the sample level, with
a power of 0.28 mW. In this geometry, it is straightforward
to optimize the laser beam position on the sample in order to
minimize the amount of power needed to reset the spins in their
ground state. The efficiency of the optical pumping is measured
as explained in [27]. The experimental sequence includes an
initial strong microwave pulse that results in spin saturation,
followed by a laser pulse of varying duration 7. After a
300 us delay necessary for relaxation of the quasiparticles
generated in the superconducting thin film and in the silicon
substrate, the reflected amplitude of a few-photon microwave
pulse reveals the spin polarization. The extracted polarization
level p(Tp) is shown in Fig. 2(c). It changes only slightly
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FIG. 3. (Color online) (a) Hahn echo sequence. The spins are
first reset in their ground state by a laser pulse of power 280 uW
and duration 0.2 s. A first 1 us microwave pulse 6 at w,, of
power —71 dBm, induces a transverse magnetization which decays
within 7. A 1-us-long microwave refocusing pulse (R) of power
—20 dBm is applied at T = 50 wus, which rephases the spins at 2.
The microwave amplitude (blue curve) shows both the reflection of the
two microwave pulses driving the spins (with their amplitude trimmed
by saturation of our detection chain, as indicated in red), as well as the
echo emitted at 2t upon rephasing of the spins. (b) Measured decay
of the echo amplitude A as a function of 2t (open circles). Calculated
decay due to a bath of 213 ppm of '3C (dashed orange curve), 0.6 ppm
of P1 centers causing spectral diffusion (dotted green line), 0.2 ppm
of NV centers causing instantaneous diffusion (dash-dotted blue line),
and the combination of the three contributions (solid red line). The
theory curves have been scaled in amplitude according to the data. An
exponential fit (black solid line) yields a coherence time 7, = 84 us.

above T; = 1 s, indicating that the maximum NV polarization
possible with irradiation at 532 nm (pmax = 90% according to
[33]) is reached. Compared to earlier work [27] where the laser
position could not be optimized, the maximum polarization can
be reached with ~20 times lower pulse energy. This makes
it possible to perform the experiments at a faster repetition
rate (0.2 Hz) and at a cryostat temperature 7 = 100 mK
instead of 400 mK [27], thus closely approaching the condition
kT < hw, required in order for thermal noise to be completely
suppressed.

High-power Hahn echoes are measured at Byy = 1.74 mT,
using microwave pulses at @ = w, according to the sequence
shown in Fig. 3(a). The sequence starts with a laser pulse
of duration 7; = 0.2 s, resulting in a spin polarization p =
0.72 pmax = 0.65. Att = 0, a first pulse generates a transverse
magnetization in the ensemble, followed by a refocusing
microwave pulse at# = 7 which induces rephasing of the spins
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at 27 and emission of a spin echo into the measuring line,
as seen in Fig. 3(a). Note that due to spatial inhomogeneity
of the microwave field generated by the planar inductance,
it is not possible to apply a well-defined Rabi angle to all
the spins, which results in a reduced echo visibility. The echo
amplitude is measured as a function of the delay 27 between the
first pulse and the echo, and is found to decay approximately
exponentially with a time constant 7, = 84 us [see Fig. 3(b)].
Decoherence occurs due to dipolar interactions with the bath
of paramagnetic species present in the sample ('*C nuclei, P1
centers, and NV centers), whose dynamical evolution causes
a randomization of the phase acquired by NV centers during
the two halves of the spin-echo sequence. The *C nuclei bath
precesses at the Larmor frequency y, By = 2m x 130 kHz
(y, being the '3C gyromagnetic ratio), giving rise to a
characteristic oscillation pattern [34-36] in the spin-echo
amplitude, visible in the data of Fig. 3(b). The dynamics due
to flip-flop events within the P1 center bath is responsible for a
decoherence process known as spectral diffusion [37]. Finally,
the bath consisting of NV centers at frequency w, (only half
of the total NV concentration) unavoidably undergoes spin
flips due to the refocusing pulse itself, which constitutes an
efficient decoherence process called instantaneous diffusion
[38]. The various contributions of each bath were calculated
using the cluster-correlation expansion method [39,40], with
concentrations [P1] = 0.6 ppm, [NV"] = 0.4/2 = 0.2 ppm,
and [*C] = 213 ppm, compatible with the sample parameters.
Good agreement with the data is obtained [see Fig. 3(b)].
Overall, dipolar interactions between NV centers appear to be
the dominant source of decoherence in our experiment.

Since the echo efficiency was limited by the finite spin
coherence time in earlier work [27], a significant improvement
is expected with this new sample. The echo efficiency is first
measured by performing a Hahn echo sequence with a low-
power microwave pulse. The experimental sequence, shown in
Fig. 4, starts with a 0.2 s repumping laser pulse, followed after
300 ws by a microwave pulse populating the resonator with on
average 60 photons, and 7 = 50 us later, by a refocusing pulse.
A spin echo is detected at + = 2t. The efficiency, defined as
the energy recovered during the echo divided by the absorbed
energy, reaches £ = 0.3%.

The whole spin-echo sequence was simulated by numerical
integration of the coupled differential equations obtained after
discretizing the resonance frequency and coupling constant
distribution in the spin ensemble (see [14]). A 130 kHz
linewidth of each hyperfine peak and a collective coupling
constant gens/2m = 410 kHz (when all spins are polarized),
are compatible with the experimentally determined parameters
and yield quantitative agreement with the shape of both the
absorbed microwave pulse and the spin-echo amplitude. The
discrepancy noted in [27] is absent in the present experiment,
probably because decoherence is negligible during the driven
evolution. The finite 7, and the imperfect = pulse due to the
spread in Rabi frequencies are the main factors limiting E,
while the finite cooperativity C = 0.22 [14] limits both the
absorption and the echo emission out of the cavity.

Owing to the larger value of E, it becomes possible to reach
the level where a spin echo can be observed for an initial pulse
populating the resonator with only a single microwave photon
on average. This is shown in Fig. 4(b). Note that a shorter
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FIG. 4. (Color online) Spin echo at the few-photon level. The
experimental sequence is the same as in Fig. 3, but with an initial
microwave pulse having a power corresponding to (a) 60 and (b) one
photon inside the resonator. The signal was averaged over 3 x 10*
(a) and 5 x 10° (b) sequences, with a repetition rate of 5 Hz (a)
and 10 Hz (b), limited by the laser pulse duration. Blue solid lines
are experimental data, and red dashed-dotted lines are the results of
simulations as explained in the text. The signal-to-noise ratio, defined
as the ratio between signal intensity integrated over the echo duration
and the corresponding noise intensity, is 4 for the 60-photon pulse (a)
and 1.5 in the one-photon pulse (b).
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repumping time of 0.1 s (with the same laser power) was used,
in order to enable a larger number 5 x 103 of repetitions of
the experiment. The shorter repumping step yields a lower
spin polarization p = 0.56 as shown in Fig. 2 and a lower
cooperativity of 0.19, which results in a correspondingly lower
echo efficiency than in Fig. 4(a). These results are again
quantitatively reproduced by the simulations with the same
parameters as mentioned earlier, using the experimentally
determined repumping efficiency.

The coherence times demonstrated in this experiment match
those requested in a realistic quantum memory protocol [14],
which suggests that a first implementation is within reach. The
remaining challenges are the improvement of the refocusing
pulse using adiabatic passage as demonstrated recently [41],
and the integration of dynamical tuning of the resonator
frequency and quality factor with more elaborate spin-echo
sequences. The latter is needed in particular to silence the
echo emission [11,12] in-between the two m pulses in the
course of the read step of the protocol. The microwave currents
needed to drive the spins during the refocusing pulses are much
stronger than typical Josephson junction critical currents.
This precludes the use of integrated superconducting quantum
interference devices as in [20,42], while a combination of
coupled linear and tunable resonators [43] may be employed
as tuning elements in the resonator.

In conclusion we report the measurement of a spin echo
with an initial microwave pulse at the single-photon level.
The figures of merit reached are sufficient to envision first
implementations of a spin-ensemble multimode quantum
memory for superconducting qubits.
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