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Cubic silicon-carbide crystals (3C-SiC), known for their high thermal con-

M Check for updates

ductivity and in-plane stress, hold significant promise for the development of
high-quality (Q) mechanical oscillators. We reveal degeneracy-breaking phe-
nomena in 3C-phase crystalline silicon-carbide membrane and present high-
Q mechanical modes in pairs or clusters. The 3C-SiC material demonstrates
excellent microwave compatibility with superconducting circuits. Thus, we
can establish a coherent electromechanical interface, enabling precise control
over 21 high-Q mechanical modes from a single 3C-SiC square membrane.
Benefiting from extremely high mechanical frequency stability, this interface
enables tunable light slowing with group delays extending up to an impressive
duration of an hour. Coherent energy transfer between distinct mechanical
modes are also presented. In this work, the studied 3C-SiC membrane crystal
with their significant properties of multiple acoustic modes and high-quality

factors, provide unique opportunities for the encoding, storage, and trans-
mission of quantum information via bosonic phonon channels.

Silicon-carbide (SiC) is a compound semiconductor that manifests in
multiple polytypes, each characterized by distinct crystal structures
and stacking sequences of silicon (Si) and carbon (C) atoms. The dis-
tinctive advantages offered by individual SiC crystal structures play a
pivotal role in tailoring SiC-based devices to specific applications and
optimizing their performance'. The hexagonal structure, such as 4H-
SiC and 6H-SiC, represents the most commercially available high-
quality SiC crystal form and has garnered widespread attention in the
field of quantum information processing due to its potential for
hosting quantum bits (qubits)*™. In contrast to hexagonal silicon
carbide, cubic silicon carbide (3C-SiC) possesses a zinc-blende crystal
structure that closely matches the lattice constant of silicon. Currently,
3C-SiC can be grown directly on a silicon substrate using heteroepitaxy
techniques”. This compatibility facilitates the integration of 3C-SiC

with existing microfabrication and machining technologies on silicon
substrates'®°, which is challenging to achieve with bulk substrates like
4H-SiC and 6H-SiC. In recent years, tensile-loaded thin-film mechanical
resonators have achieved significant attention due to their remarkably
high Q-factors*?. Crystalline thin films, in general, have a higher
theoretical limit for holding tensile stress compared to non-crystalline
or amorphous thin membranes®™?. The stronger atomic bonding in
3C-SiC contributes to its higher ultimate tensile strength (approaching
18 GPa) compared to hexagonal polytypes®. On the other hand, the
heteroepitaxial growth techniques can also result in low gradient and
high in-plane stress in 3C-SiC thin films®. The magnitude of in-plane
stress can be controlled by adjusting the growth conditions, including
temperature, pressure, and growth rate** ., With these significant
advantages, tensile-loaded 3C-SiC is emerging as the material of choice
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for developing mechanical resonators with high Q-factors®. It is
important to note that, while 3C-SiC has a high theoretical upper limit
of stress, the actual quality factors (Q-factors) of mechanical oscillators
made from 3C-SiC are often limited by various factors such as imper-
fections in the crystal structure®. To date, 3C-SiC mechanical micro-
resonator with doubly clamped string®?°, cantilever*°, trampoline,
phononic crystal*?, and suspended square membrane*™* structures
have been developed and measured in the experiment. For the crys-
talline SiC mechanical resonator, the experimentally achieved highest
quality factor reaches around one million (Q-10°) in high vacuum®*-*,

In the effort to push mechanical oscillators into the quantum
realm, the radiation-pressure interaction in laser optomechanical and
microwave electromechanical systems plays a crucial role in, e.g.,
precisely manipulating the macroscopic quantum state of mechanical
resonator***’, while also providing a transducer interface for con-
necting phonons with other quantum systems**~2, In pursuit of one of
the long-standing goals of fundamental tests of quantum mechanics,
such as macroscopic-scale Bell tests*>™°, quantum teleportation®®, and
tests of quantum gravity’*, long-lived mechanical oscillators with
extremely low thermal decoherence and pure dephasing rates are
highly desired®®. These urgent needs also arise in the field of quantum
information processing, particularly in developing microwave-light
interfaces for quantum computation and communication® %, Strain
engineering and dissipation dilution with trampoline®”, nested’>”,
and acoustic isolation structures’*® have been extensively explored in
laser and microwave optomechanical devices to mitigate extrinsic
mechanical dissipation. While acoustic radiation into the substrate has
been significantly suppressed due to weak connecting links to the
substrate, this comes at the cost of reduced thermal conductivity to
the environment® ®. In addition, the carefully designed mechanical
structure for dissipative dilution poses significant challenges for the
construction of microwave cavity optomechanical devices** %, The
reduced thermal conductivity, combined with an increase in two-level
systems or defects, introduces additional mechanical damping and
further diminishes frequency stability®*2. These factors present sub-
stantial obstacles for engineered high-Q mechanical resonators in
achieving lower thermal decoherence and pure dephasing rates in
optomechanical devices®™. Using single-crystal silicon oscillators as an
example, phonon bandgap engineering has significantly lowered the
energy relaxation rate, achieving an energy quality factor as high as
10", When these oscillators are combined with optical or microwave
resonant cavities, the phonon lifetime remains high at 1.5 seconds.
However, temperature-dependent frequency jitter and residual two-
level system defects reduce the final coherence time of the vibration
mode to the microsecond level, representing a decrease of over four
orders of magnitude”**. Therefore, developing mechanical oscillators
with both high thermal conductivity and high-quality factors is crucial,
as this can enhance frequency stability and increase coherence time.
Recently, both theoretical calculations from first principles’ and
experimental measurements at the wafer-scale” have revealed that 3C-
SiC films exhibit isotropic high thermal conductivity at room tem-
perature, which is the second highest among types of crystals and only
surpassed by diamond®. In the field of quantum information proces-
sing, controlling and dissipating heat generated by quantum devices
are crucial for maintaining quantum coherence®.

In this work, the high thermal conductivity of 3C-SiC mechanical
resonators at low temperatures ensures effective thermalization to
millikelvin levels, resulting in exceptional frequency stability and
extremely small pure dephasing. We highlight the distinctive non-
uniform tensile stress found in crystalline membranes and provide
insights into the multiple degeneracy-broken mechanical mode pairs
and clusters. Furthermore, we explore their potential as numerous
high-Q and long-lived phononic modes for quantum information
processing, particularly focusing on their extremely low pure
dephasing rates and high-frequency stability in conjunction with

superconducting quantum circuits. Benefiting from extremely high
mechanical frequency stability, this electromechanical interface
enables tunable light slowing with group delays extending up to an
impressive duration of an hour. While numerous experimental pro-
tocols and theoretical studies have aimed to enhance the group delay
of light, our work achieves a substantial improvement, offering sev-
eral orders of magnitude advancement over previous pioneering
efforts’0%%71%4 ' We systematically explore on-demand state storage
and energy transfer between degeneracy-broken high-Q mechanical
modes, achieving quality factors exceeding 108. Enabling coherent
electromechanical manipulation between long-lived multiple
mechanical resonators would be instrumental in advancing the
development of phononic memories, repeaters, and transducers for
microwave quantum states.

Results

3C-SiC-based microwave electromechanical system

As shown in Fig. 1a, our cavity electromechanical device consists of a
three-dimensional (3D) superconducting microwave resonator and a
mechanical parallel-plate capacitor chip. The 3D microwave cavity is
made from bulk aluminum (Al-6061) with a rectangle recess
(8 x12 x 16 mm). The panel at the right of the device shows the detailed
structure of the mechanical capacitor which is constructed by flipping
the metalized 3C-SiC membrane chip on top of another microwave
coupling chip with antenna electrodes on its front surface. The SiC
membranes are 50 nm thick grown on 400 um thick, width 5x5 mm
square silicon frames (with a low resistivity). The measured X-ray dif-
fraction pattern indicates that the grown SiC thin-film is in 3C phase.
The suspended membrane window is a square measuring 500 pm x
500 pm, with the backside silicon of the membrane removed through
potassium hydroxide wet etching. The central region of the membrane
window was deposited by a 20-nm thick aluminum (Al) film through an
electron beam evaporator. The metalized electrode on the suspended
3C-SiC membrane working as the upper plate of the parallel-plate
capacitor is circular with a diameter of 200 pum. The lower plate chip is
fabricated by sputtering a thin layer of niobium (Nb) with a thickness of
120 nm on top of a high-resistivity silicon substrate ((100) oriented)
with a thickness of 500 pm.

The zoomed-in subfigure in Fig. 1a, right to the capacitor chip,
shows the core area of the mechanical capacitor. The bottom electrode
structure, in shape of the letter “H", serves as the lower plate of
mechanical parallel-plate capacitor and also functions as a microwave
antenna, wireless connecting the mechanical capacitor to the 3D
microwave cavity resonator. The center of the membrane is metallized,
making the mechanical capacitance changes particularly sensitive to
modes with vertical displacement at the membrane’s center. Addi-
tionally, the presence of a notch in the upper half along the y axis of the
bottom electrode facilitates the detection of higher-order vibration
modes, particularly those exhibiting vertical displacement at the notch
position. This will be discussed in detail in the following sections. An
optical microscope photographed the entire parallel-plate electrode
area through the SiC membrane window. The green interference pat-
tern indicates the gap between the SiC membrane and the bottom
silicon substrate, while the purple interference pattern originates from
interference of light inside the vacuum gap of the capacitor. To get a
more accurate value, we use a 3D laser microscope to measure the
height difference between the top and bottom electrodes. From the
line-cut height profile (see Supplementary Note 1), it can be inferred
that the vacuum gap is ~576 nm. The side view, cut along the x axis,
schematic illustrates the stacked arrangement of the different layers,
as presented in Fig. 1b.

The effective lumped-element circuit model of the device is
shown in Fig. 1c, where the photon radiation pressure couples the
microwave cavity field to the mechanical vibration of the SiC-
membrane through a position-dependent capacitor with a
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Fig. 1| The microwave cavity electromechanical interface device and pump-
probe schemes used in experiments. a The superconducting 3D-cavity with a SiC-
membrane-based mechanical capacitor chip inserted inside its strongest electric
field concentration area, forming the dispersive type electromechanical interface
device. The zoomed-in area shows the detailed structure of the mechanical parallel-
plate capacitor formed by flipping a metalized SiC membrane on top of another
bottom electrode microwave antenna. With the geometric center of the bottom
electrode as the origin, a notch appears upward in the y axis direction. The green
arrow marks the core area of the mechanical capacitor, viz., the upper and lower
parallel electrode plates and the vacuum interlayer. 3D laser microscope of the
parallel-plate electrode region indicates the vacuum gap distance in capacitors.
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b A schematic illustrating the stacked arrangement of the different layers is pre-
sented, with a cut along the x axis. ¢ The effective lumped-element circuit model for
our device, where the photon radiation force causes SiC-membrane’s mechanical
vibration which in turn introduces a tunable capacitor (C,,) and changes the total
cavity capacitance. d is the continuous wave pump-probe scheme. Strong pump-
tone (marked by red arrow) is detuned by wm from the cavity resonance frequency,
and weak probe-tone (marked by purple arrow) is scanning the dynamics of interest
that occurred over the cavity mode, which has a linewidth of k. e shows the time
sequence of the pulsed pump-probe scheme, which allows an on-demand writing,
storage, and reading of microwave pulses by using the long-lived phonons as the
core storage element.

capacitance of C,(X). The variable mechanical capacitance changes
the cavity resonance frequency, forming dispersive type cavity opto-
mechanical interaction. The interaction Hamiltonian can be described
as H. /h=g,a'ax; The coupling parameter is g;=dw/dx; and
)2,~=x;pf(b,-+bj) is the displacement operator for each distinct
mechanical mode. The mode shape identifier i=(k, [), with k and
[ e N7, refers to the number of humps (antinodes) in the x and y
directions of our square 3C-SiC membrane. Here, a' (a) and b,T (b;) are
quantized bosonic creation (annihilation) operators of microwave
cavity field and the mechanical mode (k, [), respectively. Here, w, is the
cavity mode angular resonance frequency, x;pf =/h/2m;wi) is the
root-mean-square amplitude of each oscillator’s zero-point fluctua-
tions, where m; and wi,, represent the effective mass and the resonance
frequency of the corresponding mechanical mode (k, /). When con-
sidering photons in the microwave frequency domain, this system is
referred to as a cavity electromechanical system. Due to the fact that
these mechanical modes are well separated by their resonant fre-
quency, The pump and probe schemes for each mechanical mode will
not affect the other. Thus, in the following, we do not specify the
identifier ‘7’ unless it is absolutely necessary.

The Hamiltonian used to describe each mechanical mode that is
electromechanically coupled to the microwave cavity field, thereby

forming a standard cavity optomechanical system in the microwave
regime, is expressed as follows: H/hi=w.a'a+ a)mbTb +goata(b+ b'),
where go = gx,,¢ is the vacuum optomechanical coupling strength. We
add a continuous driving tone with frequency Q. and amplitude £ to
enhance the effective radiative pressure interaction. As shown in
Fig. 1d, the frequency of driving tone is red-detuned to the cavity mode
resonant frequency (w.) by a mechanical frequency (w.), i.e.,
W4 = We — Wm. Working in the rotating frame at the pump-tone fre-
quency, the linearized Hamiltonian is described as

H/h=w,, (aTa+b*b) +Ga +ayb+bh. o

Here, G=g,/N. is the linearized and driving-field enhanced coupling
strength. N, is the occupation number of photons in cavity mode.
Thus, the coupling rate G can be continuously tuned by controlling the
power of external coherent driving tone'®.

Taking the cavity and mechanical decay rates into consideration,
the set of Heisenberg-Langevin equations of a microwave electro-

mechanical device in the presence of a driving tone are given as
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follows:
a=(i6 - k/2)a - iG(b+b") + VK&, @)
b= — (i +Vm/2)b — iG(a+a") + /Vmém, 3

where s={in,ex}. Here, ki, and k., are the intrinsic and external
microwave coupling rate to their dissipative bath, k is the total micro-
wave loss rate. The symbol y;, represents the total decay rate of the
studied mechanical mode of the square 3C-SiC membrane. The variable
A denotes the frequency detuning between the driving pump tone and
the resonant frequency of the cavity mode, defined as 4 = wq — w.. The
corresponding input noise operators satisfy the commutation relations
(EL(DER(0) =NDS(t), (E(DEL0)=(NF+1)S(8), and (E(0)E,(0)) =
Nf}?é‘(t), (E,(OEL(0)) = (N +1)6(t). N is the cavity mode thermal bath
occupation. Subscripts o ={ex, m} represent the entering noise from
cavity mode external pump phase noise Nﬂ;, and mechanical thermal
bath occupation Nﬂ], respectively. From the input-output theory, the
output field can be expressed as a,,=&.x — /K. Based on the
Wiener-Khinchin theorem, we can now calculate the symmetrized noise
power spectrum density (PSD) of the output microwave field"*. Taking
the Fourier transformation of the time derivative equations of Egs.
(2)-(3), and using the commutation relations of noise operators in the
frequency domain, the PSD of output mode S[w] can be expressed as

1/ 4+ .
5[(4)] = i <at;ut[_w]aout [w] + aout[_w]atljut[w]>' (4)

The optical-damping rate induced by the microwave drive
dynamical backaction is yop =4G*/k. In our experiment, the device
always works in the weak optomechanical coupling regime (G < k).
When applying the maximum sideband pump power, the opto-
mechanical damping rate will not exceed one percent of the micro-
wave cavity linewidth (viz., yope < k). Under the aforementioned
conditions, the PSD of the output cavity field is ultimately expressed
ale7

th _ th
AN | M opiFi (Wb —2ne)

2 ) , ®)
K2+46 Vi +46

S[w]=nyqq +

where 6=w — ®p,, and n = Kex/k. The total mechanical damping rate is
defined as Yot =ym + Vopt-

During the microwave measurement, the added noise, naqq,
mostly coming from the HEMT amplifiers and to a small extent from
vacuum noise, creates the background noise floor of the measured
PSD. The effective microwave thermal occupation N may come
from the thermal effects caused by defects in bulk superconducting
cavities. These defects or impurities can induce thermal effects
through ways of increasing surface resistance, causing localized
heating, or promoting quasiparticle generations. N}L‘ is the effective
thermal occupation of mechanical mode and transfers into the
microwave output field via the electromechanical coupling. The
second term in Eq. (5) indicates that cavity thermal noise spectrum is
a Lorentzian type with a linewidth of k. The last term in Eq. (5) indi-
cates that the damped mechanical mode is featured as a Lorentzian
spectrum with a total linewidth of y... The full-noise PSD contains
two Lorentzian peaks, where the mechanical sidebands are super-
imposed on the Lorentzian peak of the cavity thermal emission.

When measuring the PSD spectrum, we select a driving power that
allows the optomechanical damping and cavity thermal occupation to
be negligible, i.e., Yopt < Ym, and Nih ~ 0. Under such conditions, the
expression of the PSD spectrum reduces into a standard Lorentzian

function

Vm/2

S[w]=n,4q+G ,
[w] dd (ym/2)2+(w—wm)2

(6)

where G =21y o N

In the following sections, we will first employ the power spectral
density (PSD) method to identify all the mechanical modes detectable
by the microwave cavity. We will particularly focus on how the
breaking of degeneracy generates multiple detectable high-Q mode
pairs in the square 3C-SiC membrane. Additionally, we will conduct
ringdown measurements for each distinct mechanical mode. The PSD
provides the total decay rate, while the ringdown measurements yield
the energy decay rate. By comparing the decay rates obtained from
these two measurement techniques, we will demonstrate the excep-
tional performance of the square 3C-SiC membrane as a high-Q
mechanical resonator, particularly emphasizing its extremely low pure
dephasing at low temperatures.

To leverage its outstanding frequency stability, we will employ
a continuous pump-probe scheme, as shown in Fig. 1d, to demon-
strate a new record in the passive storage of classical microwave
signals. Furthermore, the pulsed pump-probe sequences depicted
in Fig. 1e will enable on-demand ground-state cooling, writing, sto-
rage, and reading of microwave coherent states based on the long-
lived phononic modes of the 3C-SiC membrane. Finally, we will also
demonstrate coherent energy transfer between distinct mechan-
ical modes.

Degeneracy-breaking and multiple high-Q mechanical mode-
pairs of a square 3C-SiC membrane

The device is mounted on a suspended oxygen-free copper plate,
which is connected to the mixing chamber of a dry dilution refrigerator
(with a minimum operating temperature of 8.9 mK) via copper braids.
Without a mechanical isolation system, the mechanical modes cannot
be thermalized below 500 mK. We provide a detailed discussion of the
mechanical isolation techniques in Supplementary Note 2. The sheet
resistance of the grown 3C-SiC, measured at room temperature, is
~-1Q-cm. Itis essential to verify the compatibility of this low-resistance
3C-SiC semiconductor material with microwave radio frequency cir-
cuits, particularly regarding whether this material will introduce sig-
nificant dissipation to the superconducting cavity mode. As shown in
Fig. 1c, the probe field can be used to detect the cavity responses under
different external pump powers. In the low pump power regime (e.g.,
P=-30dBm), the measured intrinsic and external decay rates are ki,/
2 =80 kHz and k.,/2m =120.25 kHz, respectively. Under strong pump
power (e.g., P=20dBm), the cavity total linewidth decreases to «/
2m =160 kHz. The frequency of the resonant cavity is quite stable. As
the number of photons in the cavity increases, the resonant frequency
changes only -3 kHz. The cavity S,; measurements indicate that our 3C-
SiC membrane is well-compatible with superconducting resonators for
microwave applications.

We now read out these mechanical modes through electro-
mechanical interactions by applying a weak continuous microwave
pump tone to the cavity field via the SMA-type (depicted in Fig. 1a)
input port of the 3D microwave resonator. The driving frequency is
red-detuned to the cavity resonance by each mechanical resonance
frequency, ie., A= —wi. The beam-splitter-like interaction
terms H. /h=G,(a'b;+b]a) indicate that the voltage signal of the
output microwave field contains information such as the mechan-
ical resonance frequency and cavity field dressed mechanical
linewidth.

Figure 2a shows the measured PSD of the output microwave field
in a wide frequency range (up to 2.37 MHz). For this device, 21
mechanical modes coupled to the cavity field have been measured.
The Q-factors for each mechanical mode are measured through
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Fig. 2 | The microwave and optical readout of multiple mechanical modes from
a single square 3C-SiC crystalline membrane. a The microwave power spectral
density (PSD) readout of mechanical modes and the corresponding mode num-
bers (k, [) are labeled around each peak of the measured mechanical modes. The
finite element method (FEM) simulations with non-uniform tensile stress for

modes (1,1), (3,3), and (5,5) are presented. A notch structure extends upward

along the y axis of the bottom electrode. b The corresponding Q-factors for each

mechanical mode in a dilution refrigerator. The Q-factors are obtained through
the stroboscopic ringdown measurements. Twenty-first mechanical modes can
be measured based on their independent optomechanical interaction with the
same cavity field. ¢ The mechanical modes from the same crystalline 3C-SiC
square membrane are detected with a laser Doppler vibrometer at room tem-
perature and corresponding Q-factors are present in d. The laser spot is focused
near the center of the square membrane.

stroboscopic ringdown technology (see Supplementary Note 3) and
are presented in Fig. 2b. Remarkably, 19 of the 21 detected mechanical
modes have quality factors exceeding 10,

As shown in Fig. 1b, ¢, our studied electromechanical device is
particularly sensitive to those mechanical modes that exhibit a cen-
tral vertical displacement. For a square membrane, when the mode
numbers k and j are equal, and both are odd, the mode shapes of
these special modes consistently display a central vertical displace-
ment, making them relatively easier to read out electromechanically.
The finite element method (FEM) solutions in COMSOL for the mode
shapes of the detected modes, such as (1,1), (3,3), and (5,5), are
presented around each measured mode peak in Fig. 2a. The funda-
mental drumhead (1,1) mode has a resonant frequency of
w&Y /2m=382.15kHz and a Q factor of Q™ =5.76 x10’. The modes
(3,3) and (5,5) have frequencies and Q-factors of wg' 3)/271 =117 MHz
with Q% ¥=2x10%, and 0®>/2r=1.96 MHz with Q% ¥=3.5x108,
respectively.

The fundamental mode is followed by a pair of nearly resonant
mechanical modes with mode numbers (1,3) and (3,1), having quality
factors of 1.4 x 10® and 1.8 x 105, respectively. Additionally, we identify
another set of four nearly resonant mode pairs with higher mode
numbers: (1,5) and (5,1), (3,5) and (5,3), (1,7) and (7,1), as well as (3,7)
and (7,3). Other detected mechanical modes of the square 3C-SiC
membrane include 1,4), 3,4), (1,6), (54), (3,6), (5,6), and (1,8). In
conclusion, these electromechanically readable distinct modes or
mode pairs share a common characteristic: the mode number k must
be an odd number.

Next, we focus on the physical mechanism of electromechanical
reading of the near-resonant mode pairs in this square 3C-SiC mem-
brane, specifically the pairs (k, /) and (/, k) as demonstrated in Fig. 2a,
where both k and [ are unequal odd numbers. Considering a square
membrane with uniform biaxial tensile stress, e.g., widely studied
amorphous silicon-nitride (SiN)”'°*', the natural vibration fre-
quencies of a square film in the stress-governed regime (membrane) in
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Fig. 3 | The mode shapes and effective mechanical capacitance for a square
membrane in the stress-governed regime. The first (second) row in a shows the
(k, ) mode shapes with uniform (non-uniform) biaxial tensile stress o, = g, (ox # 9,).
The mode numbers k and [ presented in a are both odd numbers. b presents the
mode shapes for mechanical (k, /) modes with odd mode number k and even

number /. Similarly to a, the first and second rows correspond to uniform and non-
uniform biaxial tensile stress cases, respectively. For odd k and even [,

¢, d schematically illustrate how the vertical mechanical oscillations of the
degenerate-broken (k, /) and (/, k) modes induce changes in the corresponding
mechanical capacitance, using k=1 and [=4 as an example.

vacuum are given by

1 /o
& o=~ 2 K2+ 2
w21 30 p(k +1%), @)

with the result that w®'? =w&®. Here, o is the biaxial tensile stress
and p is the density of the material. Equation (7) indicates that when
k=1, the modes (k, ) and (I, k) exhibit two different mode shapes,
Wy, p and Wy 4, but have exactly the same frequency, which is
referred to as degenerate modes. Since the frequencies are indis-
tinguishable, if the square membrane is excited at this frequency,
both of these degenerate modes will oscillate simultaneously. The
overall vibration response of the square membrane will be a com-
bination of all the degenerate mode shapes, represented as super-
modes: W, =aW, ,+bW, ), where @’+b*=1. Clearly, the formed
supermodes share the same frequency as the original degenerate
modes and remain degenerate.

The FEM simulations for the supermodes Wy; are illustrated in
the first row of Fig. 3a. Additionally, the mode shapes of the original
degenerate modes W, , and W, 4 resemble the patterns shown in
the second row of Fig. 3a. When the modes (k, /) and (/, k) are
degenerate, their mode shapes will be symmetric, rotated by 90°.
Interestingly, both these mode shapes feature a central vertical up-
and-down vibrational displacement. The superposition of mode

shapes Wy , and W 4 can result in two situations: constructive
interference [llJ,:,=(lP(k,,)+‘lJ(,, k))/ﬁ] and destructive interference
(Wi =We o — Yex)/v2] of the vibration displacements. Con-
structive interference results in an enhancement of the central ver-
tical displacement, whereas destructive interference leads to a
reduction, ultimately eliminating the central vertical displacement.
In conclusion, for unequal odd k and [, only the constructive super-
position W/, retains a central vertical displacement, which can
modulate the mechanical capacitance and be read out through
microwave cavity electromechanical interaction in this work. It is
important to emphasize that the above conclusion applies specifi-
cally under the condition of uniform tensile stress on a square
membrane, where o, =0y,

However, a significant difference between the above theoretical
analysis and our experiment is that, we detect near-resonance mode-
pairs (indicated by red-colored mode numbers in Fig. 2a) instead of a
single super mode W,; resulting from constructive superposition. For a
square membrane resonator, when the tensile stress becomes non-
uniform (i.e., 0, # 0y), the supermodes W;; will be broken and reduce to
near-resonance (k, /) and (/, k) mode-pairs with distinct mode shapes
W, 5 and W 4, respectively. In later sections, this phenomenon is
referred to as “dedegenerate”. The second row of Fig. 3a shows the FEM
simulations of the mode shapes for the dedegenerate (k, ) and ([, k)
mode pairs with o,# g,. Remarkably, both dedegenerate mode pairs
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are characterized by central vertical displacement, which can induce
changes in mechanical capacitance. Thus, the degeneracy-breaking
process allows the cavity to electromechanically read out both
mechanical modes within the near-resonance mode pair. This repre-
sents a significant difference compared to a membrane with uniform
biaxial stress, where only the constructive supermodes can be elec-
tromechanically read out.

It is worth noting that even if the stress distribution of a thin
membrane, such as a well-studied SiN membrane™ ™, is uniform at
room temperature, stress redistribution, and non-uniformity may
occur during the cooling process of the refrigerator due to chip
deformation. However, the stress distortion caused by this defor-
mation often significantly reduces the quality factor of the mechan-
ical modes. In our experiment, all detected mode pairs exhibit high-Q
behavior, with a quality factor Q exceeding 10%. To further rule out
this possibility, Fig. 2c and d display the measured mechanical
resonance and the corresponding Q-factors at room temperature,
obtained using a laser Doppler vibrometer with the laser spot
focused near the center of the square membrane. The measurement
setup and laser PSD result of each detected mechanical mode are
presented in Supplementary Note 4. Due to the fact that the laser
spot cannot be exactly located at the center of the square membrane,
the method using a Doppler vibrometer can detect more mechanical
modes than the method using microwave cavity optomechanical
interaction. We can still observe near-resonance mechanical modes
at room temperature that correspond to the results detected at
10 mK, as presented in Fig. 2a, b. It is evident that the mechanical
modes (k, [) and (I, k) are originally non-degenerate, and that the 3C-
SiC membrane initially exhibits non-uniform biaxial tensile stress
from room temperature. Additionally, Fig. 2 illustrates that the Q
values of all mechanical modes improve by three orders of magni-
tude as the environmental temperature decreases from room tem-
perature to ~10 mK.

The biaxial tensile stresses used in the COMSOL simulation shown
in Fig. 3 are 0,=242MPa, and o, =240 MPa, respectively. The simu-
lated frequencies show good agreement with the frequencies mea-
sured by the laser Doppler vibrometer. The finite element analysis also
indicates that the dedegenerate initiates when difference in biaxial
tensile stresses exceeds 0.1 Mpa. Once the stress difference reaches
1Mpa, the dedegenerate mechanical modes (k, /) and (/, k) exhibits
completely distinct mode shapes. In the special case where the odd
mode number k equals /, it is evident that, despite the biaxial tensile
stress not being uniform, only a single mode exists, with no
degenerate modes.

As discussed in previous sections, the central area of 3C-SiC
square membrane is metallized (as shown in Fig. 1a), making the
change in mechanical capacitance particularly sensitive to mechanical
modes with central drumhead shapes. However, we emphasize that
the notch structure along the y axis in the bottom electrode (see inset
of Fig. 2a for the detail) of the mechanical capacitor enables the
detection of higher-order mechanical modes, particularly those exhi-
biting significant vertical displacement around the notch area. We thus
move to demonstrate how the degenerance-breaking affect the cavity
electromechanical readout of the mechanical modes with one of the
mode number k or [ is even and the other is odd. In Fig. 3b, the first row
illustrates the mode shapes under uniform tensile stresses, where the
mode shape of degenerate superposition generated supermodes W,
exhibit a 90° rotational symmetry. Notably, although the bottom
antenna electrode contains a notch structure, the simultaneous pre-
sence of peaks and dips around the central metallized region of the
square 3C-SiC membrane cancels each other out, resulting in nearly
unchanged mechanical capacitances. Therefore, when one of the
mode numbers k or [is even, and the other is odd, all these degenerate
supermodes cannot be read out electromechanically through the
cavity field.

Remarkably, the breaking of rotational symmetry combining
with the asymmetric notch design of the capacitor bottom electrode,
enables the selective readout from mechanical modes (k, /) and ([, k).
As shown in Fig. 2a, dedegenerate modes include (1,4), (3,4), (1,6),
(54), (3,6), (5,6), and (1,8) are read out with Q-factors over 108. For
odd k and even [, the FEM simulation and the mode shapes for mode
pair (k, [) and ([, k) under non-uniform biaxial tensile stress are shown
in the second row of Fig. 3b. Owing to the notch that extends upward
along the y axis of the bottom electrode, only the (k, /) modes from
the dedegenerate mode pair, defined by odd k and even [ mode
number, exhibit significant variations in mechanical capacitance,
thereby facilitating their detection by the microwave cavity. Here the
positive integer [ should be greater than 2 because, for the (1,2)
mode, the area with the largest amplitude is not covered by the
metallized aluminum electrode. In contrast, the (/, k) modes do not
induce significant capacitance changes and, therefore cannot be
detected.

Using k=1 and [=4 as an example, for mode (1,4), the standing
wave nodes are distributed along the y direction, which is why the
schematic diagram in Fig. 3c employs a cross-sectional view along the y
axis. The mode vertical displacement combing the bottom antenna
notch introduces the mechanical capacitance changes. In contrast, for
the (4, 1) mode, the standing wave nodes are distributed along the x
direction, necessitating a cross-sectional view along the x axis in the
schematic diagram as shown in Fig. 3d. However, the capacitance
changes resulting from the vertical displacement cancel each other
out, rendering the (4, 1) mode undetectable by the microwave cavity.
In the final scenario, when both mode numbers are even, despite the
occurrence of degeneracy breaking, the detectability of these modes is
constrained by negligible capacitance changes, rendering them
undetectable.

Multiple degeneracy-broken mechanical modes with extremely
low pure dephasing

The strength of optomechanical interactions in a microwave cavity
electromechanical system can be quantified by the vacuum coupling
rate go. For the detected 21 mechanical modes, the vacuum coupling
rate for each mode is presented in Fig. 4a. Finite element modeling and
a comparison between the simulation of gy and the measurement
results are presented in Supplementary Note 5.

Although the fundamental (1,1) mode exhibits the strongest go, its
Q factor is only 5.7 x 107, which is the minimum among all the detected
modes. Considering both the mechanical Q value and the resolved-
sideband condition, our subsequent studies will focus on the
mechanical mode (1,3) highlighted in red in Fig. 4a. Meanwhile, the
inset in Fig. 4a shows how the vertical displacement of mode (1,3)
changes the mechanical vacuum-gap capacitance, with a cut along the
y axis. This mode has a resonance frequency of w.,/2m =871.318 kHz
and a remarkable Q factor of 1.18 x 105,

Using Eq. (6) to fit the measured PSD yields the mechanical
decay rate for each mechanical mode. As an example, Fig. 4b shows
the measured PSD spectrum of mechanical mode (1,3), and the fitted
energy decay rate is y,,,/2m = 8.2 mHz. Simultaneously applying driv-
ing and probe tone with a frequency difference by w, can effectively
excite the mechanical motion. After the driving tone is abruptly
turned off, the ringdown trace of the fundamental drumhead mode is
shown in Fig. 4c. Using exponential fitting, we obtain the energy
decay of the mechanical resonator with a rate of y./
2m=8.13 mHz, which agrees well with the value obtained from the
PSD measurement in Fig. 4b. In addition to the energy decay rate and
lifetime, pure dephasing rate is also an important parameter to be
considered.

Although the energy spectrum tests and the time domain ring-
down tests suggest that pure dephasing has a very small effect, we will
record the ringdown data for an extended duration using 1/Q
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¢ The mechanical energy ringdown shows a decay rate of y,/2m=8.13 mHz. The
measured mechanical resonant frequency is wy,/2m = 875.318 kHz and the spectrum
linewidth via fit is obtained as y,,/2m = 8.2 mHz, corresponding to a quality factor of
Q=118 x10°%. d The linewidth and Q-value of the mechanical mode with the
strongest coupling to the microwave cavity (marked by blue dot in a) evolve with
the refrigerator’s operating temperature.

sampling'®. By directly comparing the linewidth of the energy spec-
trum obtained after FFT transformation with the energy relaxation rate
derived from direct fitting (see Supplementary Note 6), we can accu-
rately determine the magnitude of pure dephasing, which is measured
at y, = 0.28 mHz. These results indicate that dephasing does not sig-
nificantly contribute to decoherence in the SiC square membrane
resonators.

Recalling the measurements made by the Doppler vibrometer at
room temperature, the Q factor for mode (1,3) was only 2.6 x 10*. This
performance underwent an impressive improvement of almost four
orders of magnitude when operating at a low temperature of ~-10 mK.
To investigate how the decrease in temperature affects the evolution
of the Q-factors, a temperature sweep experiment was conducted. The
measured Q-factors of mode (1,3) as a function of the dilution refrig-
erator operating temperature are depicted in Fig. 4d. The linewidth
(Q factor) of the mechanical oscillator continues to decrease (increa-
ses) as the operating temperature decreases, showing a linear depen-
dence. For every 10 mK increase in temperature, the linewidth
increases by 2.66 mHz. Furthermore, the frequency of the mechanical
oscillator remains highly stable across the tested temperature range of
10 mK to 190 mK, exhibiting a variation of less than 1mHz over a
duration of one day.

For instance, the focused study on the mechanical mode (1, 3) of
the 3C-SiC square membrane reveals an energy decay time of of
~T1=19.9 seconds, a total linewidth of y,,/2m=8.2 mHz, particularly
with an extremely low pure dephasing rate of of y, = 0.28 mHz. Table 1
summarizes the pure dephasing of all detected mechanical modes and
their proportion in the total linewidth. These initial characterizations
enable us to conclude that the degeneracy-breaking 3C-SiC membrane
supports multiple mechanical modes with exceptional performance,
particularly characterized by extremely low pure dephasing. Moti-
vated by this enhanced mechanical frequency stability, we proceed to
demonstrate its potential application as a classical microwave memory
device.

Hour-level group-delay and slow-light with extremely stable
mechanical modes

The pure dephasing of the studied 3C-SiC square membrane is mea-
sured at only 0.28 millihertz, constituting just 3.5% of the total line-
width. In comparison, the pure dephasing value for silicon-nitride
(SiN), which has made significant advancements in improving quality
factors, accounts for over 25% of the total linewidth*??°?21% This
results in at least an 86% reduction in frequency instability for the 3C-
SiC resonator compared to SiN resonators. Consequently, our 3C-SiC
resonator exhibits remarkable frequency stability, as demonstrated by
a frequency shift of >1 millihertz per day. The narrow linewidth of SiN
mechanical resonators has resulted in a reported maximum group
delay on the order of hundreds of seconds'. In this context, the lim-
itation for high-Q mechanical resonators is often frequency instability.
In the following section, we will demonstrate how the significantly
improved frequency stability of the focused 3C-SiC square membrane
in this work can contribute to setting a new record in the passive
storage of propagating microwave signals.

We now demonstrate the transmission response of a weak probe-
tone with frequency w, and amplitude &, also well known as the con-
tinuous field pump-probe experiment. The scheme has been depicted
in Fig. 1d, where the pump-tone is red-detuned to cavity resonance
frequency by A=-wg,. The weak probe tone is scanned by con-
tinuously changing frequency, and the dynamics of interest occur
when the probe frequency enters the microwave cavity resonance
regime. Working in the rotating frame at the pump-tone frequency wy,
and considering the input-output relations, the transmission coeffi-
cient is given as

qk(lé‘ B Vm/z)
(i6 — Ym/2) (i6 — k/2) +G*

=1+

®

The amplitude and phase responses can be calculated with the rela-
tions T=|t[>, and ¢ = arg(t), respectively. The group delay (slow-light
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Table 1| The pure dephasing and its proportion of the total
linewidth for each mechanical mode

Mode Frequency Total line- Pure dephas- Proportion
number @) width (2mr - ) ing (2 -)

(%)) 382.147 kHz 6.83 mHz 0.22 mHz 3.22%
1,3) 871.318 kHz 8.2 mHz 0.28 mHz 3.41%
3.1 885.413 kHz 5.31mHz 0.4 mHz 7.53%
(1,4) 1.144 MHz 7.9 mHz 0.33 mHz 417%
(3,3) 1.178 MHz 6.04 mHz 0.25mHz 4.13%
(3,4) 1.384 MHz 7.55 mHz 0.16 mHz 2.11%
(1,5) 1.41 MHz 17.46 mHz 0.27 mHz 1.54%
()] 1.426 MHz 8.56 mHz 0.28 mHz 3.27%
(3,5 1.612 MHz 5.26 mHz 0.28 mHz 5.32%
(5,3) 1.621 MHz 7.1mHz 0.23mHz 3.23%
(1,6) 1.7 MHz 10.05 mHz 0.22 mHz 2.18%
(5,4) 1.776 MHz 8.09 mHz 0.37 mHz 4.57%
(3,6) 1.868 MHz 7.28 mHz 0.23mHz 3.15%
1,7) 1.949 MHz 7.75 mHz 0.26 mHz 3.35%
(5.,5) 1.959 MHz 5.88 mHz 0.32mHz 5.44%
7,1 1.971 MHz 9.7mHz 0.31mHz 3.19%
3,7 2.101MHz 8.91mHz 0.31mHz 3.47%
(7,3) 2.116 MHz 8.38 mHz 0.18 mHz 2.14%
(5,6) 2.24 MHz 1.72 mHz 0.5 mHz 4.26%
(1,8) 2.25MHz 22.58 mHz 0.62 mHz 2.74%

time 1) is obtained from the slope of phase-response, i.e., 7=0¢p/
Owp, = 0/06. The transmission coefficient at zero-detuning (6=0) is
given as

4G? — 20— Dy

T,= . I, 9
4G + Ky,

=1
from which we find that the prerequisite for coherent perfect
absorption (i.e., T,=0) is n>1/2, viz., external overcoupling Kex > Kin.
For our device, the external coupling coefficient is determined to be
n=0.6. Figure 5a shows the probe-tone S,; transmission response
under a set of electromechanical couplings strengths G/
2m=[10.46,15.85,19.2, 961.07] Hz, respectively. Under a weak coupling
strength (e.g., G/2m =10.46 Hz), the probe-tone transmission spectrum
initially shows an additional absorption dip which is more than 30 dB
lower than cavity S, background base-line. With coupling rate G
increasing, the absorption dip starts to rise until it reaches the
background of the microwave cavity S, curve, and finally, a
transparency window appears.

The observed electromechanical-induced-absorption (EMIA) and
-transparency (EMIT) phenomena can be understood as a result of
constructive and destructive interference between two different
pathway transitions’”"”"'”, When probe-tone frequency arrives at
cavity resonance, a beating (at a mechanical resonance frequency)
between pump- and probe-tones coherently excites the mechanical
oscillations. Based on the electromechanical coupling, the pump-tone
creates a Stokes sideband by absorbing the mechanical excitations.
Concurrently, the accompanying anti-Stokes process is substantially
suppressed as it is energetically situated below the cutoff frequency of
microwave cavity. Additionally, the amplitude of this Stokes sideband
depends on the coupling strength, which can be used to control the
evolution from EMIA to EMIT.

We now focus on the interference between the photons of the
Stokes sideband and probe-tone inside the microwave cavity. When
electromechanical coupling rate equals the critical coupling strength

(2n —Dky,,/4, all created Stokes sideband photons

constructively interfere with input probe-tone photons inside the
microwave cavity (corresponding to destructive interference outside
the cavity), leading to a coherent perfect absorption of transmitted
probe-tone (e.g., as shown in the first row of Fig. 5a). Above critical
coupling (G > G,), the number of converted Stokes-sideband photons
now is more than the number of probe-tone photons. Therefore, only
part of the converted Stokes-sideband photons constructively inter-
fered with the probe-tone photons (absorbing them). The remaining
Stokes-sideband photons are recorded, and the bottom of the
absorption dip starts to rise (e.g., as shown in the second and third row
of Fig. 5a, b). While further increasing the electromechanical coupling,
the converted Stokes-sideband photons are strong enough to increase
the transmission beyond the bare microwave cavity background, as
shown in the fourth row of Fig. 5a. As a result, an electromechanically-
induced transmission window is observed.

The measured group delays (slow-light time 7) as a function of
electromechanical coupling rate are shown in Fig. 5b. With increasing
the electromechanical coupling rate G, group delay shows a decreasing
trend. We noticed that the rate of group delay decrement changes
dramatically when the coupling strength G is in the range where EMIA
occurs. However, when G enters the range where EMIT occurs, the rate
of group delay decrement remains unchanged. Under the condition of
critical coupling G =G, coherent perfect absorption occurs (7,=0),
and at the same time, a singular point appears in the group delay with
infinity slow-light or fast time'. Across the critical coupling strength
G,, there is an abrupt transition from infinite group advance to delay.
This transition leads to a dramatic change in group delay as the cou-
pling strength G bypasses the singularity. In experimental scenarios,
mechanical frequency jitter causes the critical coupling strength con-
dition for achieving infinite group delay to vary, presenting significant
challenges. Conversely, the maximum group delay that can be mea-
sured in experiments is limited by the frequency stability of the
mechanical modes. Here, we report a new record for group delay time,
attributed to the inherent advantages in frequency stability. As shown
in Fig. 5b, the longest delay time we measured in the experiment is
4035 seconds (more than an hour), achieved through the high Q-fac-
tors and extremely low pure dephasing rate of 3C-SiC square mem-
brane. Leveraging exceptional mechanical frequency stability, this
interface enables tunable light slowing, achieving group delays of up to
an impressive hour. This significant improvement over previous pio-
neering works marks a substantial advancement in optomechanical
group delay and slow-light technologies’®*?%'%, Figure 5c shows the
measured group delay versus probe-tone detuning §. The maximum
delay time occurs at the zero-detuning point and delay time gradually
decreases as the coupling rate increases. When the normalized trans-
mission coefficient is close to unity, the energy transfer efficiency
reaches its maximum. At the highest transmission efficiency, we
emphasize that the delay time can still reach 40.9 ms, which is the
longest delay time achieved”'7"'%, to the best of our knowledge.

Sideband cooling of the dedegeneracy mechanical modes
The above continuous-fields-based pump-probe experiments mainly
demonstrate the performance of our device in storing microwave
signals for a long time. For classical applications, the thermal noise in
the cavity field or mechanical mode can be neglected. However, for
quantum storage, one major obstacle is that the thermal phonons add
noise into coherent mechanical excitations during the storage pro-
cesses. We now show effective optomechanical sideband cooling to
prepare mechanical oscillators toward their quantum ground state.
We add two layers of a mechanical damper to isolate external
mechanical vibration noises (see Supplementary Note 2), including the
pulse tube vibrations. We assume that the phonon occupation of this
fundamental mechanical mode can arrive at its equilibration with
environment temperature at several hundred millikelvins (mK) pro-
vided by the cryostat. Using the Bose-Einstein statistics for mechanical
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Fig. 5 | Continuous wave pump-probe experiment and ultralong group-delay
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curves are the fitting curves. b shows the delay time for a set of driving-tone powers.
The red-solid circles represent the experimental data and the blue curve is the
theory curve calculated from parameters fitting from a. Here, “dBm” is an arbitrary
unit and refers to the generator power. The dashed circles are colored according to

(w, =~ w,)/2m (Hz) (w, ~w,)2m (Hz)

the minor in a and c, respectively. The use of blue and beige background colors in
b signifies EMIA and EMIT regimes, respectively. ¢ the delay time as a function of
probe-tone frequency detuning &, wherein green dots and orange curves are
experimental data and fitting curves, respectively. a, ¢ From left to right the pump
power is gradually increased, and the corresponding slow-light time is marked by
dashed circles, as shown in b.

thermal states, i.e., NEL‘ = (e"m/ksT _ 1)71, we can extract a calibration
constant between the area of mechanical sideband spectrum and the
thermal bath phonon occupations in quanta. Here, kg is the Boltzmann
constant constant, and T is the working temperature of the cryostat.
We find that the peak area grows linearly with T (see Supplementary
Note 7) when the refrigerator’s working temperature is above 20 mK,
corresponding to an initial phonon occupation of N;'} =476.

To cool the mechanical mode, we continue to use the red-
sideband drive with an optimal detuning of A =-w,,. The scheme can
be depicted as that demonstrated in Fig. 1d, but without the probe-
tone. In the resolved-sideband regime, the PSD of the output cavity
field is finally expressed as the formula given in Eq. (5). Figure 6a shows
mechanical ringdown curves under different sideband cooling power
P. In the experiment, the ringdown lifetime starts to decrease as
cooling power P increases. This can be intuitively understood as the
additional optical-damping broadens the linewidth of the mechanical
mode, i.e., Viot = Vopt + Ym- We can obtain the total mechanical damping
rate .o by fitting the ringdown curves as shown in Fig. 6a. Figure 6b
shows that the extracted optical-damping y,,: depends linearly on
increasing the sideband cooling power P, which is in good agreement
with the theoretical predictions.

Ideally, as the sideband cooling power increases, the number of
phonons gradually decreases, and the oscillator enters the ground

state. However, in the experiment, the cooling may be limited by
microwave heating which raises the bath temperatures of the cavity
and of the mechanical resonator. The thermal occupations N and N
thus become dependent on the sideband pump power. Noise spectra
of cavity emission and typical mechanical sidebands are presented in
Supplementary Note 8. Using the function given in Eq. (5) and through
the nonlinear least-squares fitting of the PSD, we can obtain the values
of NL“ and Nf,’j under different sideband cooling power or opto-
mechanical cooperativity. Using the solutions for b[w], the phonon
occupation Ny, can be derived via equipartition theorem'?**°, Con-
sidering the case of optimal detuning A = -wr,, and &> (4G, kYm, Ym),
we find

Vm

_ Yopt
Yopt + Vm

Vopt *¥Vm

Nth + Nth )

10)

m

The final steady-state occupations of mechanical mode (V), the
thermal occupations of cavity field (Ntch) and mechanical mode (NE;)
bathes, as a function of both the cooling power P and optomechanical
cooperativity, are summarized in Fig. 6c.

Equation (10) shows that sideband cooling can never reduce the
mechanical mode occupancy below the occupancy of the cavity ther-
mal bath. As shown in Fig. 6c, the value of N, depends mainly on the
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measurement of total mechanical linewidth y,,, with a set of sideband cooling
powers P. Colored-solid dots are experiment data and black-solid curves represent
the fitting. b Cavity-field backaction introduces an additional optical-damping yopc
for the mechanical resonator. yop, exhibits a linear growth with increasing the

Cooperativity

sideband driving power P. ¢ The mechanical occupation is calibrated as the number
of motional quanta. Nﬂ] (Ngh) is the effective thermal bath occupation of the
mechanical mode (microwave cavity mode), respectively. Error bars equal one
standard deviation.

final occupancy number of cavity thermal bath NE“ at the highest
powers. In this experiment, the minimum average phonon occupation
is N;m=0.9 £ 0.03. Towards achieving the ground-state cooling, cavity
thermal occupancy NE“ must be controlled within one quantum. For
currently reported cavity electromechanical systems, such as those
based on either crystalline silicon acoustic cavities” or amorphous SiN
membrane oscillators*>**"! significant heating effects are observed
in the mechanical thermal baths. However, for the 3C-SiC studied in
this work, the fundamental drumhead mode of the membrane reso-
nator does not exhibit a significant heating effect, which can be
attributed to the extremely high thermal conductivity of SiC in
3C phase.

On-demand state capture, storage, and retrieval

We then investigate the device’s performance as an on-demand pho-
nonic memory by measuring the capture, storage, and retrieval of
itinerant microwave pulses in the time domain. Based on the beam-
splitter type optomechanical interaction Hgg = G(a‘b+b'a), the state
encoded in an itinerant microwave pulse can be written into and read
out of the mechanical memory mode by controlling the pulse
sequence of the transfer field. A constant sideband cooling tone is
added to initialize the mechanical memory to its ground state. The
corresponding optical-damping rate is yﬁptzlz.é Hz. The state cap-
ture, storage, and retrieval pulse sequence has been depicted in Fig. le.
It has been experimentally verified in the literature that matching
signal growth rate I"with sideband cooling rate can result in an optimal
state recovery efficiency?*'*. So, in this stage, we generate a microwave
pulse characterized by an amplitude that exhibits exponentially
growth at a specified rate of I' = ygm.

The coherent state arrives at the cavity resonator at the moment
of t,. From ¢, to t, (duration 60 ms), when a coherent state arrives
inside the microwave cavity, the constant sideband cooling tone
begins to play another role, that is transferring the amplitude and
phase information of such input signal-pulse into the phononic
memory mode of 3C-SiC membrane resonator. As the microwave
coherent state is captured, a coherent portion of the mechanical
excitations continuously increases. In this stage, the sideband cooling
tone is also called as the write field. At the moment of ¢,, the writing

field is closed, and the captured microwave state is stored as coherent
phonons inside our memory device. After a certain period of storage
(7), constant sideband cooling tone is added again (60 ms from t;
to t), which maps the state from phononic mode back to an itinerant
microwave pulse. The constant sideband cooling tone retrieves the
microwave coherent state and thus is called the readout field in the
recovering stage. The pulse sequence is completed after the time of ¢,.
During the entire process, the itinerant microwave coherent state has
experienced the process of capture, storage, and retrieval. In the
readout stage, we use an optomechanical phase-insensitive amplifi-
cation technique (with a blue-detuned sideband pump) to improve the
signal-to-noise ratio'**,

During the storage procedure, the phononic mode undergoes a
re-thermalization process. We now directly present the coherent sto-
rage lifetime by recording its thermal decoherence in the time domain.
Turning on the readout field, the amplitude and phase of V,,, encode
the state of the mechanical mode after a storage time of 7. The voltage
signal V. of recovered itinerant microwave pulses is recorded and
analyzed by a spectrum analyzer. The quadrature amplitudes of
mechanical motion are obtained by projecting V. onto the local
oscillator with frequency woyc:

X1=CY  Vou(t;) cos(@oyt;),
i

11
X2=C Vo (t;) sin(@oyet;). an

The completion of each pulse-sequence measurement generates a
single point in the quadrature phase space. We can obtain the state
tomography of the retrieved microwave state by repeating the pulse
sequence thousands of times. From quadrature distributions, we
can distinguish the coherent component of mechanical excitations
Neon = (X1)?+ (X,)? and incoherent component of thermal occu-
pancy Ny, ={(X;— <X1>)2) +((X; — <X2>)2) — N,qq- Brackets here
represent an ensemble average. Given sufficient storage time, we
postulate that the mechanical oscillator fully reverts to its initial
thermal state, achieving a state of thermal equilibrium with a
phonon occupation number of Nﬂ; =476. We thus can calibrate the

Nature Communications | (2025)16:1207


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56497-3

a s T=001s | | T=10s T=100s | |
40 - -
I |
_40 — L L
[ 1 L 1 L 1 L [ | N | n 1 L 1 L 1 L 1 L N
-40 O 40 -40 0 40 -40 0 40
X‘| X1 X]
b 500 —=— c
_ 400 10
8 S
C —~N
3 300 g1 |
RS) ] H
> T 8k o~ L
o = | X' 0
© 200 )
Q S 4t
=] a L
o S L
S 100 8 —d '
9/00.0 0.2 0.4 —10L
_ - Storage time (s)
0 = — o n e - * < aa I . I . I
0 20 40 60 80 -10 0 10
Storage time (s) X4

Fig. 7 | On-demand microwave state storage and tomography in the time
domain. a Scatter plots of the measured quadratures of motion with coherent
input signals for different evolution times 7=0.01, 1, 10, 80s. One pulse-sequence
measurement yields a point (blue dot) in the quadrature phase space. Each figure in
a is obtained by repeating the pulse-sequence measurements 3000 times. The
offset of the center of the scatter plot relative to the origin of the coordinates

represents the component of the coherent excitations N . b The coherent and
thermal components of the retrieved microwave pulse after a storage time of 7. The
green triangles (red dots) are experimental data of thermal (coherent) occupation
Ng, (Neon) with error bars. At the same time, the solid lines are the corresponding
exponential fit. ¢ The phases of input signal pulses in the protocol of recovered
microwave pulse with a phase increment of 71/2.

gain factor C in Eq. (11) and express X;, in units of quanta. The
calibration of the gain factor and the added noise are presented in
Supplementary Note 9.

We now demonstrate microwave coherent state storage through
the coherent electromechanical interface and the phononic memory
mode. The scatter plots of the measured quadratures of the recovered
microwave pulses are presented in Fig. 7a, for different storage time
7=0s, 1s, 10s, 80s, respectively. As the storage interval 7 increases, the
variance 02 = N, starts to increase due to the re-thermalization of the
phononic memory mode. Figure 7b shows the measured coherent and
thermal components of the mechanical memory mode, as a function of
the storage time interval 7. The mechanical memory mode takes more
than 70 seconds for the free evolution from its ground state to a final
thermal equilibrium state. The average photon number of the cap-
tured microwave coherent state is 4.2 quanta. The coherent compo-
nent of phononic mode decays exponentially and the fit of N, results
in yn/2m=8.12 + 0.19 mHz, corresponding to an energy decay rate of
T:=19.9 + 0.3 seconds. These experiment data show excellent agree-
ment with the predicted evolution. Coherent storage lifetime is an
important figure of merit for characterizing a quantum memory.
Zoomed-in area in Fig. 7b shows the thermalization and energy decay
of the mechanical memory in shorter evolution intervals. The storage
lifetime is determined by the thermal decoherence rate of the
mechanical memory, which is calibrated as I,/2m=3.85Hz, corre-
sponding to a phonon lifetime of 7., =41.3 ms. We finally verify the
coherence of our electromechanical phononic memory by transferring
four microwave coherent states with an r7/2 increment in phase. The
state tomography of recovered microwave pulses is presented in
Fig. 7c, which shows that the phase of the signal pulse is faithfully
recovered after storage.

Coherent energy transfer between distinct high-Q

mechanical modes

In the 3C-SiC square membrane-based microwave electromechanical
device examined in this study, not only can the (1,3) mode be sideband
cooled to its ground state and utilized as a coherent memory, but we can
also select other mechanical modes, such as the (3,3) mode. The thermal
decoherence rate of the (3,3) mode is '}, /2 = 2.35 Hz, corresponding
to a phonon lifetime of 7., = 67.75 ms. Coherent manipulation of pho-
non transport between distinct mechanical modes is essential for pre-
paring mechanical nonclassical states and for potential applications in
bosonic coding with long-lived phononic modes. Since these mechan-
ical modes are optomechanically coupled to the same microwave cavity,
they can interact through an intermediary microwave field.

By employing a mechanism similar to STIRAP (stimulated Raman
adiabatic passage) in atomic physics, we can couple two distinct
mechanical resonators using an effective beam-splitter interaction,
demonstrating that efficient and coherent state transfer is achievable
between these frequency-separated mechanical modes within the same
microwave cavity. While energy transfer between two separated
mechanical modes has been demonstrated in the classical regime™”, in
this work, both mechanical modes are initialized in their ground states.

As shown in Fig. 8, we illustrate coherent optomechanical state
swapping between two frequency-separated mechanical modes in the
quantum regime. The state transfer pulse sequence is similar to the
scheme depicted in Fig. 1e, but replaces the storage duration with a
swapping pulse operation. By repeating the state-swapping pulse
sequence for various durations thousands of times, we can calibrate
the coherent and thermal components of the phonon number for each
mechanical mode (corresponding to each point in Fig. 8) using the
method demonstrated in Fig. 7.
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Fig. 8 | Optomechanical state swapping occurs between two mechanical
modes, both of which are initially sideband cooled to their ground state. The
measurement of the state-swapping pulse sequence, repeated a thousand times,
yields scattering points in quadrature phase space that enable us to calibrate the
coherent and thermal components of the phonon numbers for each mechanical
mode used in the state swapping.

Discussion

We have constructed a microwave cavity electromechanical system
comprising a 3D microwave cavity and a 3C-phase SiC membrane
resonator. We have confirmed that the low-resistance semiconductor
3C-SiC is compatible with superconducting quantum circuits, ensuring
a low electromagnetic loss. The non-uniform tensile stress breaks the
membrane’s rotational symmetry, leading to the splitting of degen-
erate superposition modes into near-resonant mode pairs with distinct
mode shapes. Both modes in the degeneracy-breaking mode pair
exhibit a vertical displacement at the exact center, in stark contrast to
the situation where only the constructive superposition mode in the
degenerate mode pair has a central vertical displacement, thereby
increasing the mechanical modes that the microwave cavity can read.
By combining the notch-type asymmetric structure design of the
bottom electrode with the breaking of mechanical modes degeneracy,
the shared microwave cavity field enables the electromechanical
readout of 21 mechanical modes. Additionally, we found that the
extremely high thermal conductivity of the 3C-SiC membrane is
another advantage for mitigating the notorious mechanical heating
effect observed in other optomechanical or electromechanical devi-
ces. The 3C-phase SiC membrane chip effectively thermalizes the
operating temperature of the refrigerator, resulting in four orders of
magnitude improvement in the Q-factors of the mechanical modes
compared to the performance measured at room temperature. Nine-
teen of the detected mechanical modes (over 90%) demonstrate Q-
factors exceeding 108. Frequency instability and pure dephasing are
increasingly prominent limitations for further improving the perfor-
mance of high Q mechanical resonators. To better highlight the
advantages of using a 3C-SiC square membrane as a mechanical
resonator in microwave electromechanical devices, the performance
of mechanical resonators made from other materials, such as crystal-
line silicon or amorphous SiN, is summarized in Table 2.

The table illustrates that previously, SiC films were primarily uti-
lized in conjunction with optical microcavities to facilitate cavity
optomechanical coupling. Our work introduces the application of
crystalline SiC membranes in the realm of microwave electro-
mechanical (EM) coupling. Unlike other single-crystal materials, e.g.,
crystalline silicon nanobeam’?>"*¢, which exhibit extremely low energy
decay rate (with a quality factor Q ~ 10"), the frequency instability and
jitter at low temperatures introduce additional decoherence. This
results in a coherence lifetime for the oscillator on the order of hun-
dreds of microseconds (7.on~100ps). In contrast, our research
demonstrates the exceptional frequency stability of 3C-SiC oscillators
at low temperatures, with coherence times approaching the order of a
hundred milliseconds, which is over three orders of magnitude greater
than that of other single-crystal oscillators. This enhanced frequency

stability allows the microwave field group delay induced by 3C-SiC
square membrane oscillators to exceed one hour, surpassing the best-
reported levels of hundreds of seconds in SiN membrane oscillator
systems*'’,

As a perspective, integrating phonon bandgap engineering and
dissipative dilution techniques will further enhance the quality factor
of 3C-SiC oscillators. Replacing the 3D aluminum cavity with an
annealed copper or on-chip 2D superconducting LC resonator can
reduce the cavity field heating effect, enabling a lower phonon occu-
pancy number. Defects in 3C-SiC, such as silicon vacancies (VSi) and
carbon vacancies (VC), can serve as qubits with long coherence times.
Optical fields can be used to manipulate and detect the quantum states
of these single spins. By integrating high-Q and long-lived 3C-SiC
mechanical membrane resonators, a functional interface can be
established to transfer information between disparate quantum ele-
ments, including microwave photons, superconducting qubits, defect
spins, and even optical photons. By combining disparate quantum
elements through 3C-SiC mechanical resonators, we can enhance
functionality and expand the toolbox for quantum information
processing'” ™. Exploring these avenues holds great potential to
enable coherent information transfer and advance hybrid quantum
architectures with enhanced capabilities.

Methods

Device fabrication

The device consists of a 3D aluminum (Al) superconducting cavity and
a mechanical capacitor chip. The Al-rectangle cavity is shaped and
polished after machining. The mechanical capacitor chip is assembled
by using a flip-chip bonder. The upper parallel-plate electrode is made
on a 3C-phase silicon carbide membrane with 400 pm thick silicon
frame (Norcada PSCX5050A). The SiC window was metalized with a
circular Al electrode deposited by electron beam evaporation (JEB-4,
Adnanotek). A commercial ACCHRA flip-chip bonder was used to align
the center of the upper layer electrode on the squared SiC window to
the center of the bottom parallel-plate electrode of the coupling
antenna chip. The main structure of the bottom antenna chip is an
H-shaped electrode with 120 nm thick niobium sputtered on a high
resistance silicon (orientation of (100)) substrate with a thickness of
500 pm. The Nb thin film is sputtered through standard physical vapor
deposition technology (Syskey Technology, SP-IC4-A06). The sputter
working parameters are 5x107hPa, power 150 W, and time 800s,
respectively. To mitigate the influence of oxidation on the resonator
performance, the Nb film was placed in nitrogen (a pressure of
1000 Pa) for 35 minutes. The Nb/Si wafer was then subjected to the
lithography processes. We selected S1813 photoresist as the coating
layer with a spinning rate of 3000 rpm and an operating time of
1 minute. The photoresist was then baked at 115 °C for 2 minutes. We
used the DWL 66+ laser lithography tool (Heidelberg Instruments) to
transfer the pattern. In the process of laser direct-writing, the laser
power, the intensity, the filter, and the focus were set at 70 mW, 30%,
12.5%, and -20%, respectively. The development process was carried
out at 1 minute in the MF-319 developer, followed by rinsing in DIW
fixing solution. When the pattern was completely transferred, the
unwanted Nb film was removed in the RIE process (RIE-IONR,
Samco Inc).

Measurement methods

The device was mounted on the 10 mK mixing-chamber plate of a
dilution refrigerator and a circulator was used for reflection mea-
surements. The cancellation line is combined with the output line via
a directional coupler. By adjusting the amplitude and phase of the
canceling tone, the reflected pump tone can be effectively canceled
to avoid the HEMT saturation. An arbitrary waveform generator
(Tektronix AWG5014C) with a mixer is used to shape the sideband
pump-tone (with frequency w.~w.,), amplify-tone (with frequency
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W+ wy), and signal-tone (with frequency w.) to pulse. These three
tones are combined through a splitter at room temperature and then
transmitted down to the device. To increase the on-off switching
ratio of the pulses, we used high-speed microwave switchers after the
mixer for each tone, respectively. The control signal of the switch
and the pulse signal of the mixer are simultaneously generated by the
AWG in the marker channel and analog channel. A real-time signal
analyzer (Tektronix RSA5126B) is used for digitalizing the output
voltage signal. For the state tomography in the time domain, the
frequency center of local RSA acquiring is slightly shifted from
signal-tone (i.e., fixed at w./2m-400 Hz), to make the acquired 1Q
signal have a small oscillation frequency. The storage time from
write-in to readout is controlled by the AWG in the time domain. To
synchronize the RSA signal acquisition with a signal pulse, the RSA is
triggered by an AWG pulse. For device S,; parameter measurement,
the PNA (Agilent N5232A) probe tone is also combined into the input
line. When taking the S parameter measurement and spectrum
measurement, the amplified tone and signal tone are switched off,
and the pump tone is always kept on. All instruments are phase-
locked by a 10 MHz rubidium frequency standard.

Data availability

All data supporting the findings of this study are available within the
article and the Supplementary Information file, or available from the
corresponding authors upon request.
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