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ABSTRACT

We demonstrate a sideband-resolved cavity electromechanical system operating at room temperature. It consists of a nanomechanical resonator,
a strongly pre-stressed silicon nitride string, dielectrically coupled to a three-dimensional microwave cavity made of copper. The electro-
mechanical coupling is characterized by two measurements, the cavity-induced eigenfrequency shift of the mechanical resonator and the
optomechanically induced transparency. While the former is dominated by dielectric effects, the latter reveals a clear signature of the dynamical
backaction of the cavity field on the resonator. This unlocks the field of cavity electromechanics for room temperature applications.

© 2021 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/10.1063/5.0054965

I. INTRODUCTION

In recent years, cavity (or circuit) electromechanics has been
established as a powerful implementation of cavity optomechanics.1

Rather than relying on a light field circulating inside an optical
cavity, an electromagnetic circuit is employed to realize a cavity
mode in the microwave regime which parametrically couples to a
mechanical resonator.2–5 This seemingly simple modification has
enabled a series of breakthroughs, including quantum ground state
cooling,6 entanglement generation,7,8 long-lived quantum
storage,9–11 microwave-to-optical conversion,12,13 non-reciprocal
signal transduction,14 and ultrastrong coupling,15 just to name a
few. Following recent developments in the field of superconducting
qubits16,17 where three-dimensional microwave cavities have
replaced coplanar waveguide architectures for their large mode
volumes and remarkably high quality factors, three-dimensional
superconducting microwave cavities have been adapted for cavity
electromechanics by capacitive coupling to a mechanical
resonator.18–20 However, to date, the field of cavity electrome-
chanics is limited to millikelvin temperatures since it relies on
superconducting circuits. Room temperature cavity electrome-
chanics is impeded by the non-zero resistance of normal conduct-
ing circuits, which gives rise to dissipation. Non-superconducting
microwave cavities such as copper microstrip resonators have been

successfully employed for cavity-assisted displacement sensing of
nanomechanical resonators at room temperature.21,22 Their use for
cavity electromechanics21 is limited by a cavity quality factor of
about 100 due to dielectric and conductor losses, which not only
constrains the displacement sensitivity but also keeps the system
deeply in the unresolved sideband, so-called bad cavity regime
where the linewidth of the cavity κ=2π exceeds the frequency of the
mechanical mode Ωm=2π.

Here, we present a room temperature cavity electromechanical
system capable of sideband-resolved operation (κ , Ωm). Inspired
by the developments in the field of superconducting qubits16,17 and
cavity electromechanics,18–20 we employ a three-dimensional, cylin-
drically shaped cavity rather than a microstrip to dielectrically
probe the displacement of a strongly pre-stressed silicon nitride
nanostring resonator.

II. RESULTS AND DISCUSSION

Figure 1(a) depicts a photograph of the cylindrical cavity. It
consists of two parts which have been machined from bulk copper
(Cu . 99:90%) and which can be closed using screws. The cavity
has a radius of 35 mm and a height of 70 mm; it supports both
transverse electric (TE) and transverse magnetic (TM) modes.23 As
the modes reside in the hollow cylinder, they are only weakly
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affected by dielectric and conductor losses, enabling high quality
factor even at room temperature.17 The coupling to the cavity is
realized by injecting the microwave signal from a coaxial line
through a loop coupler via a 3:6 mm sized hole in the cavity top. In
all our measurements, we use a circulator to physically separate the
input and output signals of the single port reflection cavity.
Figure 1(b) (left) displays the reflection coefficient S11j j of the
TM110 mode, which is found at ωc=(2π) � 5:147 GHz with a line-
width of κ=(2π) ¼ 2:824MHz for the empty cavity in good agree-
ment with finite element simulations. This corresponds to a cavity
quality factor of 1800, exceeding the state of the art in microwave
cavity-assisted nanomechanical displacement sensing at room tem-
perature by more than an order of magnitude.21 The nanomechani-
cal resonator under investigation is a strongly pre-stressed
nanostring fabricated from LPCVD silicon nitride on a fused silica
wafer, which is flanked by two gold electrodes for dielectric trans-
duction.21,22 The reflection coefficient of the cavity including the
resonator chip is shown in Fig. 1(b) (right). Upon insertion of
the resonator, the eigenfrequency of the TM110 mode shifts to
ωc=(2π) ¼ 5:226 GHz. The linewidth increases by a factor of 2 to
κ=(2π) ¼ 5:572MHz.

In addition, the fit of the amplitude and phase of the cavity’s
reflection coefficient reveals an external dissipation rate of
κex=(2π) ¼ 1:361MHz. This gives rise to a coupling efficiency
η ¼ κex=κ ¼ 0:244, indicating that the cavity is undercoupled.
Figure 1(c) shows the physical realization of the cavity electrome-
chanical system. The sample holder with the resonator chip is
placed inside the cavity. One of the electrodes is connected to an
antenna to inductively couple to the TM110 of the cavity. It consists
of a looped silver wire on top of a coaxial cable, which places the
loop into the electromagnetic field near the center of the hollow
cylinder. The other electrode is bonded across a single layer capaci-
tor acting as capacitive ground22 and connected to an RF signal

generator through a 1:5 mm wide hole in the cavity wall for dielec-
tric actuation of the resonator.24–29 The nanostring under investiga-
tion is w ¼ 250 nm wide, t ¼ 100 nm thick, and L ¼ 57 μm long,
similar to the one depicted in Fig. 1(d). While the cavity characteri-
zation is done under ambient conditions, the experiments discussed
in the following involve the vibrational excitation of the nanostring
and air damping needs to be excluded. Hence, the entire cavity
electromechanical system consisting of the string resonator as well
as the microwave cavity is placed inside a vacuum chamber below
5� 10�4 mbar. As indicated above, all measurements are per-
formed at room temperature. The nanomechanical resonator is
characterized by dielectrically driving its fundamental out-of-plane
mode with a vector network analyzer (VNA). The response of the
nanomechanical resonator is characterized using heterodyne
cavity-assisted displacement detection21 using the three-
dimensional microwave cavity. The microwave cavity is driven on
resonance ωd ¼ ωc such that the periodic modulation of the capaci-
tance induced by the dielectric nanostring vibrating between the
two electrodes induces sidebands at ωc +Ωm on the cavity
response. The reflected signal of the cavity is demodulated by an
in-phase quadrature (IQ) mixer, filtered, and amplified as previ-
ously described.21 The resulting signal is fed back into the VNA.
The response of the fundamental out-of-plane mode of the resona-
tor is displayed in Fig. 2. Figure 2(a) shows the Lorentzian reso-
nance curve observed in the linear response regime for a drive
power Pm ¼ �36 dBm. Fitting allows to extract the resonance fre-
quency Ωm=(2π) ¼ 6:4948MHz, as well as a linewidth
Γ=(2π) ¼ 42 Hz, which gives rise to a quality factor of
Q � 150:000. Given the cavity linewidth κ=(2π) ¼ 5:572MHz, the
condition for sideband resolution, Ωm . κ, is fulfilled for the
TM110 mode. The response of the resonator for increasing drive
power between �36 and �14 dBm is depicted in Fig. 2(b). Clearly,
the transition from the linear, Lorentzian response to an

FIG. 1. Experimental setup of the cavity electromechanical system at room temperature. (a) Photograph of the (open) cylindrical microwave 3D cavity machined from bulk
copper. The microwave signal is inductively injected into the cavity via a loop coupler. The sample holder including the antenna is visible on the cavity floor. (b) Reflection
coefficient S11j j of the TM110 mode (black) along with fit to the data (red), showing the response of both the empty cavity (left) and the cavity including the sample (right).
Upon insertion of the sample, the frequency of the TM110 mode shifts by �80 MHz. Furthermore, an increase in the linewidth by a factor of 2 is observed. (c)
Schematically visualizing the physical implementation of the cavity electromechanical system. The doubly clamped silicon nitride string resonator (blue) is situated between
two elevated gold electrodes (yellow). The resonator chip (light green) is glued to a printed circuit board (green) and placed inside the cavity (beige). The circuit board
also hosts a looped dipole antenna, which is bonded to one of the electrodes to inductively couple to the TM110 mode. The other electrode is connected to a single layer
capacitor (brown), which serves as a capacitive ground for frequencies in the microwave frequency range, and to a wire which is fed through a hole in the cavity wall. This
allows one to apply DC voltages and RF signals to dielectrically drive the resonator inside the cavity. (d) Scanning electron micrograph of a doubly clamped pre-stressed
nanomechanical resonator between two gold electrodes for dielectric actuation as well as coupling to the three-dimensional microwave cavity.
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asymmetric response curve, which is well described by the cubic
nonlinearity αx3 of the Duffing model with a stiffening α . 0, is
observed.30 This demonstrates that the cavity-assisted displacement
detection is not impeded even under strong driving of the nanome-
chanical resonator inside the 3D cavity.

Following the characterization of the microwave cavity and the
resonator, we discuss the electromechanical coupling between the
two systems. First, we explore how the cavity detuning affects the
mechanical eigenfrequency of the resonator. The radiation pressure
of the power circulating in the microwave cavity acts back on the
mechanical resonator, causing a mechanical eigenfrequency shift
that depends on the microwave drive power Pd and detuning
Δ ¼ ωd � ωc. This so-called optical spring effect leads to a
detuning-dependent softening or hardening of the resonator. In the
case of a high-Q mechanical oscillator with small linewidth, where
Γ � κ, the frequency shift of the mechanical oscillator can be
defined as1

δΩm,opt ¼ g2
Δ� Ωm

κ2

4 þ Δ� Ωmð Þ2 þ
Δþ Ωm

κ2
4 þ ΔþΩmð Þ2

 !
: (1)

The electromechanical coupling strength g ¼ g0 � ffiffiffiffiffi
nd

p
depends on

the single photon coupling rate g0 and the number of photons circu-
lating in the cavity nd. Note that this quantity strongly depends on
the detuning of the cavity. Hence, for a given power Pd , the intracav-
ity photon number nd ¼ Pdκex= �hωd

κ2

4 þ Δ2
� �� �

of the single-sided
cavity can be significantly reduced for a finite cavity detuning. As the
static mechanical displacement of the resonator arising from the
radiation pressure force1 is negligibly small, the detuning Δ rather
than the effective detuning �Δ is employed in Eq. (1)

In addition to the optomechanical backacktion, we also expect
a quasi-static dielectric force acting on the mechanical resonator.
This force results from the root-mean-square (RMS) electrical field,
which builds up inside the microwave cavity and contributes to the
dielectric frequency tuning of the nanostring.22 As the RMS cavity
field exhibits the same detuning dependence as the intracavity
photon number nd , this translates into a change in eigenfrequency
of the mechanical oscillator as the cavity is detuned from its

resonance

δΩm,dielectric ¼ cμw � Urms
μw Δð Þ

� �2
¼ cμwR

κκex
κ2

4 þ Δ2 Pd: (2)

The calibration factor cμw converts the change in the effective RMS
voltage Urms

μw inside the cavity into a frequency change, and R is the
impedance of the circuit allowing to express the RMS voltage in
terms of the power circulating in the cavity. In total, the detuning
dependence of the mechanical resonance is

Ω0
m ¼ Ωm þ δΩm,dielectric þ δΩm,opt, (3)

where Ωm is the unperturbed mechanical eigenfrequency. In
Fig. 3(a), the nanomechanical resonator’s eigenfrequency is plotted
as a function of the detuning (black circles) for a cavity drive power
of Pd ¼ 15 dBm. The data are well described by Eq. (3), which is
apparent from a fit to the data (red line). However, the fit yields an
overwhelming contribution of the dielectric frequency shift and
only negligible optomechanical backaction such that the optome-
chanical coupling strength g cannot be determined. The inset of
Fig. 3(a) shows the theoretical prediction of the eigenfrequency

FIG. 2. Characterization of the nanostring resonator. (a) Linear response of the
fundamental out-of-plane mode of the nanostring (black) and Lorentzian fit (red)
for a drive power of Pm ¼ �36 dBm. (b) Response of the nanostring by
increasing drive power from Pm ¼ �36 to �14 dBm showing the transition to
the nonlinear Duffing regime.

FIG. 3. Cavity-induced eigenfrequency shift of the resonator for a cavity drive
power of Pd ¼ 15 dBm. (a) Experimental data are shown as black circles, the fit
of Eq. (3) is indicated as a red solid line. The observed detuning dependence of
the mechanical eigenfrequency is dominated by the dielectric shift, which over-
whelms the contribution of the optomechanical backaction. Inset: Theoretical
prediction of the eigenfrequency shift according to Eq. (3) for g0 ¼ 0 Hz (gray),
200 μHz (light green), and 20 mHz (dark green). (b) Residual of the data shown
in (a).
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according to Eq. (3) using the parameters of the experiment for
three different values of g0. The gray solid line illustrates the eigen-
frequency shift for zero optomechanical coupling g0 ¼ 0 Hz. As
Eq. (2) does not depend on the sign of Δ, it is mirror symmetric
with respect to the y axis. The light green dashed line corresponds
to g0 ¼ 200 μHz, which is the value of the single photon coupling
rate estimated from the data in Fig. 4. The line completely coin-
cides with the gray line, confirming that the optomechanical cou-
pling has no measurable effect on the eigenfrequency shift. Minute
deviations start becoming apparent from g0 ¼ 2 mHz, which we
thus estimate as an upper bound of the single photon coupling
rate. The dark green dashed line for g0 ¼ 20 mHz already shows a
sizable deviation of the eigenfrequency shift resulting from optome-
chanical coupling. Our observation of a negligible optomechanical
eigenfrequency shift is supported by the nearly mirror-symmetric
shape of the measured eigenfrequency shift of the resonator around
zero detuning in Fig. 3(a). The slight deviation shifting the
maximum to a small positive detuning is likely caused by a slight
drift of the mechanical eigenfrequency from slow polarization
effects within the nanostring during the cavity frequency sweep, the
opposite effect would be expected from radiation pressure effects.

Figure 3(b) shows the residual of the data vs the fit. We attribute
the observed pattern to the same slow polarization effects. The
small value of g0 is consistent with our observation that the
mechanical linewidth does not yield any measurable detuning
dependence in our experiment (not shown).

In order to obtain a better estimation of the electromechanical
coupling strength, we apply a second technique to characterize the
parametric coupling between the nanostring and the three-
dimensional cavity. It is based on the optomechanically induced
transparency (OMIT),4,31,32 which arises from the coherent interac-
tion of two microwave tones with the mechanical resonator in the
resolved sideband regime.33 In an OMIT experiment, the cavity is
strongly pumped by a drive tone ωd ¼ ωc � Ωm, which is red
detuned from the cavity resonance by the frequency of the mechan-
ical resonator. The cavity response is measured by a second, weak
probe tone ωp that is scanned across the cavity resonance. The
beating between the two microwave tones induces a radiation pres-
sure force coherently driving the mechanical resonator. In turn, the
resonator imprints sidebands on the drive which interfere construc-
tively with the probe. This opens a transparency window in the
cavity transmission (or, as in our case, the cavity reflection which
strictly speaking leads to optomechanically induced reflection
(OMIR)33). According to the standard theory of OMIT, the height
of the transparency peak allows to directly extract the cooperativity
C ¼ 4g2=(κΓm), rendering OMIT an important tool in cavity opto-
and electromechanics.

In Fig. 4(a), we plot the response of the microwave cavity as a
function of the probe frequency ωp for a drive applied at optimal
detuning Δ ¼ ωd � ωc ¼ �Ωm. The drive and probe power are 15
and �25 dBm, respectively. A transparency feature at ωc is clearly
apparent in the center of the cavity resonance. Note that the peak
is not symmetric. Its asymmetry reflects the nonlinear response of
the mechanical resonator to the radiation pressure drive exerted by
the two microwave tones.10,34,35 In agreement with the standard
model for OMIR for the case of an undercoupled cavity driven on
the red sideband, the shape of the nonlinear transparency peak
directly follows the response of the Duffing resonator.10,34 This is
also reflected in the hysteretic behavior of the OMIR feature dis-
played in Fig. 4(b) for a forward (black) as well as a reverse (red)
sweep of the cavity probe at a somewhat lower probe power to
maximize the magnitude of the OMIR feature. Figure 4(c) illus-
trates the dependence of OMIR peak on the probe power. The
curves (from left to right) correspond to an increasing probe power
from �46 to �39 dBm. As expected, the width of the nonlinear
feature broadens with increasing probe power while its amplitude
slightly decreases.34 Finally, the effect of a detuning δ of the cavity
drive from the red sideband condition, Δ ¼ �Ωm þ δ, is explored
in Fig. 4(d) for a constant probe power of �25 dBm. For a drive
tone red- or blue-shifted from the red-sideband condition
(δ ¼ +180 kHz, red and blue traces, respectively), the OMIR peak
moves away from the minimum of the cavity response at ωc.

34 The
data for the drive matched to the red sideband are also included
(δ ¼ 0 Hz, black trace). For clarity, the red and blue traces are verti-
cally offset from the black trace.

According to the standard theory of OMIR, the height of the
transparency peak S011 allows to quantify the cooperativity. For the
case of an undercoupled cavity driven on the red sideband,

FIG. 4. Optomechanically induced reflection. (a) Cavity reflection coefficient
S11j j showing an OMIR peak of the undercoupled cavity in response to a weak
probe tone ωp � ωc in the presence of an additional strong, red-detuned drive
ωd ¼ ωc �Ωm. The asymmetric shape of the OMIR feature reveals the nonlin-
earity of the mechanical resonator. The inset displays the full cavity resonance
(the red box illustrates the area shown in the main panel). (b) Forward (blue)
and reverse (red) sweeps of the probe tone reveal a hysteresis of the OMIR
feature reflecting the bistability of the nonlinear mechanical system. (c) OMIR
feature as a function of the probe power. For increasing probe power, the OMIR
feature broadens, while its amplitude slightly decreases. (d) OMIR feature as a
function of the drive detuning. For a drive tone red- or blue-shifted from the red
sideband condition (red and blue traces, respectively), the OMIR feature shifts
to the left or right of the cavity resonance. The situation for a drive on the red
sideband is also included (black trace). Red and blue traces are vertically offset
for clarity.
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C ¼ (2η)=(1� S011)� 1. Neither the nonlinear regime nor a poor
sideband resolution greatly affects the magnitude of the OMIR
feature.34,36 Using the yellow trace in Fig. 4(c), extract an approxi-
mate value of C � 0:025. This translates into an optomechanical
coupling strength of g=(2π) ¼ 1:2 kHz and, given a cavity photon
number of 4:0� 1013 at a drive power of 15 dBm on the red side-
band, to a single photon coupling rate of g0=(2π) ¼ 200 μHz.

It is noteworthy to mention that such a feeble single photon
coupling can produce observable features in the OMIT experiment
at all. This is enabled by the large number of photons supported by
the three-dimensional microwave cavity, which exceeds photon
numbers achieved in planar microwave resonators at low tempera-
tures4,33 by at least four orders of magnitude and is at present only
limited by the maximum output power of our microwave generator.
The observed weak single photon coupling strength is attributed to
our cavity design, as the loop antenna could not be precisely posi-
tioned in the cavity in our experiment and presumably only weakly
couples to the TM110 cavity mode. At the same time, the electrome-
chanical coupling of the nanostring to the electrodes is limited by a
relatively large electrode–electrode separation of approx. 600 nm
for the sample under investigation. For future work on the room
temperature cavity electromechanics platform, an improved control
of the antenna position as well as a smaller electrode gap will
enable to significantly increase g0.

III. CONCLUSION

In conclusion, we have demonstrated a cavity electromechani-
cal system operating in the sideband resolved regime at room tem-
perature. This was accomplished by introducing a
three-dimensional, non-superconducting microwave cavity made of
copper which replaces the previously employed copper microstrip
cavity, the quality factor of which is outperformed by more than an
order of magnitude. In our experiment, a non-metallized silicon
nitride nanostring resonator was dielectrically coupled to the
TM110 mode of the cavity, which offers almost perfect sideband res-
olution κ � Ωm. Electromechanical coupling was observed and
characterized in one- and two-microwave tone experiments. While
the mechanical eigenfrequency shift is dominated by dielectric fre-
quency tuning, the optomechanically induced transparency (in
reflection geometry) establishes a clear proof of dynamical backac-
tion. Despite the minute single photon coupling rate of our first
implementation of the room temperature cavity electromechanical
platform in the sub-mHz regime, a measurable coupling is enabled
by the large number of photons circulating in the three-
dimensional microwave cavity. As a result of the required strong
red-detuned cavity drive, the response of the mechanical resonator
is nonlinear in our proof-of-principle experiment.

Our results translate the thriving field of cavity electrome-
chanics from the millikelvin realm to room temperature. For future
exploitation, the electromechanical vacuum coupling rate g0=(2π)
will need to be increased. This can be accomplished by an
improved positioning of the loop antenna providing the coupling
between the cavity mode and the control electrodes. Furthermore,
the coupling can be enhanced by increasing the dielectric transduc-
tion efficiency, i.e., by reducing the lateral gap between the elec-
trodes. Following these technical improvements, we expect to reveal

the electromechanical cooling or pumping of the mechanical mode.
Finally, the quality factor or the TE011 mode exceeds that of the
TM110 mode by another order of magnitude, which offers the pros-
pect of entering the deep-sideband-resolved regime of cavity elec-
tromechanics at room temperature.
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