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The ability to control microwave emission from a spin ensemble is a requirement of several quantum
memory protocols. Here, we demonstrate such ability by using a resonator whose frequency can be rapidly
tuned with a bias current. We store excitations in an ensemble of rare-earth ions and suppress on demand
the echo emission (‘“echo silencing”) by two methods: (1) detuning the resonator during the spin rephasing,
and (2) subjecting spins to magnetic field gradients generated by the bias current itself. We also show that

spin coherence is preserved during silencing.
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Electron spins are a leading platform for implementing
quantum memories both in the optical [1-4] and microwave
[5-7] domains, thanks to their long coherence times.
Despite a relatively weak single spin-photon coupling,
efficient absorption and emission of single photons [8,9]
can be reached if the spin concentration is high enough to
reach the high-cooperativity regime [10-21]. Moreover, the
inhomogeneous broadening of the spin ensemble provides
numerous orthogonal degrees of freedom to allow multi-
mode storage of quantum states using protocols based on
the Hahn echo [22-26].

Integrating a microwave multimode quantum memory
with a superconducting processor holds promise in reduc-
ing physical qubit numbers by several orders of magnitude
[27]. Such an architecture would benefit from arbitrary
storage and retrieval of a desired quantum state. This,
however, cannot be achieved with the conventional two-
pulse Hahn echo sequence, since all stored states are
simultaneously retrieved as last-in first-out. Moreover, the
Hahn echo is emitted when the spins are all in the excited
state, and thus, it unavoidably gets superimposed with
noise coming from spin spontaneous emission [28,29].

To achieve dynamic control of storage times and avoid
population inversion during retrieval, various methods have
been proposed and experimentally explored. Controlled
and reversible inhomogeneous broadening implemented
with electric or magnetic field gradients [23,30], and cavity
enhanced ac or dc Stark shifts [31-33] can delay the
emission of excitations on demand. Alternatively, revival
of silenced echo (ROSE) from double rephasing can be
implemented with phase mismatching [29] or chirped
pulses [34-36]. Recently, a modified ROSE protocol with
refocusing pulses applied at frequencies different to input
signals in a four-level Hilbert space, called noiseless photon
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echo (NLPE), has demonstrated low noise high-fidelity
storage [37].

In this Letter, we investigate two ROSE-like methods of
controlled suppression and retrieval of stored microwave
fields by using current-biased fast frequency-tunable res-
onators (Fig. 1). The first method relies on the frequency
tunability: after storage of an excitation and application of a
refocusing pulse z1, we rapidly detune the resonator during
spin rephasing, thus, preventing the emission of an echo
(referred throughout this Letter as “echo silencing” [38]).
The detuning of the resonator is also useful for suppressing
spin spontaneous emission by the Purcell effect [39—41]
and, thus, for realizing a high-fidelity quantum memory.
The second method uses the ability to pass a dc current
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FIG. 1. The principle of revival of silenced echo (ROSE) [29]
protocols to implement controlled suppression (at time = 27) and
retrieval (at time = 47) of echoes by (a) fast detuning of the
resonator frequency and (b) generating an inhomogeneous phase
encoding on spins. The phase evolution of spins (only three
plotted for clarity) are for a single excitation stored at time = 0,
and the refocusing pulses z1 and #2 are ideal. Echo emission at
27 is not desirable since it contains noise from spontaneously
emitting spins excited by z1.
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through the resonator. The current generates a magnetic
field gradient imparting an inhomogeneous, yet determin-
istic, unitary phase evolution U(¢;) on the kth spin, such
that spins do not rephase, and the echo is not formed [e.g.,
at time = 27 in Fig. 1(b)]. In both methods, spin coherence
is not affected by the act of echo silencing. Thus, spins
continue to precess until a second refocusing pulse 72
(preceded by an identical phase evolution Uf in method 2)
triggers the rephasing of spins and emission of an echo. The
echo retrieved at time = 4 avoids noise as spins are now in
the ground state [29].

Our measurements are made possible by superconduct-
ing resonators made of NbN whose kinetic inductance
(inductor width 2 ym and thickness 50 nm) allows for fast-
tuning the resonance frequency w, when a dc current /,;,, is
passed through it (see Ref. [42] and the Supplemental
Material [43] for more details). The resonator performance
is unaffected by the application of parallel magnetic fields
up to 1 Tesla [48], which is necessary to bring spins
in resonance. Previous work by Asfaw er. al. [49] with
frequency tunable resonators explored multifrequency
pulsed electron spin resonance experiments at a sample
temperature of 7 =2 K. In the following, we focus on
aspects relevant to implementing a quantum memory, at
20 mK so that Amg > kgT.

The hybrid resonator-spin setup [Fig. 2(a)] is inductively
coupled to a feedline with a rate k, = 7.5 x 10% s,
through which microwave signals are sent and received
in transmission. The total cavity decay rate k = k, + k; is
dominated by «;, containing both dielectric losses and
radiation losses through the current injection and exit
terminals. We note that x; has input-power dependence
due to the saturation of the two level system bath [42]. The
resonator frequency varies quadratically with Iy, [bottom
right of Fig. 2(a)], as expected from kinetic inductance
changes [42,49,50]. The crystal containing spins is glued
on the resonator with vacuum grease. Two configurations
are used: in config. I, the crystal is placed in a region far
from the path taken by the dc current, whereas in config. II
the crystal is directly above the path of current flow [red
dashed lines in Fig. 2(a)] and, thus, is maximally sensitive
to magnetic field gradients.

The spins are provided by an ensemble of Er’*
ions in CaWQ,, with a nominal concentration 50 ppm
(6.4 x 107 cm™3). Er** substituting Ca’>* ions in the
lattice forms an effective electronic spin S = 1/2 system,
with an anisotropic g-tensor diagonal in the crystal frame
(Gaa = 9p» = 8.38, goe = 1.25) [51,52]. Er** spin proper-
ties depend on the isotope: '°/Er has a nuclear spin
I ="7/2 (with 23% abundance), while others have zero
nuclear spin. Their spin Hamiltonians are Hg,.jq7/h =
HEr/h_SA I_/'lngnB' I, and HEr/h :MBS'g'Ba
respectively. Here, up(u,) is Bohr (nuclear) magneton,
g, = —0.162 is the nuclear g factor [53], B the applied
magnetic field vector, and A the hyperfine tensor,
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FIG.2. Experimental setup. (a) An optical picture of the tunable
resonator, the relative position of the CaWO, crystal, and a
simplified measurement protocol. Horizontal zigzag discontinu-
ities in the picture hide the long repetitive vertical features. Signal
quadratures X, Y are measured in transmission of the feedline to
which the resonator is inductively coupled. The injection and exit
routes of the bias current /y;,, are shown by the dashed red line.
LO represents the local oscillator. Bottom right: the resonator
frequency shift Aw in response to Iy;,,. (b) Numerically calcu-
lated electron spin transition frequencies. I = 0, 7/2 refers to two
Er isotopes, and m; the nuclear-spin projection on the B-field
axis. (c) Echo-detected spin spectroscopy and (d) decoherence
(measured: symbols, fits: lines) at the transition with m; = 7/2 as
marked by the star in Fig. 2(b).

also diagonal in the crystal frame (A,,/27=A;,/27x=
870 MHz, A../2z = 130 MHz) [52,54]. Calculated elec-
tron spin transition frequencies for a magnetic field B,
aligned with the ¢ axis are plotted in Fig. 2(b). In this
Letter, we focus on the spin transition with nuclear spin
projection on the B-field axis m; = 7/2 marked by the star
in Fig. 2(b), as it supports the longest spin coherence time
(see Supplemental Material [43]).

Er’t spins are probed either in continuous wave
(Supplemental Material [43]) or with a pulsed Hahn-echo
sequence (#/2 — 7 — @ — 7 — echo). Since spins are located
everywhere in the crystal, they undergo largely inhomo-
geneous Rabi rotation angles under the rectangular-shaped
microwave pulses used throughout this Letter (0.5 us
duration).

Echo-detected spectroscopy of the transition around
350 mT is plotted in Fig. 2(c). Here, and throughout, A,
represents the integrated area of the echo. We find an
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FIG. 3. Echo silencing with resonator tuning in config. L.

(a) Measurement scheme. Square I, pulses of fixed duration
20 us detune the resonator frequency by Aw near the time of echo
emission, 27 = 200 us. (b) Echo shapes for various detuning.
R represents the signal magnitude vX? -+ Y2, (c) Measured
(symbols) and numerically simulated (line) echo areas with
increasing detuning. Measurement bandwidth (BW) is also
shown. (d) Numerically simulated echo shapes.

approximate Gaussian lineshape with a full width half
maximum (FWHM) of 0.6 mT or I'/2z = 10.5 MHz,
which is much larger than the value due to dipolar
couplings between spins for the nominal dopant concen-
tration, ~200 kHz. This large broadening may arise from
the inhomogeneous electric field caused by charge defects
[55,56]. The echo magnitude A, as a function of 27 is
shown in Fig. 2(e); its decay is fit with a stretched
exponential exp|—(27/T,)*] yielding T, =2.2 ms and
x = 1.5 [57]. Magnitude detection is employed to circum-
vent the phase noise from the experimental setup.

Now, we utilize the resonator frequency tunability to
demonstrate echo silencing. Echo traces for [;,, pulses, of
varying amplitude (yielding different detuning Aw) and fixed
20 ps duration applied around the time of echo emission
[sketch in Fig. 3(a)], are plotted in Fig. 3(b). We observe a
decrease of the echo magnitude with increased detuning.
To analyze the spectral width of this decay, the echo area 4, is
plotted as a function of the detuning A® normalized to the
resonator linewidth x, where we have taken the high-power
k/2x = 0.14 MHz. Numerical simulations assuming a uni-
form single spin-photon coupling strength g, are shown by
solid line in Fig. 3(c), and semiquantitatively capture the
decay. The discrepancy is due to limited bandwidth (BW) of
the demodulation setup [58]. The simulated decay is well
reproduced by the expression accounting for resonator

filtering [(x/2)/+/Aw?* + k*/4]. The simulated echo shapes
are plotted in Fig. 3(d), and show quantitative agreement with
the experiment.
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FIG. 4. Selective retrieval of microwave fields after a multi-
mode storage. (a) Sketches of retrieval after storage of three
identical input states for unit (top) and low (bottom) memory
efficiency ¢ using echo silencing by resonator detuning. Labels
(L, M, and R) help identify the storage and rephasing times
within the same memory mode. (b) Corresponding measured
signal quadratures of retrieved states for different permutations of
Iias pulses. The Iy, pulses of amplitude 2 mA (yielding
—Aw/k = 15) and 20 us total duration are made out of two
halves of positive and negative current. The refocusing pulses are
applied along the same axis. (c) Comparison of retrieved
quadratures for cases when no Iy, (top) or 60 us long Iy,
pulses centered at time = 0.27 ms are applied with the same
polarity (middle) or dual polarity (bottom) before the retrieval.
(d) Area of retrieved echoes, primary as circles and secondary as
crosses, for cases numbered in panel (b). Dashed horizontal lines
represent signal magnitude of secondary echoes for case I with
Ipias = 0.

Having characterized the echo silencing, now, we
demonstrate selective retrieval of microwave fields follow-
ing their coherent multimode storage [22-26]. Three
identical Gaussian pulses 50 us apart and of FWHM =
4 ps (relative Rabi angle of 7/20 and containing roughly
10° photons) are sent and retrieved using the Hahn echo
protocol [Fig. 4(b)]. Different permutations of echo sup-
pression with square +1y;,, pulses (of total duration 20 us,
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with two equal halves of positive and negative current
yielding Aw = —15k) are applied across primary echoes
(0.3 ms < time < 0.5 ms) to retrieve all, one, or two
echoes at a time. The retrieved echo magnitudes and phases
are not affected by the echo suppression preceding them,
justifying that multiple coherences can be stored in
orthogonal memory modes in a spin ensemble. Minor
discrepancies can be attributed to the phase noise from
the setup.

The I, pulses in Fig. 4(b) are made of two halves of
positive and negative current to cancel the associated inho-
mogeneous magnetic field gradients (see Supplemental
Material [43]). To show its importance, 60 us long Iy,
pulses are applied in between the refocusing pulse and echoes.
As shown in Fig. 4(c), an I, pulse of single polarity induces
a visible phase shift in the echo while the original echo phase
is recovered when applying dual polarity.

To quantify the memory performance, the field retrieval
efficiency of ¢ =7 x 1073 is obtained by comparing the
integrated input fields with echoes (Supplemental Material
[43]). This value is somewhat lower than the theoretical
upper bound [8] [4C/(1 + C)(1 = C)](k./x) = 1.1 x 1072
likely due to an inefficient refocusing pulse caused by
spatially inhomogeneous Rabi angles. Here, the coopera-
tivity C = 4g2,,/kI" = 0.23 is deduced from continuous
wave transmission spectroscopy yielding the ensemble
coupling strength g.,./27 = 0.35 MHz. The low efficiency
observed here is due to relatively large radiation losses
through bias-current injection and exit terminals yielding a
ratio k/k, ~ 100 [43].

We also apply an identical second refocusing pulse to
release the residual coherence stored in memory modes
after being subjected to echo silencing. For comparison, we
have plotted the echo magnitudes in Fig. 4(d). No visible
changes, neither in the magnitude nor phase, are observed
in secondary echoes (time > 0.7 ms) when corresponding
primary echoes are suppressed. This is due to our low
memory efficiency { < 1, causing the emission of a stored
state to be distributed over multiple spin refocusing
cycles, in contrast to unit efficiency where a mode once
allowed to emit will fully deplete the coherence stored
within [Fig. 4(a)]. Thus, the final pursuit of arbitrary
storage and retrieval based on echo-silencing protocol
necessitates a high memory efficiency and efficient control
pulses, such that same set of spins are rephased in different
refocusing cycles.

Finally, we utilize the bias current /I;,, as a local source
of a magnetic field gradient on spins [23] to implement
selective rephasing of spins needed for the ROSE protocol
sketched in Fig. 1(b). To this end, we choose the crystal
configuration (config. II). We note that strongly inhomo-
geneous Rabi angles, in addition to reducing memory
efficiency, also lead to stimulated echoes (STEs) when
more than two control pulses are involved. In the following,
we limit our discussion to a basic demonstration of echo
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FIG. 5. Echo silencing with magnetic field gradients in

config. II. (a) Signal quadrature of a train of echoes created
by unevenly spaced control pulses. echo 1 (echo 2) is primary
(secondary) rephasing of spin coherence created by 6/2, echo 3 is
three-pulse stimulated echo. (b) Signal magnitude of two echoes
measured with even spacing of pulses. In both panels, each bias
pulse is of single polarity, duration 20 us and amplitude 3 mA
(positions shown as black rectangles). The curves are vertically
offset for clarity. All control pulses are applied along the same
axis, with Rabi angles of 6 = 61 = 2.

suppression and revival from field gradients, commonly
known as gradient-recalled echoes in magnetic resonance
spectroscopy [59].

Signal amplitudes after two cycles of refocusing and
different positions of I;,, pulses are shown for uneven
[Fig. 5(a)] and even [Fig. 5(b)] spacing of control pulses.
From cases I and IV, measured without /,;,; pulses, echo
1 = echo A can be identified as primary rephasing of spin
coherence created by 6/2. Corresponding secondary
rephasing (echo 2) and the three-pulse STE (echo 3) are
temporally separated or together (echo B=echo?2 +
echo 3). In cases I and V, a single Iy, pulse randomizes
the coherence created by the /2 pulse, and therefore, all
echoes get suppressed. Overall suppression fidelity of the
primary echo is F = 98 £ 1%. In case IlI, the I;;,, pulse
only suppresses echo 2, leaving echo 3 intact. This is
expected as STEs involve rephasing of longitudinal polari-
zation grating of spins that do not precess [59,60], in
contrast to normal spin echoes (e.g., echo 1, echo 2) that
rephase transverse magnetization. As sketched in Fig. 1(b),
a second I,;,, pulse applied suitably should be able to
cancel the inhomogeneous broadening imparted to spins.
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This is tested for transverse components of spins in case V1.
We see almost full revival of echo A (F =96 4+ 1%),
though echo B is only partially recovered compared to echo
2 of case I (F =52 +4%). In case VII, the Iy, configu-
ration does not allow rephasing of transverse magnetization
[see Fig. 1(b)], though the longitudinal spin component is
recovered with a F =36 3% compared to echo 3 of
case I. The reduced revival fidelity for secondary echo and
STEs is likely due to errors in pulse angle accumulating
with more pulses.

In summary, we have demonstrated the use of a current
biased tunable resonator for echo suppression and phase
preserving retrieval of microwave fields in an ensemble
of Er’t spins. The observed low efficiency here, despite
C = 0.23, is primarily due to the low coupling rate k. of our
resonator. To reach unit efficiency, first, improved resonator
designs mitigating radiation losses from crystal mounting
must be targeted to operate near the desired regime of
k. ~ k. Then, ensemble cooperativity can be increased to
one by optimal crystal coverage on the resonator [43]. Last,
a spatially localized spin ensemble [61] or chirped control
pulses [34] are needed to attain efficient refocusing pulses.
The imperfections of refocusing pulses will also affect
the inverted spin population and, hence, the spontaneous
emission noise on the retrieved states. In this direction, the
NLPE protocol [37], that avoids noise even for imperfect
pulses by leaving the population in an excited state different
from the stored signal, could be adopted in the microwave
regime. Demonstrated echo-silencing sequences can be
repeated with short delay 7 between refocusing pulses to
realize high fidelity and arbitrary retrieval from a multi-
mode quantum memory.
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