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Coherent memory for microwave photons based on long-lived
mechanical excitations
Yulong Liu 1✉, Qichun Liu1, Huanying Sun1, Mo Chen1, Shuaipeng Wang 2 and Tiefu Li 3✉

Mechanical resonators, due to their capability to host ultralong-lived phonon modes, are particularly attractive for quantum state
storage and as memory elements in conjunction with quantum computing and communication networks. Here we demonstrate
absorptive-type coherent memory based on long-lived mechanical excitations. The itinerant coherent microwave field is captured,
stored, and retrieved from a mechanical memory oscillator which is pre-cooled to the ground state. The phase space distribution
allows us to distinguish between coherent and thermal components and study their evolution as a function of storage time. Our
device exhibits attractive functions with an energy decay time of T1= 15.9 s, a thermal decoherence rate of Γth= 2.85 Hz, and
acquires less than one quantum noise during the τcoh= 55.7 ms storage period. We demonstrate that both the amplitude and
phase information of microwave coherent states can be recovered, indicating the coherence of our memory device. These results
suggest that high-Q mechanical resonators and long coherence time phonons could be ideal candidates for the construction of
long-lived and on-demand microwave quantum memories.
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INTRODUCTION
Quantum memories are core quantum building blocks and are at
the very heart of, e.g., storing fault-tolerant surface codes for
quantum computing1–3 and building quantum repeaters for long-
distance quantum communication4–6. Emissive quantum mem-
ories of the built-in type have been used to realize heralded two-
excitation entanglement, e.g., based on the atom-photon interac-
tions7–11. Absorptive quantum memories, e.g., those based on
rare-earth-ion-doped crystals, can overcome the trade-off
between multiplexing capacity and deterministic properties12–21.
Optomechanical memory can be absorptive-type and combine
the most important characteristics of high efficiency, long storage
time, and multiqubit capacity22–26. Moreover, they can store
quantum states encoded in microwaves as well as in optical
photons27–30. Thus, optomechanical memory shows great poten-
tial in combining quantum computing and communication
devices to build universal quantum networks31–33. Classical optical
information storage as mechanical oscillation has been demon-
strated in, e.g., a silica optomechanical resonator34–36 and
diamond microdisk37, showing a storage time of approximately
a few microseconds. Optical quantum memory at telecom
wavelengths was realized based on silicon optomechanical
crystals wherein a mechanical resonance at a few gigahertz was
thermalized to milli-Kelvin temperature38,39.
In the microwave domain, the implementations of optomecha-

nical interaction typically behave as a microwave cavity capaci-
tively coupled to a moving mechanical resonator with kilohertz or
megahertz vibration frequency40. Using parametrical coupling to
swap states between microwave and mechanical memory has the
advantages of, e.g., not requiring frequency resonance match-
ing41–49, achieving near-unit efficiency50–55, and low-noise opera-
tion of a superconducting qubit56,57. Superconducting drum
mechanical resonators made of aluminum have been used to
show microwave coherent state storage that adds less than one

quantum of noise58. Subsequently, propagating microwave qubits
encoded as superpositions of zero and one photons are
successfully stored inside an aluminum micromechanical resona-
tor with a fidelity in excess of the classical bound59. For the above
microwave optomechanical memories, the state storage lifetime is
given by tens of microseconds, which mainly depends on the
decoherence rate of the mechanical memory modes.
Meanwhile, silicon nitride (SiN) membrane resonators have

been optomechanically coupled to optical60–70 or microwave
cavities71–81. Rational exploitation of the spatial distribution of
mechanical modes enables simultaneous coupling of the SiN
membrane resonator to both superconducting microwave and
optical cavity resonators82,83. Based on microwave field back-
action, millimeter-sized SiN membrane resonators have reached
their ground-state75–77. Silicon-nitride (SiN) membranes with high
stress have a mechanical mode quality factor (Q) in excess of 107,
measured in the cryostat71–75. On the other hand, by incorporat-
ing phononic bandgap engineering with a SiN membrane77, the
Q-value of the mechanical modes can be further improved in
excess of 109. The coherent time in principle can arrive at a
hundred milliseconds. Thus, it is very intriguing to build a
microwave coherent memory device based on high-Q SiN
mechanical membranes.
In this work, we develop an on-chip and absorptive-type

superconducting cavity electromechanical device with a high-
stressed SiN membrane mechanical resonator. We then system-
atically study the microwave state capture, storage, and retrieval
dynamics with writing and reading operations. By matching the
signal pulse amplitude growth rate to the sideband writing rate,
the prepared field could be fully captured and stored as coherent
mechanical excitations. The state tomography of the itinerated
microwave pulse and mechanical memory resonator in their
quadrature phase-space further allows for distinguishing between
coherent and thermal components and studying their evolution as

1Beijing Academy of Quantum Information Sciences, Beijing 100193, China. 2Quantum Physics and Quantum Information Division, Beijing Computational Science Research
Center, Beijing 100193, China. 3School of Integrated Circuits and Frontier Science Center for Quantum Information, Tsinghua University, Beijing 100084, China.
✉email: liuyl@baqis.ac.cn; litf@tsinghua.edu.cn

www.nature.com/npjqi

Published in partnership with The University of New South Wales

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-023-00749-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-023-00749-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-023-00749-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-023-00749-x&domain=pdf
http://orcid.org/0000-0002-6884-5363
http://orcid.org/0000-0002-6884-5363
http://orcid.org/0000-0002-6884-5363
http://orcid.org/0000-0002-6884-5363
http://orcid.org/0000-0002-6884-5363
http://orcid.org/0000-0002-2621-5160
http://orcid.org/0000-0002-2621-5160
http://orcid.org/0000-0002-2621-5160
http://orcid.org/0000-0002-2621-5160
http://orcid.org/0000-0002-2621-5160
http://orcid.org/0009-0007-5851-6519
http://orcid.org/0009-0007-5851-6519
http://orcid.org/0009-0007-5851-6519
http://orcid.org/0009-0007-5851-6519
http://orcid.org/0009-0007-5851-6519
https://doi.org/10.1038/s41534-023-00749-x
mailto:liuyl@baqis.ac.cn
mailto:litf@tsinghua.edu.cn
www.nature.com/npjqi


a function of the storage time. Our system can store microwave
coherent states with different amplitudes and phases, indicating
coherence properties in the memory processes. The storage
lifetime and decoherence rate are important figures of merit for
characterizing a coherent memory. Our experiment shows that
mechanical memory based on the SiN membrane resonator can
yield a storage lifetime of tens of milliseconds, which is three
orders of magnitude beyond the typical performance of other
state-of-art microwave electromechanical devices.

RESULTS
The cavity electromechanical memory device
As shown in Fig. 1a, the cavity electromechanical device consists
of a rattlesnake-like superconducting niobium (Nb) cavity and a
mechanically compliant capacitor made of SiN membranes. We
use a commercial ACCμRA flip-chip bonder to align the center of
the square SiN membrane window with the center of the bottom
coupling electrode (concentric ring structure) of the microwave
cavity. After the flip-chip package, a thin film of superconducting
aluminum (Al) is deposited on top of the SiN membrane through
an inverted tapered window on the back of the SiN-chip. Finally,
the metallized SiN film will form a mechanical parallel-plate
capacitor with the bottom rattlesnake microwave coupler.
Compared with the traditional process of first metallizing the
front side of the silicon nitride film and then flip-chip packa-
ging71–78, the dielectric of the mechanical capacitor in this work
additionally contains silicon nitride, and the cleanliness of the
front side of the film is better guaranteed. Therefore, the vacuum
gap (mechanical capacitance) can be as small (large) as possible,
to improve the microwave cavity electromechanical coupling
strength. We here build a coherent mechanical memory based on
the fundamental vibration mode of the SiN membrane.
The finite-element-simulation (FEM) of its vibration shape is

shown in Fig. 1b, and the center of the membrane will move up
and down. The gap between the metal Al film on the SiN
membrane and the bottom coupling electrode of the cavity
resonator is expected to be defined by the nanosized particles.
However, the real case is more complex, for example, the final
capacitor gap also depends on the deformation during the cool
down in the dilution refrigerator. Detailed fabrication processes
are given in the Supplementary Note 1.

The floating mechanical capacitor is connected in parallel to the
microwave cavity resonator, loading the fundamental cavity
resonance frequency down to ωc/2π= 5.78 GHz. The efficient
lumped-element model is shown in Fig. 1c. The membrane up and
down vibrations change the mechanical capacitance, which in
turn modifies the microwave cavity resonant frequency. The
displacement of the silicon nitride film depends on the cavity-field
radiation pressure (proportional to the number of photons in the
cavity), forming dispersive optomechanical coupling. The CPW
connector provides an external coupling (κe/2π= 125.6 kHz) for
performing input and output measurements. A coherent pump
tone with frequency Ωp and amplitude ξ is used to enhance the
optomechanical coupling40. In this experiment, the pump
frequency is red-detuned to the cavity resonance (ωc) by a
mechanical frequency of ωm/2π= 720.531 kHz, viz., Ωp=ωc− ωm.
The total cavity decay rate (κ/2π= 208.2 kHz) is smaller than the
mechanical frequency. Thus, the system works in the resolved
sideband regime, viz., ωm > κ. This results in an interaction
reminiscent of a beam splitter, HBS/ℏ= G(a†b+ b†a), where G
represents the excitation exchange rate between photons and
phonons and a and b are the annihilation operators for the
microwave cavity and mechanical modes, respectively.
For this system, the writing and readout pump tones can

control the effective coupling rate between cavity field and the
mechanical displacement. As shown in Fig. 1d, for the storage
process, a writing pump tone couples a signal pulse into the
mechanical mode, generating mechanical excitations. For the
retrieval process, a readout pulse couples the stored mechanical
excitation to the cavity mode, mapping the mechanical excitation
back to a microwave pulse. Note that the optomechanical storage
and retrieval processes can, in principle, preserve the phase
coherence of the injected state.

Sideband cooling of the fundamental mechanical mode
A major impediment to achieving coherent storage using
mechanical excitations is the noise added by thermal occupation
of this mechanical mode. For optomechanical memory, both the
thermal noise of the cavity and mechanical modes are involved in
the state capture, storge, and retrieval processes and thus
contribute to the added noise of the stored target state. To
minimize such superimposed thermal noise, an ideal optomecha-
nical memory should operate with both the cavity and mechanical
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Fig. 1 On-chip superconducting electromechanical memory and state tomography pulse sequence. a The cavity electromechanical devices
are mainly composed of a niobium microwave cavity and SiN film mechanical resonator. The pac-man-shaped microwave circuits are rendered
in yellow, and the microwave signals couple in and out of the cavity through a common coplanar waveguide (CPW). The silicon-nitride chip
consists of a 525 μm thick silicon frame (rendered in red) with a central 500 μm wide square film window (rendered in light blue). The
suspended SiN-membrane is 50 nm thick. A 20 nm-thick aluminum film (rendered in purple) is deposited from the backside window of the
chip, which covers all the SiN membrane. b The finite-element simulation (FEM) shows the vibration fundamental modes of the SiN
membrane. c Schematic showing the placement of the metalized membrane over the antenna pads. The lumped-element model consists of
the cavity capacitance Cc, inductance Lc, and mechanical capacitance Cm. d The upper trace depicts the probe signal, which has an
exponential rising envelope. The probe signal has been captured, stored, and finally retrieved (shown as an exponentially decaying pulse). The
bottom trace illustrates the corresponding write and read fields for the capture and retrieval processes, respectively.
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modes in its ground-state. We then show effective optomecha-
nical sideband cooling to prepare mechanical oscillators toward
their ground state.
The device is placed on a mechanical eddy-current damper

(hanging on the mixing chamber cold plate of a Bluefors dilution
refrigerator) to isolate external mechanical vibration noises,
including pulsed tube vibrations78. As shown in Fig. 2a, an energy
ring-down measurement clearly exhibits that the fundamental
drumhead mode of the mechanical membrane has a frequency of
ωm/2π= 720.531 kHz, and a decay rate of γm/2π= 10mHz,
corresponding to Qm= 7.2 × 107. The stoichiometric SiN-
membrane windows have a high tensile stress ( ~ 0.9 GPa), which
could divert material losses and mitigate edge anchor losses.
We drive the electromechanical system with a microwave tone at

a fixed angular frequency Ωp, which is red-detuned from the cavity
resonance by the mechanical frequency Δ=Ωp−ωc=−ωm. Under
a low power (e.g.,−33 dBm at the source output port), the
microwave field dynamic backaction is negligible, and we can
obtain the mechanical Lorentzian spectrum [Fig. 2b] based on the
power spectrum density (PSD) measurements. The measurement
setups are described in the Supplementary Note 2.
We now calibrate the initial phonon occupation of the

fundamental mechanical mode of the SiN membrane resonator.
In Fig. 3a, we show the average phonon occupation as a function
of the refrigerator’s temperature. We assumed that the phonon
occupation of the mechanical resonator can arrive at its
equilibration at several hundred millikelvin (mK) temperatures
provided by the cryostat. Using Bose-Einstein statistics for thermal

states Nth
m ¼ ðe_ωm=kBTbath � 1Þ�1

, we extract a calibration constant
between the mechanical sideband area and mechanical occupa-
tion in quanta. We expect the mechanical spectrum area to

increase accordingly if the mechanical mode environment is at the
refrigerator’s temperature. Indeed, above the refrigerator’s (Blue-
fors LD400) base temperature of 10mK, we found that the
spectrum area is proportional to the refrigerator’s temperature, as
shown in Fig. 2a. From the above analysis, we infer that the
mechanical mode can be thermalized to a bath at Tbath= 10mK,
corresponding to an initial phonon occupation of Nth

m ¼ 285:6.
We carried out sideband cooling of the fundamental mechan-

ical mode of the SiN membrane. To reduce the steady-state
phonon occupation, we drive the microwave cavity precisely on its
red-sideband with a fixed detuning given by the mechanical
frequency, viz., Ωp=ωc−ωm. Under such frequency mismatch
conditions, the mechanical frequency shift due to the dynamical
backaction is close to zero, but the effective damping rate
depends on the power of microwave radiation pressure (resulting
in dynamical backaction cooling). A variable attenuator and phase
shifter are combined to cancel the reflected drive power before
the HEMT amplification. The other measurement conditions are
the same as those used to calibrate the initial thermal phonon
occupation.
Under current pump parameters, the effective optomechanical

coupling rate G between the microwave cavity and the mechan-
ical mode is proportional to

ffiffiffiffiffi
nd

p
, viz., G ¼ g0

ffiffiffiffiffi
nd

p
. Here, g0 is the

single-photon optomechanical coupling strength, and nd is the
average number of photons in the microwave cavity, which is
linear in the sideband pump power nd∝ P. We found that the
passivated niobium superconducting resonator can improve the
stability of the cavity linewidth. Figure 3b demonstrates that the
microwave cavity has relatively stable internal and external
dissipation rates with increasing sideband pump driving strength.
As also shown in Fig. 3b, the parametric coupling strength G
increased linearly with

ffiffiffi
P

p
. The cavity radiation-pressure coupling

broadens the linewidth of the mechanical mode with an
additional damping rate of γopt= 4G2/κ, which is linear to
sideband pump power P. Therefore, in the logarithmic coordinates
used in Fig. 3b, the slope of γopt is twice the slope of G as a
function of driving power P. The mechanical mode ring-down
spectra under different radiation-pressure damping γopt are
presented in the Supplementary Note 3.
In our experiment, the maximum linewidth of the damped

mechanical mode does not exceed one percent of the microwave
cavity linewidth ( ω� ωcj j � κ), and the device works inside the
resolved-sideband regime (ωm≫ κ). Under such conditions and
resorting to the quantum mechanical description of the micro-
wave electromechanical circuit, the expected power spectral
density in units of noise quanta is given by:

S½ω�
_ω

¼ 1
2
þ nadd þ 2κe

κN
th
c γ2m þ 4δ2
� �þ 4γmN

th
mG

2

4G2 þ κ þ 2iδð Þ γm þ 2iδð Þ�� ��2 ; (1)

where i=
ffiffiffiffiffiffiffi�1

p
, δ=ω−ωm, and nadd is the added noise of the

microwave measurement, which mainly comes from the HEMT
amplifiers. The added noise expressed as the equivalent micro-
wave photon number contributes to the background noise floor of
the measured PSD spectra. Here, we have defined N

th
c ¼ ηNth

c , with
η= κe/κ. N

th
c represents the effective thermal noise occupation of

the cavity mode. The cavity thermal noise spectrum is a Lorentzian
type, and its linewidth depends on the cavity decay rate κ. Nth

m is
the effective thermal occupation of the mechanical mode, which
is featured as a Lorentzian spectrum with a linewidth of
γeff= γm+ γopt, and γopt is the “optical” damping introduced by
the dynamical backaction of the microwave cavity field.
Figure 3 (c) shows the mechanical PSD (blue curves) and

Lorentz fits (red curves) for five different driver powers. As
expected, the fundamental mechanical mode of the SiN
membrane can be cooled as the driving power P is increased
from −25 dBm to 15 dBm. With lower driving power [e.g.,
P=−30 dBm in Fig. 3b], the optical damping is negligible
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Fig. 2 Mechanical ringdown and spectrum measurements. a A
mechanical energy ring-down measured at 10mK, showing a decay
rate of γm/2π= 10mHz. b The PSD of the mechanics obtained from
the IQ measurement with a 1000 s sampling time. The spectrum
linewidth via Lorentz fit is γm/2π= 10.2 mHz.

Y. Liu et al.

3

Published in partnership with The University of New South Wales npj Quantum Information (2023)    80 



(γopt= 1.57 mHz≪ γm); therefore, the PSD spectrum has a
standard Lorentz shape whose area is proportional to an initial
thermal occupation of Nth

m ¼ 285:6. This defines the regime (with
driving power below -30 dBm) where we calibrate the mechanical
mode linewidth and its initial thermalization temperature from the
cryostat. With higher driving power, the mechanical PSD is
damped with a broadened linewidth and cooled down with a
smaller spectrum area, as shown in Fig. 3c. Based on optical
damping, the phonon damping rate exceeds the extraction rate
from the mechanical thermal bath, leading to cooling of the
mechanical mode. Finally, in the steady-state, a new equilibrium is
established with reduced average phonon occupation (Nm <Nth

m),
corresponding to a lower temperature for this mechanical mode.
Under strong driving, the noise floor starts to rise, and EIT-like

Lorentz dips are observed in Fig. 3(c). At the maximum driving
power (P= 15 dBm) used in this work, spectrum squashing
appears as a result of interference between the mechanical and
cavity noises. Here, the microwave noise (corresponding to Nth

c )
plays a significant role and the cavity heating may come from
either the pump tone phase noise or direct heating of the cavity
circuit. In fact, the thermal occupations for both Nth

c and Nth
m are

variable and related to the sideband pump power.
Using the function given in Eq. (1) and through the nonlinear

least-squares fitting of the PSD gives the instant number of Nth
c

and Nth
m under different sideband pump powers. We can then

calculate the final mechanical occupation as:

Nm ¼ Nth
m

γm
κ

4G2 þ κ2

4G2 þ κγm

� �
þ N

th
c

4G2

4G2 þ κγm

� �
: (2)

Equation (2) indicates that sideband cooling can never reduce the
mechanical mode occupancy below the cavity occupancy. There-
fore, Nth

c must remain smaller than one quantum to achieve

ground state cooling. The cavity thermal bath (Nth
c ), mechanic

thermal bath (Nth
m) and mechanical mode steady-state occupations

are summarized in Fig. 3(d), as a function of coupling rate G. When
the driving power reaches P= 8 dBm, the average phonon
occupation Nm is reduced below one quantum of mechanical
motion, reaching the quantum regime. In this experiment, the
minimum average phonon occupation is Nm= 0.78, which is
limited by the mechanical and cavity mode heating (bath
temperature rises).

Coherent-state capture, storage and retrieval
We then investigate its performance as a memory by measuring
the capture, storage, and retrieval of itinerant microwave pulses in
the time domain. From the beam-splitter-like optomechanical
interaction HBS= G(a†b+ b†a), it is obvious that by controlling the
pulse sequence of the transfer field, we can write the itinerant
microwave pulse into and out of the mechanical resonator.
As depicted in Fig. 4(a), we add a constant sideband cooling

tone (300 ms from t0 to t1) to initialize the mechanical memory to
its ground state, Nm= 0.78 with γopt= 19.13 Hz. Subsequently, we
write a microwave pulse with energy that grows exponentially at a
given rate of Γ= γopt, and it is sent inside the cavity resonator
from that moment of t1. From t1 to t2 (duration 60 ms), the
constant sideband cooling tone is still on and plays another role,
transferring the microwave pulse into the SiN membrane
resonator. Meanwhile, the microwave coherent state is captured,
and the coherent portion of the mechanical mode continuously
increases. In this stage, the sideband cooling tone writes the pulse
signal into mechanical excitations, and thus, it is also called the
write field.

= 118.2 Hz

10
5

γoptG = 2.59 kHz

P = 15 dBm

7.2 7.205 7.21

0.8
0.9

1

7.203 7.204 7.205 7.206 7.207
10

5

0.8
1

1.2

7.2048 7.205 7.2052 7.2054 7.2056 7.2058

10
5

1
2
3

7.2051 7.2052 7.2053 7.2054 7.2055

10
5

0
5

10
15

7.20528 7.2053 7.20532 7.20534

10
5

0
20
40
60

0 50 100 150 200
0

2000

4000

6000

250

T [mK]

P = -25 dBm

P = -10 dBm

γopt = 19.13 Hz

γopt = 1.43 Hz

γopt = 245.1 mHz

γopt = 6.53 mHzG = 21 Hz

G = 311.1 Hz

G = 1.1 kHz

(c)(a)

(d)

(b)

10
1

10
2

10
3

10
-2

10
0

10
2

0.8

1

1.2

P = 8 dBm

P = -2 dBm

G = 128.6 Hz

-30 -20 -10 0 10

10
-3

10
-1

10
1

10
3

10
5

G = 2.59 kHz γopt = 118.2 Hz

Fig. 3 Sideband cooling of the mechanical memory mode. a The thermal occupancy of the mechanical mode calibrated by sweeping the
cryostat temperature. The mechanical mode starts its thermal equilibrium with the cryostat at T= 10mK, corresponding to an initial thermal
phonon occupation of Nth

m ¼ 285:6. Error bars represent the standard deviation. b The measured cavity decay rates (κin, κe, κ), parametric
coupling rates G, and optical damping rates γopt at each sideband pump power. c The PSD (blue curves) and Lorentzian fits (red curves) for five
different sideband pump powers. From bottom to top with a higher pump power, the mechanical mode linewidth becomes broader, and the
mode is cooled by the microwave photon radiation pressure. d Sideband cooling reduces the thermal occupation of the mechanical mode
(calibrated in number of motional quanta) below one phonon, reaching a minimum of Nm= 0.78. The thermal occupations of the microwave
cavity (Nth

c ) and mechanical resonator (Nth
m ) bathes increase under higher sideband pump power. Error bars are standard deviations.
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At the moment of t2, the constant cooling tone (i.e., the write
field) is closed, and the microwave coherent state has been stored
inside the mechanical memory. Using an optomechanical phase-
insensitive amplification technique with a blue-detuned sideband
pump84,85, we achieve Gblue≃ 46.8 dB gain for the mechanical
motional sideband. The amplification process continues 30 ms
from t3 to t4 with an optomechanical anti-damping rate of Γamp/
2π= 53.5 Hz. After a certain period of storage (τ), the constant
sideband cooling tone is added again (60 ms from t4 to t5), which
maps the state of the mechanical resonator back to the itinerant
microwave pulse. In this stage, the constant sideband cooling tone
allows us to retrieve the microwave coherent state, and thus, we
also call it the readout field. From t0 to t5, we complete a whole
pulse consequence [as depicted in Fig. 4a] including the capture,
storage, and retrieval of an itinerate microwave pulse.
It is notable that during the state storage procedure (with a time

of τ), the mechanical mode underdoes an energy decay at a rate of
γm/2π= 10mHz (corresponding to T1= 15.915 s) and thermal
decoherence (Γth/2π= 2.85 Hz). Thus, the retrieved microwave
pulse must contain some thermal noise with amplitudes that
should follow the Gaussian distribution. Taking the example of

storing two seconds (τ= 2s), the digitized voltage signal is mixed
down to ωout= 400 Hz, and Fig. 4b show the voltage wave (Vout)
of four independent measurements. Comparing each test, the
amplitude of Vout presents a certain randomness. However, the
statistical results after repeated measurements should show a
Gaussian distribution. We then obtain the coherent portion, as
shown in Fig. 4c, from the digitized voltage by averaging 2000
repetitions of the protocol. The decay rate of Vout is determined by
γopt/2. Here, the exponential fit result is γopt/2π= 19.56 Hz, which
keeps in correspondence with measured optical damping
presented in the sideband cooling section.
We now directly present the coherent storage lifetime by

recording its thermal decoherence in the time domain. Turning on
the readout field, the amplitude and phase of Vout encode the
state of the mechanical mode after a storage time of τ. The
readout field retrieves the microwave pulse whereby the state of
the mechanical mode is mapped. Therefore, realizing state
tomography of the retrieved microwave field also means realizing
state tomography of the mechanical oscillator at the moment the
readout field is turned on.
As presented in Fig. 4b, we know the oscillation frequency (ωout)

and energy exponential decay rate (γopt) of the measured voltage
signal Vout. This allows us to extract the amplitude and phase
information of the microwave temporal mode from each
independent pulse sequence measurement. Meanwhile, we can
infer the state of the mechanical oscillator at the moment of
turning on the readout field. The uncalibrated quadratures of
motion are obtained by projecting Vout onto the oscillator with
frequency ωout:

X1 ¼ S
P
i
Vout tið Þ cos ωouttið Þ;

X2 ¼ S
P
i
Vout tið Þ sin ωouttið Þ: (3)

The completion of each transfer-field pulse sequence will allow us
to obtain an output voltage (Vout) of the retrieved microwave
pulse and produce a single point in the quadrature phase space.
Repeating the transfer-pulse sequence allows us to obtain the
quadrature distribution of the retrieved microwave pulse. Based
on the state tomography, we can distinguish the portion of
coherent mechanical excitations Ncoh ¼ hX1i2 þ hX2i2 and the
thermal component Nτ

th ¼ hðX1 � X1h iÞ2i þ hðX2 � X2h iÞ2i � Nadd.
Brackets here represent an ensemble average.
We calibrate the thermal (Nτ

th) and coherent (Ncoh) phonon
numbers in units of quanta by sweeping the operating
temperature (Tcry) of the cryostat from 10 mk to 140 mK. We
waited a relatively long time (≥ 1 h) to ensure that the mechanical
mode reached thermal equilibrium, and then we conducted the
state tomography by repeating the pulse sequences 1000 times
for each working temperature. We know that the variance of X1,2
depends on the mode temperature (Tbath) as
Nth
m ¼ hX2

1i þ hX2
2i þ Nadd. From the temperature sweep experi-

ment (see Supplementary Note 4), we found that the variances
increase linearly with temperature. The sweeping-temperature
experiment based on pulsed measurements confirms again that
the mechanical mode can be thermalized to the fridge operating
temperature (including base temperature), viz, Tbath= Tcry. Recal-
ling the Bose-Einstein statistics for thermal states
Nth
m ¼ ðe_ωm=kBTbath � 1Þ�1

, we can calibrate the gain-factor S in
Eqs. (3) and express X1,2 in units of quanta.
The scatter plots of the measured quadratures are presented in

Fig. 5(a) where the points are 3000 independent measurements
with the cryostat operating at its base temperature, Tbase= 10mK.
Figure 5a show the measured quadratures for different storage
intervals, τ= 0s, 0.5s, 5s, 80s, respectively. The red-histograms with
normal distribution fit (black-curves) verify the Gaussian distribu-
tion of the thermal noise (with an average thermal phonon
number Nτ

th). The offset of the center of the scatter plot relative to
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Fig. 4 Coherent-sate capture, storage and retrieval. a The diagram
depicts the protocol for optomechanical capture, storage and
retrieval of an itinerant microwave pulse within one transfer-field
pulse sequence. b The voltage Vout generated in the CPW
transmission line by the circuit is amplified and then digitized by
the spectrum analyser. The voltage signal is mixed down to ωs= 400
Hz. The measured Vout from four independent measurements using
the pulse sequence depicted in (a), and (c) plots the coherent
portion of Vout by averaging 2000 repetitions of the sequences.
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the origin of the coordinates represents the component of the
coherent excitations Ncoh. As the storage interval τ increases, the
variance σ2 ¼ Nτ

th starts to increase due to thermal decoherence.
At the same time, the center of the scatter points moves toward
the origin of the coordinates, and the mean value of X1,2 gradually
approaches zero, indicating an energy decay of coherent
phonons. By averaging the output voltage corresponding to each
point in the scatter plots, we obtain the coherent portion of Vout
after a specific storage interval τ. A series of measured coherent
phonon signals for different τ are shown in Fig. 5b, and we find
that the amplitude decreases with increasing storage time τ.
When the storage interval is zero, i.e., τ= 0, we write in the

pulse signal and create coherent mechanical excitations. The
scatter plots [as shown in Fig. 5a] correspond to the state
tomography of the initialized mechanical oscillator in its ground
state. The coherent mechanical excitation as the coherent portion
of Vout is shown in Fig. 5b, correspondingly. Within a period of
storage τ, the mechanical memory is gradually thermalized, and
the coherent phonon component also undergoes a decay. As
shown in the last panel of Fig. 5b, the amplitude of Vout,
corresponding to coherent phonon Ncoh, decays to one-eighth of
the original amplitude after the τ= 80s storage interval. Mean-
while, the variance of X1,2 (corresponding to Nτ

th) reaches the
maximum value and stabilizes, indicating that the mechanical
mode arrives at thermal equilibrium with the surrounding
environment reservoir. The itinerant microwave pulse used in
Fig. 5 results in coherent mechanical excitation of Ncoh= 4. We
have confirmed that such a weak itinerant microwave pulse will
not introduce additional technical heating. Increasing the micro-
wave pulse strength until Ncoh > 30, the mechanical mode starts to
heat up.

The coherent and thermal occupancies of the mechanical
memory are measured as a function of the storage time interval τ,
as shown in Fig. 5c. The mechanical memory takes 80 s for the free
evolution from its ground state to a fully thermal equilibrium state.
The fit of Ncoh results in γm/2π= 10 ± 0.42 mHz, which agrees well
with the value measured from the ringdown and PSD measure-
ments [Fig. 2a, b]. The storage lifetime is an important figure of
merit for characterizing a coherent memory. The gray-shade area
of Fig. 5c shows the thermalization and energy decay of the
mechanical memory in shorter evolution intervals. Figure 5d
shows the zoom-in plot of such a gray-shaded region. The storage
lifetime is determined by the thermal decoherence rate of the
mechanical memory, which is calibrated as Γth/2π= 2.85 ± 0.12 Hz,
corresponding to a motional heating rate of 18 quantum/second,
and a phonon lifetime of τcoh= 55.7 ms.

The phase coherence and transfer efficiency
The performance of storage lifetime has been estimated by
observing the evolution of the coherent and thermal occupancies
back into a thermal state in equilibrium with its environment. We
then study the coherence of using a silicon nitride mechanical
oscillator as a memory. We choose four signal pulses of which the
amplitudes (in a unit of quanta) and phases are chosen from the
set of {(9,π/4),(6,3π/4),(6,-3π/4),(7,-π/4)}. The phases of these four
signal pulses are rotated in π/2 increments. Retroactive to the
previous protocol depicted in Fig. 2a, we repeated the transfer-
pulse sequences 8080 times (2040 repetitions per phase) and then
obtained the state tomography of each retrieved microwave pulse
in the quadrature phase-space. Figure 6a shows the measurement
results, indicating that the phase of the signal pulse is faithfully
recovered after storage. The distance from the center of each set
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of scattering points to the coordinate origin (R) corresponds to the
square root of the coherent component of the recovered
microwave pulse, i.e., R2= Ncoh. The data in Fig. 6a show that
the device can store microwave coherent states into mechanical
excitations with different amplitudes and phases, indicating the
coherence of the memory device.
We then study another important figure of merit for characteriz-

ing a coherent memory, the overall transfer efficiency (ηt), which
can be defined by the energy ratio of the retrieved (Eout) and input
pulses (Ein), i.e., ηt= (Eout/Ein). The coherent portion of the retrieved
signal is given by Eout ¼

Rþ1
t3

hVoutðtÞi2dt. From time t1 to t2 in a
transfer-pulse sequence [as depicted in Fig. 2a], the writing field
(yields a transfer rate at γopt to all channels) can capture an itinerant
microwave pulse, V in ¼ Vpre expðΓ=2Þ cosðωstÞ, whose amplitude
(energy) grows exponentially at rate Γ/2 (Γ), and the oscillation
frequency is ωs. The coherent energy of the bypass signal pulse can
be expressed as Ebp ¼ R t2

�1 hVoutðtÞi2dt. In the case of large
frequency detuning between the signal pulse and the cavity
resonator (δ=ωs−ωc≫ κ), the total transfer efficiency equals zero
and all energy of the input signal pulse is bypassed. At this point,
the coherent portion (EδLbp) of the bypass signal exactly corresponds
to the total energy of the input signal pulse. By setting the detuning
to one megahertz (δL= 1MHz), we obtained the signal pulse
energy (before being captured) based on the relation Ein ¼ EδLbp,
which is used as the reference energy for the calculation of
normalized total transfer efficiency.
Figure 6b shows the measured overall transfer efficiency ηt as a

function of frequency detuning δ. The curve is in Lorentzian shape
and the fitted bandwidth is given by ΓB= 19.54 Hz, which keeps in
corresponds with γopt introduced by the write field to the
mechanical oscillator. When the write pulse frequency (ωs)
resonates with the eigenfrequency of the microwave cavity (ωc),
viz, δ= 0, the transfer efficiency reaches the maximum value,
ηt= 0.356. The Langevin equations for an optomechanical system
imply that the maximum transfer efficiency is
ηm ¼ ðκe=κÞ2 ¼ 0:363. The total transfer efficiency depends on
the energy conversion efficiency of the two steps, the state
capture and retrieval, respectively. These two transfer steps are
reciprocal with the same maximum transfer efficiency of η= κe/κ.
In our experiments, the measured maximum transmission

efficiency approaches its theoretical limit by matching the signal
pulse amplitude growth rate to the optical damping rate
introduced by the sideband transmission field (see Supplementary
Note 5), Γ= γopt. As initially pointed out and experimentally

verified in references58,59, when Γ≃ γopt, the writing field is well
matched to the signal pulse (preparation field), and nearly
complete absorption can be achieved. In contrast, when Γ≫ γopt
or Γ≪ γopt, all input signal pulses are bypassed because the
writing field is poorly matched to the preparation pulse. Matching
the transfer rate to the signal growth rate is a universal rule for
achieving maximum overall efficiency for optomechanical
memory.

The quantum threshold and memory fidelity
In the above sections we have demonstrated that the high-Q
silicon nitride mechanical oscillator cooled down to ground-state
provides a promising platform for realizing long-lived and
coherent memory for microwave photons with different ampli-
tudes and phases. We then study the state restoration fidelity F
and compare it with the quantum threshold (also called as
classical boundary), which is the minimum fidelity Fmin required
for a quantum memory. We consider the Uhlmann-Jozsa definition

of state transfer fidelity86,87, F ¼ ðTr½ð ffiffiffiffi
ρi

p
ρf

ffiffiffiffi
ρi

p Þ1=2�Þ2, where ρi (ρf)
is the density matrix of the initial stored state (final retrieved
state), respectively. Since the state to be stored and transferred is
a pure state, the general definition of the transfer fidelity reduces
to88–90, F ¼ Trðρiρf Þ. Hammerer et al. computed the quantum
threshold for storage and transmission of coherent states91. The
minimum fidelity Fmin required for a quantum memory is given by
Fmin ¼ ð1þ NcohÞ=ð2Ncoh þ 1Þ. Here, Ncoh= ∣αn∣2 is the average
energy of the stored microwave pulse.
Figure 7 shows the state tomography and count distribution of

the recovered microwave pulse from the mechanical memory. In
quadrature phase space, the red-colored scatter dots and green
scatter dots represent the captured, stored, and retrieved
microwave fields with equal coherent energy Ncoh, but with a
phase difference of π. The black-colored scatter dots correspond
to the state tomography of the mechanical ground state without
coherent state storage, i.e., Ncoh= 0. Figure 7 implies two features
of the state transmission. The first is that the phase information of
the signal pulses is faithfully recovered (with a π phase difference),
which further verifies that the SiN-membrane-based optomecha-
nical memory has phase coherence. The second feature is that as
the coherent energy decreases, the center of the scatter dots will
be submerged in the residual noise of the oscillator’s ground state.
As shown in Fig. 7(a), with coherent energy of Ncoh= 16, the
recovered microwave field, corresponding to the measured green
(or red) scatter points, has no overlap with those scatter points of
the mechanical oscillator in its ground state. When the coherent
energy is decreased to e.g., Ncoh= 8.5, Fig. 7b shows a partial
overlap between the recovered state and mechanical background
noise. In particular for Ncoh= 1.57, Fig. 7c shows that the center of
the scatterplot of the recovered microwave field enters the
scattered area of the mechanical oscillator. For Ncoh= 0.4, as
shown in Fig. 7(d), the recovered microwave field and mechanical
memory noise are not distinguishable. The corresponding
Gaussian count distribution shown in Fig. 7 also exhibits similar
state overlap behavior. As the coherent energy decreases, the
center of the Gaussian distribution (marked by a white dashed
line) of the recovered state gradually merges in the mechanical
thermal state distribution regime.
It is worth noting that the amplitude and phase information can

be faithfully recovered even for a stored coherent state with
average energy below single photon/phonon, e.g., as shown in
Fig. 7(d) for Ncoh= 0.4. This is based on the state statistical
distribution of multiple measurements. However, for a single
measurement, how much amplitude and phase information can
be recovered after the microwave state is stored and transmitted
in a channel with thermal noise is related to the calculation of
fidelity.
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Fig. 6 The phase coherence and total transfer efficiency. a State
tomography of four transmitted microwave pulses using the same
measurement protocol described in Fig. 4a. The phases of four
prepared signal pulses are rotated in increments of π/2, starting at π/2.
The storage interval is τ= 1ms. Each color corresponds to an input
pulse signal with a specific amplitude and phase. b The overall
transfer efficiency for the memory. Blue-dot and red-solid curves
represent the data and Lorentz fitting, respectively. Error bars
represent the standard deviation of a data set. The black `+' marks
the center of each group of scatterplots.
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The recovered microwave field is in a mixed state due to the
thermal excitations of the mechanical memory. We then
determine the density matrix ρf using a method of maximum
likelihood state tomography59. The density matrix is reconstructed
through the RρR algorithm which maximizes the Likelihood
function. The density matrix elements are updated after each
iteration: ρi+1= LR(ρi)ρiR(ρi), where L is the normalization para-
meter to satisfy that Tr(ρ)=1.
The fidelity F as a function of stored coherent energy Ncoh is

shown in Fig. 8, with Nsample= 2400. The black-solid curve

represents the quantum threshold, which corresponds to the
minimum fidelity required for quantum memory. This criterion
provides a benchmark for the coherent state storage and retrieval
in the transmission channel with thermal and measurement
noise91. The measured mean fidelity for our device is F= 0.65,
corresponding to the coherent storage of a captured coherent
state with a minimum average photon number of Nmin

coh ¼ 1:17. In
order to realize quantum state storage of a captured coherent
state at the single photon level, the fidelity should be improved
over Fs= 0.66, which can be realized by further reducing the finial
thermal phonon occupation number of the mechanical memory
oscillator. It is notable that the calculated fidelity here is about the
storage and retrieval process. Taking the capture efficiency into
consideration, the energy boundary (minimum average photon
number) for quantum storage of a coherent state arriving at the
input port is Nmin

in ¼ 3:25. The energy transfer efficiency ηt is not a
critical limit, and it can be improved to near unity by designing the
coupling of the waveguide and microwave cavity to be deeply
over-coupled.

DISCUSSION
We have demonstarted microwave coherent state storage and
retrieval in a absorptive-type cavity electromechanical memory
device, which is constructed by flipping a metalized SiN
membrane chip over an on-chip niobium microwave resonator.
Turning on the transfer pulse sequence, the fundamental
mechanical mode (memory mode) of the SiN membrane enters
its ground state and can then be used to store the microwave
photons as coherent mechanical excitations. The state capture
efficiency has been optimized by matching the prepared field’s
exponential rising rate and the optical damping rate. Based on
state tomography, we verify that the mechanical excitations as
well as the stored coherent field undergo an energy decay at a
rate of γm/2π= 10mHz (corresponding to an energy decay time of
T1= 15.9 s). The thermal decoherence rate arrives at Γth/
2π= 2.85 Hz, indicating a long lifetime of τcoh= 55.7 ms, i.e., an
18 quantum/second motional heating rate. We have verified in
experiment that both the amplitude and phase information of a
microwave coherent state can be stored and retrieved, indicating
the coherent property of this memory device. The overall energy
transfer efficiency of the memory device is η= 0.36, and the
measured fidelity for state storage and retrieval arrives at F= 0.65.
That is to say, the device allows the retrieval of a stored coherent
state with a minimum phonon number of Nmin

coh ¼ 1:17, corre-
sponding to the coherent storage of an input coherent state with
an energy of 3.25 photons. The overall energy transfer efficiency
can be further improved to approach unity by designing the
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external coupling of the waveguide and circuit resonator to be
deeply over-coupled.
Toward operating this memory device at the single-photon

level (i.e., realizing a quantum memory), the thermal occupation of
mechanical resonator needs to be further reduced until the fidelity
increases beyond the classical boundary (i.e., quantum threshold).
At current stage, our experiment shows that SiN-membrane-based
cavity electromechanical system is long-lived and coherent
memory for the storage of microwave photons. The system
studied in this work is a promising candidate for building
microwave quantum memories. As a prospect, they can further
implement hardware-efficient quantum error correction92 and will
be an integrated part of the von-Neumann architecture for
quantum computing systems based on superconducting cir-
cuits93. Combined with band gap engineering94, the quality factor
of SiN membrane oscillators can be further improved, and the
coherent storage time can be increased to the order of seconds. In
the future, we can capture nonclassical states, including
squeezed95–97 or entangled states98–100, and store them inside
long-lived mechanical memories. Obtaining long-lived macro-
scopic quantum states paves the way for fundamental tests of
quantum mechanics in macroscopic objects78,101–103.

METHODS
Device fabrication
The stoichiometric silicon nitride membrane is manufactured by
Norcada with series number QX5050AS. Membrane windows
(500 μm× 500 μm×50 nm) with 1.0 GPa high tensile stress are
fabricated on a 500 μm thick silicon frame. We use a commercial
ACCμRA flip-chip bonder to align the center of the square SiN
membrane window with the center of the bottom coupling
electrode of the microwave cavity. The planar resonant cavity was
composed of an LC lumped element circuit, which was fabricated
via a niobium (Nb) film (120 nm in thickness) on a high-resistance
silicon (orientation of 〈100〉) substrate (500 μm in thickness). The Nb
film is sputtered on the silicon (Si) substrate through physical vapor
deposition (Syskey Technology, SP-lC4-A06). The sputtering pres-
sure, sputtering power and sputtering time were 5 × 10−3 hPa, 150
W and 800 s, respectively. To mitigate the influence of oxidation on
the resonator performance, the Nb film was placed in nitrogen (1000
Pa) for 30min. The Nb/Si wafer was then subjected to the processes
of coating, baking, exposure, development and reactive ion etching
(RIE). The S1813 resist was selected as the coating layer, the spinning
rate was 3000 rpm, and the operating time was 1 minute. The film
with resist was then baked at 115 ∘C for 2min. The exposure process
related to the pattern transfer was realized via the DWL 66+ laser
lithography tool (Heidelberg Instruments). In the process of laser
direct writing, the laser power, intensity, filter and focus were set at
100mW, 55%, 5% and −20%, respectively. The development
process was carried out at 1 minute in the MF-319 developer at
room temperature. This was followed by rinsing in DIW fixing
solution. After complete transfer, the LC resonator and associated
circuits were obtained by the RIE process (RIE-10NR, Samco Inc).

State tomography in quadrature phase-space
The device is mounted on the 10mK mixing-chamber plate of a
commercial dilution refrigerator (Bluefors LD400). The cancelling line
is combined with the output line by a directional coupler. By
adjusting the amplitude and phase of the cancelling tone, the
reflected pump tone (as well as the amplify tone) can be cancelled
effectively to avoid saturation of the high electron mobility transistor
(HEMT). The pump-tone (with frequency ωc−Ωm), amplify-tone
(with frequency ωc+Ωm) and signal-tone (with frequency ωc) are
shaped to pulse by an arbitrary waveform generator (Tektronix
AWG5014C) with mixer. These three tones are combined at room
temperature with a splitter and transmitted down to the device. To

increase the on-off ratio of the pulse, we used a high-speed
microwave switcher following the mixer at each tone. The control
signal of the switch and the pulse signal of the mixer are generated
simultaneously by the AWG in the marker channel and analog
channel, respectively. A probe tone generated from PNA (Agilent
N5232A) is also combined into the input line for device S parameter
measurement. A real-time signal analyzer (Tektronix RSA5126B) is
used to acquire the output signal. All instruments are phase-locked
by a 10 MHz rubidium frequency standard. For the signal pulse
measurement, the RSA acquiring frequency center is slightly shifted
from signal-tone (fixed at ωc/2π− 400 Hz) to make the acquired IQ
signal have a small oscillation frequency. The delay time from write-
in to read-out is controlled by the AWG in the time domain. To
synchronize the RSA signal acquisition with the signal pulse, the RSA
is triggered by an AWG pulse.
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