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ABSTRACT

We fabricate a microscale electromechanical system, in which a suspended superconducting membrane, treated as a mechanical
oscillator, capacitively couples to a superconducting microwave resonator. As the microwave driving power increases, non-
monotonic dependence of the resonance frequency of the mechanical oscillator on the driving power has been observed. We
also demonstrate the optical switching of the resonance frequency of the mechanical oscillator. Theoretical models for qual-
itative understanding of our experimental observations are presented. Our experiment may pave the way for the application
of a mechanical oscillator with its resonance frequency controlled by the electromagnetic and/or optical fields, such as a
microwave-optical interface and a controllable element in a superqubit-mechanical oscillator hybrid system.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5083647

There are intensive efforts for interfacing the microwave
and optical domains by using various systems including the
opto-electro-mechanical systems,'> solid-state spins in res-
onators,®® molecules or spins coupled to a nanowaveg-
uide,>'0 electro-optical material-based Whispering Gallery
mode resonator!! or cold atoms.’? Among these approaches,
the opto-electro-mechanical system is of particular inter-
est because it is efficient in signal conversion and can be
integrated on a chip.

In the opto-electro-mechanical resonator, the core ele-
ment is the mechanical oscillator, which has been attrac-
tive for its promising applications in both classical and

quantum regimes.'3>"'> The features of mechanical oscilla-
tors have been engineered by using various materials and
structures. One of the main characteristics of a mechan-
ical oscillator is its resonance frequency, which is deter-
mined by its parameters such as the mass, the geometric
shapes and dimensions and the spring constant. These param-
eters are almost unchangeable after the sample is fabricated.
In order to control the resonance frequency, an electro-
static field is usually applied to in situ change the tension
of the mechanical oscillator.'6'® However adding the con-
trolling component such as the electrostatic electrode to
the structure of the mechanical oscillator greatly improves
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the complexity and difficulty of the whole micro-fabrication
process.

In this letter we report an experimental implementa-
tion of controlling the resonance frequency of a mechan-
ical oscillator with microwave and optical fields instead of
the electrostatic field. We fabricate a microscale electrome-
chanical system composed of a microwave coplanar waveg-
uide (CPW) resonator and a mechanical oscillator, which is
a suspended membrane. Under a microwave driving to the
microwave subsystem, we observe a nonlinear and nonmono-
tonic frequency shift of the mechanical subsystem due to
the radiation pressure force of the field. Also we use a laser
beam pressing the mechanical part to modify its resonance
frequency. Because the microwave signal passing through
the microwave resonator is modulated by the motion of the
mechanical oscillator, we demonstrate the switching on/off
of the transmission of the sidebands of the microwave sig-
nal, which is a step towards bridging the microwave and
optical signals without an optical cavity. The experimental
observations are qualitatively reproduced with our theoretical
models.

The optical photograph of our sample is shown in Fig. 1(a).
A A/4 microwave CPW resonator is capacitively coupled to
a transmission line on one end and is terminated by the
a vacuum-gap capacitor (VGC)'92! (see Fig. 1(b)) on the
other end. The sample is made from aluminum on the high-
resistivity silicon substrate evaporated in a multi-chamber
evaporation system with ultra-high vacuum. The main fab-
rication procedure includes three steps: (1) Fabricating the
lower electrode plate of VGC by lift-off process. (2) Prepar-
ing the sacrificial layer by using diluted S1813 UV photoresist.
(3) Forming the rest of the circuit, including the top electrode
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FIG. 1. (a) Optical photograph of the sample, composed of a transmission line
(TL), a A/4 microwave coplanar waveguide (CPW) resonator, and a suspended
micromembrane (marked by a red rectangular), fabricated on the end of the /4
CPW resonator. (b) SEM image of the VGC. The superconducting membrane is
suspended from the substrate, forming a mechanical oscillator, and capacitively
couples to the microwave CPW resonator. (c) Equivalent circuit of the device. The
mechanical oscillator couples to the microwave CPW resonator via a capacitor Cp,.
The microwave decay is modeled by a resistor R. A laser beam (red arrow) can be
applied to the mechanical oscillator to control its resonant frequency.

scitation.org/journal/adv

plate of VGC, the 1/4 CPW resonator and the CPW feed lines
by wet-etching after depositing another layer of 270 nm-thick
aluminum film. The fabricated device is equivalent to an elec-
tric circuit with a mechanical oscillator shown in Fig. 1(c). The
CPW resonator couples to the transmission line with charac-
teristic impedance of 50 Q via a capacitor of C; = 4.8 fF. The
value of VGC is determined approximately by Cp = g0A/d,
where &g is the permittivity of vacuum, A = 45 x 45 um? is
the membrane area and d is the vacuum gap between the top
and lower plates of VGC. The gap d can be adjusted in the
process of fabrication and later be tuned with the microwave
and optical field. The displacement of the fundamental vibra-
tion mode of the square membrane is a spatial function
given by

z(x,y) = zosin(mx/Ly)sin(zy/Ly), 1)

where Ly and Ly are the length and width of the suspended
membrane, respectively, and the spatial ranges of vibration
are x € [0, Ly] and y € [0, Ly], and z¢ is the oscillation
amplitude. The fundamental-mode frequency is evaluated as
wn = V27P/p, where P and p are the tension per unit length
and mass per unit area, respectively.

The device is located in an Oxford Triton 400 dilu-
tion refrigerator below 20 mK, with magnetic shielding at
both mK and room temperature (see Lig. 2). To suppress
the background noise from the higher-temperature parts, the
microwave field input to the device is heavily attenuated at
each stage of the dilution refrigerator and filtered by low-
pass filters with a cutoff frequency of 12 GHz. The output
signal from the microwave resonator first passes through
microwave circulators at cryogenic temperature to reject
the back-action noise from amplifiers. Then, it is amplified
by a low-noise amplifier and microwave amplifiers at room
temperature, respectively.?? The low-noise amplifier uses
a high-electron-mobility transistor located in the dilution
refrigerator. A vector network analyzer is used to measure
the transmission characteristics of the device. To measure
the resonance frequency of the mechanical oscillator, we use
frequency down-conversion technology as described below:
The input microwave signal is divided into two paths. One of
the paths is fed into the cryostat and the other one is for the
local reference signal of a mixer. This mixer works as a fre-
quency down-converter for the amplified output microwave
signal which is modulated by the mechanical oscillator. The
down-converted signal is then measured by a spectrum ana-
lyzer. We apply a 1310 nm laser, generated by a semiconductor
diode laser source, to the mechanical oscillator to control its
resonance frequency, thus switch on/off the microwave side-
band signals arising from the modulation of the mechanical
oscillator.

The transmission characteristic Sy, of the CPW resonator
is measured by a vector network analyzer shown in Fig. 3(a).
Clearly, a dip appears at the resonance frequency of 8.06674
GHz. In our device, the impedance of the CPW resonator is
given by
—j Z,+Zo tanhys

Zon = —2 +
al = »Ce  “°Zy + Z tanhys’

)
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FIG. 2. Measurement setup. Experiments are performed below 20 mK in an
Oxford cryogen-free dilution refrigerator. A microwave signal near the resonance
frequency of the microwave CPW resonator is applied to the electromechanical
device through coaxial lines. Cryogenic attenuators (20 dB or 6 dB) mounted in
the input channel and the microwave circulators in the output channel are used
to reduce noises. Both the input and output signals are filtered by low-pass filters
(LPFs). The output signal from the device is first amplified by a low-noise amplifier
(LNA), made of a high-electron-mobility transistor (HEMT), and microwave ampli-
fiers at room temperature (RT). Then it is demodulated by a mixer and read out
by a spectrum analyzer (SA), from which the knowledge of the mechanical motion
can be found.

where Z; = 1/jwCy, is the VGC impedance, Zy = 50 Q is the
characteristic impedance of the CPW resonator and y is the
propagation constant of microwave field in the vicinity of the
resonance frequency. Under the superconducting condition
and neglecting the loss, the propagation constant y approx-
imates to the phase constant. s is the physical length of the
A/4 CPW resonator. Using Imag(Z,;) = 0, s = 4500 um and
v = 428.8 rad/m, we obtain Cy = 1.0 pF, in consistence with
the estimate from the fabrication parameters.

After obtaining the resonant frequency of the supercon-
ducting microwave CPW resonator, we measure the frequency
of the mechanical oscillator using the frequency down-
conversion technology as described previously. As shown
in Fig. 3(b), with an input microwave power of 19 dBm
at room temperature, three evenly spaced peaks appear at

scitation.org/journal/adv

5.76 MHz, 11.52 MHz and 17.28 MHz, respectively. Note that
the lowest frequency 5.76 MHz is the resonance frequency
of the mechanical fundamental mode. The higher frequen-
cies correspond to the higher-order harmonics of the fun-
damental mode. These harmonics are caused by the non-
linear conversion of the microwave resonator system.?> The
dependence of the fundamental-mode frequency and its
harmonics on the input microwave power are obtained by
scanning the input microwave power. Hereafter we focus on
the fundamental-mode frequency. It can be seen from Fig. 3(c)
that the fundamental-mode frequency of mechanical oscilla-
tor increases first from about 1 MHz to a maximum 6.7 MHz
and then decreases rapidly as the input power increases
further.

The observed nonmonotonic frequency shift of the
mechanical oscillator can be understood by treating the device
as an electromechanical resonator. Its motion is governed by
the Hamiltonian?*

H= Hm + Hmw + Hin, (33)
2
_D 1 2.2
Hin = omgy © 2 Mereom ™ (3b)
Hmw = —fiAa’a + iy 2 (aina’ — ain*a), (3¢)
Hi, = higoza'a, (3d)

where w, is the resonance frequency of the microwave res-
onator, meg and wy, are the effective mass and the reso-
nance frequency of the mechanical oscillator, p and z are the
mechanical momentum and displacement operators, a and a’
are the annihilation and creation operators of the microwave
resonator. a'a is the corresponding photon-number operator.
The input photon flux is determined by the driving ampli-
tude as |ain|> = Pin/Awc, related to the input power Py,. The
microwave resonator is driven by a microwave field with fre-
quency wiy, yielding a detuning A = wi, - wc. The single-
photon coupling rate of the electromechanical oscillator is
go = dw¢/dz. For our device, go » — aw:/d, where d ~ 20 nm.
When considering the effective displacement of the whole
area of the membrane, we have o < 0.4. In a realistic exper-
iment, @ can be even smaller. We use a rough estimate of
go/2n ~-80 MHz/nm. The microwave loss of the system
includes two contributions: one due to the coupling to the
input and output channel yielding a decay rate «., the other
from the intrinsic loss causing a decay rate «;. For simplicity,
we consider the critical-coupling case, i.e. ke = ;.

For a constant driving aj, leading to all time derivatives
(a(t), p(t), (t)) vanishing small, we can find the stable solutions
a(t) = a and z(t) = z that?4

_ 2Ke i,
a=———°-" 4a
-iA-goz) + 5§ 42)
_ h _
2= -—29 _ja’, (4b)
Meffom

where « = k; + ke. Due to the displacement, the detuning now
becomes A = A — goz. By calculating the effective mechanical
susceptibility, we obtain the effective resonance frequency of
the mechanical subsystem under the driving a;, as
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Weff = /w(z) + w2, ) apply a 1310 nm laser beam from a semiconductor diode to the
suspended membrane. As shown in Fig. 4(a), we experimen-
where tally observe the laser-induced mechanical frequency shift.
When the laser power increases, the mechanical fundamental-
W hgo®a® A+ wm A — wn ©) mode frequency deceases from 5.96 MHz to 4.95 MHz and

et | Erom)’+ (5) @-on)’+(5)°
In our case, the driving is strong that the frequency change
of the mechanical subsystem can be even larger than its free
oscillation frequency wm. As a result, the commonly applied
fluctuation approximation, i.e. w9 <« wm, breaks. The effec-
tive frequency wegs can be found by numerically solving the
joint Eq. 4 and then substituting the solution into Eq. 6. In fact,
when the input power increases, the intra-cavity photon num-
ber |af? increases, and so does the displacement z. Thus, the
value of A + wy, decreases rapidly. For a certain input power,
the frequency weg reaches its maximum. Crossing this point,
A + wpm approaches zero. As a result, the effective frequency
reduces to a small value. Thus the effective frequency has a
nonmonotonic dependence on the input power as observed
in our experiment, which is also confirmed by the theoret-
ical result in Fig. 3(d). It can be clearly seen from Fig. 3(d)
that, by treating the device as a simple electromechanical res-
onator and using w¢/2n = 8.06674 GHz, wn /27 = 0.5 MHz,
k/2x = 305 kHz, A = 0, go/2n = —-80.7 MHz/nm and
Mmegr = 100 pg, we reproduce qualitatively the nonmonotonic
frequency shift of the mechanical oscillator as the driving
power increases. Due to the difficulty in the calibration on the
power entering the microwave resonator, the input power in
our model is different from the experimental data which is a
nominal value at room temperature.

Then fixing the input microwave power at 19.2 dBm as
schematically illustrated by the white arrow in Fig. 3(c), we

then increase to 6.71 MHz, which also displays a nonmonotonic
change. The first- and second-order harmonics show similar
nonmonotonic behavior. Due to the difficulty in the calibra-
tion of the optical power, we use the arbitrary unit in the
y-axis.

To understand this optically-induced frequency shift, we
consider an optical pressure on the suspended membrane of
the electromechanical system. Unlike typical optomechanical
system,?“ our model has an external force from the laser beam
and the equation of motion of the mechanical oscillator with a
microwave probe aj, takes the form

2
QOM, @)

meff

FL
meff

3(t) + Tm2(t) + wm2(t) = -h
where F|, = 2£Py, /cis the optical force on the mechanical oscil-
lator applied by the control laser beam with power P;, £ is a
coefficient describing how effective the laser pressure acts on
the moving part, and I'y, is the mechanical decay rate. Here we
simply set £ = 1. |@|? indicates the intra-cavity photon number.
c is the vacuum light velocity. With this light force consid-
ered, the stable solutions, a;, and z;, for the cavity mode a
and the mechanical displacement z are determined by the joint
equations
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FIG. 4. (a) Experimental dependence of the mechanical
oscillator’'s fundamental-mode frequency and its harmon-
ics on the optical intensity; (b) Theoretical dependence of
the mechanical oscillator’s fundamental-mode frequency on
the optical intensity agrees qualitatively with the experimen-
tal data as shown in the inset, which is enlarged from (a).
wel2r = 8.06674 GHz, wm/27c =1.09 MHz, /27t = 1.614
MHz, go/27c = —80.7 MHz/nm, meg = 100 pg and A = 0. Due

to the difficulty in the calibration of the optical power, we use
the arbitrary unit in the y-axis of (a) and (b). (c) Measured
mechanical resonant frequencies when the laser is on (red)

7.0

and off (black). The data when the laser is on are shifted
vertically for clarity. (d) The switching time statistic distribu-
tion of the down-converted microwave sideband signal with

the mechanical fundamental-mode frequency of 6.71 MHz
switching from the one with a lower fundamental-mode fre-
quency of 5.96 MHz. The repetition rate of laser pulse is

10 Hz, 100 Hz and 1 kHz, respectively.
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Substituting the solutions into Eq. 5, we obtain the effective
mechanical resonance frequency weg under the laser pres-
sure. The force Fj, attributed to the laser beam is equiv-
alent to the radiation pressure from the microwave CPW
resonator. It also strongly modulates the mechanical reso-
nance frequency. In this configuration, the mechanical oscil-
lator vibrates initially at a resonance frequency, biased by
the microwave input. When the laser beam is weak, the
microwave radiation force is dominant. As the laser power
increases, the light pressure presses the membrane and zj,
becomes larger and larger. Thus, the effective detuning,
A = A - goz increases. As a result, the intra-cavity photon
number rapidly reduces, leading to smaller radiation force
from the microwave field. When the laser beam is weak, the
microwave radiation force is dominant and the total force
on the membrane reduces. Thus the effective resonance fre-
quency of the mechanical oscillator decreases rapidly. At a
certain laser power, the frequency wp, reaches its minimum.
When the laser power increases further to become dominant
over the microwave radiation force, the total force pressing
the membrane increases again. Thus the effective mechan-
ical resonance frequency increases but at a smaller rate.
For a very strong laser beam, both the light pressure and
the displacement z;, increases at constant rates, resulting in
the saturation of wp. Numerically solving Eq. 8, we find the
effective mechanical resonance frequency as a function of a
constant laser power. As shown in Fig. 4(b), our theoretical
model reproduces well the frequency shift of the mechanical
oscillator taking w¢/2n = 8.06674 GHz, wn /27 = 1.09 MHz,
k/2n =1.614 MHz, go /27 = -80.7 MHz /nm, meg = 100 pg and
A = 0. wnm and « change a little in comparison with those used
in understanding the microwave-power-dependent frequency

shift. One of the reasons may be the simultaneous injection of
the laser and the higher-power microwave to the mechanical
oscillator.

With the laser, we can optically control the sideband sig-
nals of the probe microwave field in our device. The key idea
is to apply a temporally modulated laser beam to the mov-
able membrane and thus to change the capacitor Cy,. In doing
so, we dynamically modulate the resonance frequency of the
microwave CPW resonator and subsequently its sideband sig-
nals. Experimentally, a rectangular voltage pulse is used to
modulate the laser power. When the rectangular voltage pulse
is on a high level, a laser beam is applied to press the sus-
pended membrane. This pressure causes a frequency shift to
the mechanical resonator, and thus the sideband signals of
the resonant frequency in the microwave CPW resonator. The
duration of such “on”-state laser beam is controlled by the
duty ration of the rectangular voltage pulse. The spectrum
of down-converted microwave sideband signal is presented
in Fig. 4(c). The fundamental-mode frequency shifts from
5.96 MHz to 6.71 MHz, when the laser is tuned from the “off”
state to “on”, corresponding to the laser power being 0 and 30
as shown in Fig. 4(a), respectively. We can switch on/off the
microwave sideband signal output from the microwave CPW
resonator with an extinction ratio of 31 dB.

Figure 4(d) shows the switching temporal distribution of
the transmitted “on”-state sideband signal with the mechan-
ical fundamental-mode frequency of 6.71 MHz. This sig-
nal is switched from the “off’-state signal, corresponding
to the sideband field modulated by the lower mechanical
fundamental-mode frequency of 5.96 MHz. A time counter
is triggered to start timing with the synchronization out-
put of the pulse generator, which modulates the laser beam.
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The amplified down-converted signal is filtered with a band-
pass filter through which only the signal associated with the
mechanical fundamental-mode frequency of 6.71 MHz can
pass. This filtered signal is then sent to the time counter to
stop timing. We perform 2000 measurements for each repeti-
tion rate of the laser pulse to obtain the corresponding switch-
ing time statistic distribution. The highest repetition rate is at
least 1kHz, which is limited by the modulation rate of our laser.
The average irradiation force of laser beam increases as the
rectangular pulse repeats faster. If there is heating effect due
to the laser, the mechanical resonant frequency will change.?>
In this case, the distribution will also change and even van-
ish as the repetition rate of laser pulse increases. However, as
seen from Figs. 4(c) and (d), little difference is observed in the
distributions and the line width of the mechanical resonator
when the repetition rate increases from 10 Hz to 1 kHz. There-
fore, the heat effect due to the laser is not observable with the
measuring accuracy in our experiment.

To summarize, we fabricate a superconducting elec-
tromechanical system and modulate its mechanical frequency
with both the microwave and optical fields. We first drive the
microwave resonator strongly with the microwave field and
observe large but nonmonotonic mechanical frequency shifts.
By applying a laser beam to the mechanical membrane, we
further demonstrate the optical control of the mechanical fre-
quency and thus the transmission of the sideband signals of
the microwave through the microwave CPW resonator. The
developed device may work as an interface for microwave and
optical domains. Also, the scenario demonstrated here has
the potential in controlling a superconducting qubit coupled
to a mechanical oscillator'?25-28 with lasers mediated by an
optically modulated capacitor.

This work was partially supported by the NKRDP of China
(Grant Nos. 2016YFA0301801, 2017YFA0303703), NSFC (Grant
Nos. 11474154,61521001,11874212,11574145), PAPD, and Dengfeng
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