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1 Progress Report: August 2020 - August 2021

1.1 Executive summary

We incorporate a fast-flux line for a frequency tunable transmon qubit in 3D cavity
architecture. We investigate the flux-dependent dynamic range, relaxation from uncon-
fined states, and the bandwidth of the flux-line. Using time-domain measurements, we
probe transmon’s relaxation from higher energy levels after populating the cavity with
≈ 2.1 × 104 photons. For the device used in the experiment, we find a resurgence time
corresponding to the recovery of coherence to be 4.8 µs. We use a fast-flux line to tune
the qubit frequency and demonstrate the swap of a single excitation between cavity and
qubit mode in 3 ns. It is an order of magnitude better than the promised deliverable. By
measuring the deviation in the transferred population from the theoretical prediction, we
estimate the bandwidth of the flux line to be ≈ 100 MHz, limited by the parasitic effect
in the design..

1.2 Introduction

Josephson circuits are the ideal candidates to realize a wide range of quantum technolo-
gies. Low dissipation and the ability to implement tailored Hamiltonians in a quantum
circuit have led to a wide range of matured platforms, such as quantum-noise limited am-
plifiers [1, 2, 3], circuit-QED systems [4, 5], and hybrid devices [6]. While a wide variety
of interactions can be implemented by designing the static nonlinearity using Josephson
junctions [7, 8], a class of interaction Hamiltonians requires the application of resonant
or off-resonant pumps [9, 10, 11]. One such application of c-QED platform is towards
the hybrid devices, where it can be used as an auxiliary mode. Hybrid systems based on
the mechanical oscillators [12, 13, 14, 15], electron spins [16, 17], surface acoustic waves
[18, 19, 20], and magnons [21] have been investigated. Recent developments on the hybrid
devices, based on electrostatic coupling with the nanomechanical oscillator [22], and with
acoustic resonator [23, 24], operating in the number resolved limit have further raised the
interest towards the c-QED based hybrid devices [6].

In hybrid devices, often the requirement of high pump power for the enhancement of
the parametric coupling, renders the integration of the c-QED system incompatible. In a
high power regime, for example, the transmon qubit decouples from the cavity mode and
gets excited to the unconfined-states [25]. The critical power necessary to operate the
transmon within the few energy-level subspace can be increased by an inductive shunt
but not without compromising the underlying non-linearity [26]. Another useful feature
would be the ability to adjust qubit-cavity coupling from dispersive to resonant limits
by rapidly tuning the qubit frequency with magnetic flux. While such fast-flux bias lines
are straightforward to design in planer devices, integrating them into the 3D-cavity is
challenging [27, 28].

With these challenges in mind, investigating the performance of transmon qubit in 3D
architecture with a fast-flux line could still have practical importance [29, 30, 31, 32, 33,
34]. For example, consider a low frequency mechanical oscillator coupled to a microwave
cavity. In such a device, the re-thermalization time, defined as the time taken to reach

DISTRIBUTION A: Distribution approved for public release.



Final Report - FA23B6-20-1-4003 5

the mean phonon occupation of one after initialization to the quantum ground state, can
be large due to the high quality factor of the mechanical oscillator. Therefore in a hybrid
device, if the relaxation time of the qubit from unconfined states remains smaller than
the re-thermalization time, both the systems, qubit and the mechanical oscillator can be
initialized to their quantum ground state without a significant loss to the state fidelity.
Thus, such initialization in the quantum limit can be used for controlled interaction
between the two modes.

1.3 Technical details and results

We incorporate a fast-flux line for a frequency tunable transmon qubit in 3D cavity
architecture. We investigate three aspects of such design which is required for the hybrid
devices. The dynamic range of the system for various flux bias is probed first. We
measure the timescale associated with the recovery of coherence in the system after a
strong pump as the transmon relaxes from highly excited states and pump photon leaves
the cavity. The initialization to the ground state is probed by performing vacuum-Rabi
measurements while varying the delay between the pump and the control signals. Finally,
the fast-flux is used to demonstrate the single excitation swap between the cavity and
transmon mode.

Unlike the conventional 3D transmon the position of the SQUID loop is shifted away
from the center of the cavity into a recess created in the cavity wall[35, 36]. As shown in
Fig. 1(a), the SQUID is shifted to a recess designed inside the cavity wall. An antenna
pointing towards the cavity center provides the necessary capacitance to the qubit mode
and the coupling to the cavity mode. The transmon design was simulated using the
black-box quantization technique [37]. Positioning the SQUID loop in a recess allows
us to incorporate a local flux line near the SQUID loop to tune the qubit frequency
rapidly. Such integration is also compatible with high coherence cavities designed from
superconductors [27, 28, 38]. The flux control line is designed to avoid any perturbation
to the cavity mode while minimizing the relaxation of qubit mode to the flux-drive port.
Fig. 1(b) shows an optical microscope image of the fabricated device using the shadow
evaporation technique on an intrinsic silicon substrate. Fig. 1(c) shows the scanning
electron microscope image of the SQUID loop. The patterned device is placed inside an
oxygen-free high thermal conductivity (OFHC) copper cavity and cooled down to 20 mK.
Our measurement setup consists of various absorptive/reflective filters. We use a 1 GHz
low-pass reflective filter on the flux-line and place it close to the flux drive port. The
entire cavity assembly is placed inside the magnetic and infrared radiation shields.

We begin by performing spectroscopy measurements on the device. Fig. 1(d) shows
the cavity spectroscopy measurement as the magnetic flux through the SQUID loop is
changed by varying the current through the flux-line. An avoided crossing, signifying the
strong coupling, between the qubit mode and the cavity mode is clearly visible. From
the qubit spectroscopy, shown in Fig. 1(e), we determine the maximum qubit frequency
(ground to first excited state transition) to be ω0

q/2π ∼ 7.203 GHz and corresponding
dressed cavity frequency for the ground state as ωc/2π ∼ 5.996 GHz. We measure the
coupling between two modes to be g/2π ∼ 87 MHz, which is close to the designed value
[37]. While the maximum qubit frequency depends on the total critical current of the two
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Figure 1: (a) A schematic of the device showing frequency tunable transmon qubit coupled
to a 3D cavity. The SQUID loop is positioned in a small recess machined inside the cavity
wall to incorporate a port for flux tuning. (b) An optical image of the sample showing
the fabricated transmon qubit and the flux line. The thin vertical electrode provides
the necessary qubit capacitance and couples to the fundamental mode of the 3D cavity.
(c) Scanning electron microscope image of the SQUID loop. (d) Transmission through
the cavity |S21| as the magnetic flux threaded by the SQUID loop is varied. (e) Qubit
spectroscopy at the high drive power when qubit is flux biased at Φ = 0. Various qubit
transitions are labeled accordingly. We determine the qubit anharmonicity to be ≈ 225
MHz.

DISTRIBUTION A: Distribution approved for public release.



Final Report - FA23B6-20-1-4003 7

Device parameter Symbol Value
Bare cavity frequency ω0

c/2π 6.002 GHz
Maximum qubit frequency ω0

q/2π 7.203 GHz

Kerr-nonlinearity αq/2π −225 MHz
Maximum Joesphson energy E0

J/h 30.65 GHz
Cavity linewidth at zero flux κ/2π 1.38 MHz

Qubit relaxation time at zero flux T1 2.11 µs
Qubit cavity coupling g/2π 87 MHz

Table 1: Summary of device parameters studied in the main text

junctions, the minimum qubit frequency depends on the asymmetry of the two junctions.
From the two-tone spectroscopy measurements, we could tracked the qubit frequency
down to 4 GHz while tuning it with the flux. Various device parameters are summarized
in Table 1.

At low probe power, the cavity frequency shifts to a dressed frequency due to its
interaction with the qubit. Beyond a critical power, the cavity jumps to its bare frequency
defining the dynamic range of the system. In this limit, the phase difference across the
junctions evolves continuously. This has been attributed to the excitation of the qubit
to the unconfined states lying outside the cosine potential well [25]. We use scqubits
package to compute the energy eigen-states using the measured device parameters and
find that there are approximately 10 confined states within the cosine potential well [39].
The higher transmon levels exhibit larger charge dispersion [40]. At large probe powers,
the higher transmon levels become important, and the coupled system must be treated
by including the Kerr-nonlinearity terms. In the dispersive limit, the Hamiltonian of the
system can be written as Ĥsys/~ = ωcâ

†â + ωq b̂
†b̂ − 1

2
αcâ

†â†ââ − 1
2
αq b̂

†b̂†b̂b̂ + χâ†âb̂†b̂,
where ωc (ωq) is the cavity (transmon) frequency, αc (αq) is the cavity (transmon) Kerr-
nonlinearity and χ is the dispersive shift. Due to the qubit-induced Kerr-nonlinearity,
even in the dispersive regime the dynamic range of the cavity gets limited significantly.
Fig. 2(a) shows the experimental results of the change in the dressed cavity frequency
with probe power at the device. As the probe power is increased, the dressed cavity
frequency changes as ωc(n̄) = ωc(0) − 2αcn̄ [11], where n̄ is average number of photons
in the cavity. From an independent calibration of n̄ using ac-Stark shift, we deduce αc
for different qubit detunings. Additional dataset on ac-Stark shift is included in SI. For
zero magnetic flux (Φ = 0), when qubit detuning ∆ = ωq − ωr ≈ 2π×1.2 GHz, we
estimated the the cavity non-linearity to be αc/2π = −3.2 kHz. As the qubit mode is
tuned closer to the cavity ∆ = −2π× 600 MHz, αc/2π increases to −27.8 kHz, which is
also indicated by the reduced dynamic range shown in the Fig. 2(a). As expected, the
maximum dynamic range is achieved when the qubit is detuned furthest to the cavity
frequency at Φ/Φ0 = 0.5. At this flux-operating point, we also observe a reduction in
the cavity frequency resulting from the asymmetry in the critical currents of the SQUID
junctions. Similar behavior is observed in the corresponding quality factor of the dressed
mode, as shown in the Fig. 2(b).

After the basic characterization of the device, we investigate the high power response
in the time domain. The high pump power excites the qubit to unconfined states. It
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Figure 2: (a) Shift in the dressed cavity frequency as the input power to the cavity is
increased for variable magnetic flux. The minimum power -129 dBm corresponds to the
mean cavity occupation of 0.17 photons. The solid lines are numerical fits to extract the
cavity nonlinearity. (b) The loaded (total) quality factor of the dressed mode for different
input power to the cavity at multiple flux bias points.

could be accompanied by the creation of quasi-particles, which could take a long time to
relax. We perform time-domain measurements to probe the resurgence of coherence after
subjecting the system to a strong pump.

Using the flux-bias, the qubit frequency is tuned to the maximum frequency ∆ =
ωq − ωr ≈ 2π×1.2 GHz. A control pulse at the qubit frequency is applied. It is followed
by a measurement pulse at the dressed cavity frequency, corresponding to a steady-state
cavity occupation of ≈ 5 photons. The transmitted signal from the cavity is amplified
at 4 K and at room temperature. The amplified signal is then down-converted to an
intermediate frequency. Both quadratures of the IF signal are recorded as a function of
time with a lock-in amplifier. To improve the readout signal contrast, we average fifty
thousand time-traces of in-phase and quadrature streams of the readout signal.

Such an ensemble average of time traces can then be used to determine the qubit state.
We follow an approach similar to Ref. [41] and define a normalized integrated signal VH
as VH = 1

2

∑
i(Vg(ti)−Vm(ti))∆t∑
i(Vg(ti)−Vs(ti))∆t , where ∆t is the resolution of time-axis. Vg (Vs) represents

the averaged signal traces corresponding to the qubit in the ground state (in an equal
mixture of ground and the first excited state). Vm represents signal for the unknown
qubit state that is being measured. Here, we effectively use the saturation control pulse
for normalization. It is important to emphasize here that VH slightly deviates from the
first excited state probability due to loss of population during the measurement process.

To probe the relaxation of qubit from the higher energy levels to the ground state, a
strong pump tone is applied at the bare cavity frequency, followed by the pulsed control

DISTRIBUTION A: Distribution approved for public release.



Final Report - FA23B6-20-1-4003 9

pump control measure

τd tRabi

(a) (b)

(c)

5.99 6.00 6.01
Frequency (GHz)

−120

−100

−80

−65

−55

−45

−35

Po
w

er
 (d

Bm
)

|S21(ω)|

(d)

0 50 100 150 200 250 300 350 400
0.0

0.5

1.0

Time, tRabi (ns)

N
or

m
. i

nt
eg

ra
te

d
si

gn
al

 V
H

Pump OFF τd = 1.32 μs τd = 2.64 μs τd = 8.8 μs

0 4 8 12 16 20 24
0.0

0.2

0.4

0.6

0.8

1.0

Data
FitO

sc
ill

at
io

n 
am

pl
itu

de
 

Time, τd (μs)

Figure 3: (a) A schematic of the pulse sequence used in the measurement. The cavity
is driven with a strong pump pulse, which creates a large population of photons in the
cavity and excites the transmon to unconfined states. Subsequently, Rabi measurement
protocol with varying delays τd is followed. For control, we use a pulse that has a rise
and fall parts defined by a gaussian function and central part of the pules is rectangular.
The rise (and fall) part of the pulse is defined by a Gaussian function of length 35 ns
and a σ of 9 ns, indicated by the arrow. (b) Cavity transmission as probe power is
increased while biasing the qubit at zero flux quantum. The white dotted line indicates
the power used for the high power pulsed measurements. (c) Rabi measurement for
different delays between the high power pump and qubit control pulse. A plot of Rabi
oscillation without any high power pump is included as a reference. The pump power
in the steady-state corresponds to a photon number nd of 2.1×104. (d) Amplitude of
Rabi oscillation measured for different delays between the pump and the control pulse.
Oscillation amplitude when the pump pulse is in off condition is denoted by the black
dotted line. Statistical uncertainties from the fits are smaller than the marker size.
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and readout scheme as described before. A schematic of the pulse sequence is shown in
Fig. 3(a). In the presence of a strong pump, the transmon gets excited to the unconfined
states resulting in the maximum transmission through the cavity at its bare frequency.
Fig. 3(b) shows the measurement of transmission through the cavity as power of the
probe signal is increased. The dressed mode shows the characteristic frequency shift
due to the presence of the qubit. Beyond a critical power, the maximum transmission
jumps to the bare cavity frequency. For the pump pulse, corresponding mean occupation
of nd ∼2.1×104 photons in the cavity indicated by the dotted line in Fig. 3(b). The
calibration of the pump photons is performed by using the ac Stark measurements made
at low probe powers. We have calibrated the total attenuation in the line and calculated
the total number of photon with respect to bare cavity frequency. This strong pump
pulse excites the qubit to higher unconfined states. By varying the length of the qubit
control pulse, we perform the vacuum Rabi-oscillation measurement for different delay
time (τd) between the pump and qubit control.

Fig. 3(c) shows the measurements of normalized integrated signal VH for different
delays. The horizontal axis corresponds to the duration of the qubit control pulse. For
comparison, a measurement made in the absence of the pump pulse is included as well.
For τd = 2.64 µs, we see small oscillations in the measurement indicating the coherent
pouplation transfer between the ground and the first excited state. For such short delay
time τd, there are two effects that reduce the contrast of oscillations. First, the qubit
population in the ground or first excited state could be low due to its excitation to
higher levels. Second, for short times, the pump photon occupancy in the cavity can be
substantial leading to dephasing. We use slowly varying control pulse and therefore rule
out any leakage of qubit to the higher levels by the control pulse. For τd = 8.8 µs, the
oscillations closely resemble the result obtained with pump maintained in off-condition.
We systematically measure the amplitude of Rabi oscillations for different delay time
between pump and the control pulse. Fig 3(d) shows the plot of oscillation amplitude
for different delay times, showing the clear resurgence of the coherence in the device.

Additional dataset is included in the SI. By fitting it to F(1 − e
t−t0
τ ), we extract the

characteristic timescale, t0 + τ ≈ 4.8 µs for the relaxation from unconfined states. We
point out here that such a timescale involves contributions from the relaxation of qubit
from the higher excited states and from the dephasing due to occupancy of the cavity by
pump-photons.

After characterizing the response of the device under high power, next, we perform
the characterization of the flux bias port. We utilize the high bandwidth of the flux drive
line and create a single-photon state in the cavity. The pulse protocol for such scheme
is shown in Fig. 4(a). It consists of initializing the qubit to the first excited state by
applying a π-pulse. The qubit frequency is then rapidly tuned to bring it in resonance
with the cavity. The modes are maintained in resonance for a variable time τint and then
the qubit mode is brought back to the original frequency followed by a measurement
pulse. During the interaction period, the qubit and the cavity modes exchange the single
excitation coherently. To understand the applicability of this scheme in a strongly driven
system, we follow this protocol after a strong pump (at the bare cavity frequency) pulse
with varied delay time τd.

The current in the flux loop, controlling the qubit detuning, is applied using an
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Figure 4: (a) A schematic of the pulse sequence used in the measurement. The interaction
time (τint) between cavity and qubit is varied for different values of τd. (b) Normalized
integrated signal showing the swap of excitation between the qubit and the cavity mode
as the interaction length is varied. The black dotted line indicates the time to swap
one excitation. (c) The colorplot of the normalized integrated signal as the detuning
between the cavity mode and qubit is varied. The results were obtained from a different
device with similar parameters. (d) The colorplot of the simulated qubit population in
the excited state while varying the interaction length and relative detuning ∆ = ωq −ωc.
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arbitrary waveform generator. The shape of the flux-pulse is rectangular with rising and
falling segments set as the half-gaussian with standard deviation of 1.1 ns. The width
and the amplitude of the flux pulse are varied to control the interaction time and the
qubit frequency, respectively. Fig. 4(b) shows VH as the interaction length is varied. For
delay time of 8.8 µs (> t0 + τ), we observe that the qubit regains the coherence and
oscillation due to the swapping of a single excitation can be clearly seen. Due to the
strong coupling between the qubit and the cavity, it takes approximately 3 ns to transfer
the single-photon from the qubit mode to the cavity mode indicated by the black dotted
line.

Fig. 4(c) shows the colorplot of VH as the qubit detuning and interaction duration
is varied. The oscillation frequency of the single excitation swap changes as the relative
detuning between the qubit and cavity mode frequency is varied. At zero detuning, the
oscillation frequency is minimum at 2g and increases to

√
4g2 + ∆2 with detuning [13].

The deviation from the ideal chevron pattern suggests that the flux-pulse disperses as it
travels down the sample. The initial change in the flux pulse is not able to tune the qubit
in resonance with the cavity for short interaction time. We observe a small distortion in
the chevron pattern for time-scales shorter than 10 ns. From this deviation, we concluded
the bandwidth of the flux-line to be approximately 100 MHz. The bandwidth of flux line
is limited by the parasitic capacitance and self-inductance of the current loop patterned
near the SQUID loop. While we try to maintain a 50 Ω environment till the connector
on the cavity, the impedance of the flux line on the silicon chip deviates from 50 Ω and
this limits the bandwidth. Such distortions in flux-pulse, in principle, could be improved
by using pre-compensated flux-pulses. To better understand the experimental results,
we numerically simulate the system by solving the Lindblad master equation with the
flux pulse sequence used in the experiment [42]. The simulated outcome of the excited
state population is plotted in Fig. 4(d) with variable detuning in the vertical axis. The
difference between the simulation and experimental plots can be understood from the
distorted flux-pulse at the sample, as discussed above.

To summarize, we demonstrated a design of a fast-tunable transmon qubit in a 3D
waveguide cavity architecture. We characterized its relaxation from unconfined states to
the ground state after a high power drive pulse. We measure a resurgence time of 4.8 µs.
We characterize the fast-flux line and find a bandwidth of ≈ 100 MHz. These perfor-
mance benchmarking results provide the design guidelines for hybrid systems intended
to integrate additional degrees of freedom with the circuit-QED platform [31, 32].
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2 Progress report: August 2021 - December 2022

2.1 Executive summary

Hybrid devices based on the superconducting qubits have emerged as a promising plat-
form for controlling the quantum states of macroscopic resonators. The nonlinearity
added by a qubit can be a valuable resource for such control. Here we study a hybrid
system consisting of a mechanical resonator longitudinally coupled to a transmon qubit.
The qubit readout can be done by coupling to a readout mode like in c-QED setup.
The coupling between the mechanical resonator and transmon qubit can be implemented
by the modulation of the SQUID inductance. In such a tri-partite system, we analyze
the steady-state occupation of the mechanical mode when all three modes are disper-
sively coupled. We use the quantum-noise and the Lindblad formalism to show that the
sideband cooling of the mechanical mode to its ground state is achievable. We further ex-
perimentally demonstrate that measurements of the thermomechanical motion is possible
in the dispersive limit, while maintaining a large coupling between qubit and mechanical
mode. Our theoretical calculations suggest that single-photon strong coupling is within
the experimental reach in such hybrid devices.

2.2 Introduction

Control over the quantum states of a mechanical resonator by coupling them to optical
modes can have several potential applications in the field of quantum technologies [43].
The traditional cavity-optomechanics based approach of coupling a mechanical resonator
to an optical mode via the radiation-pressure interaction has been quite successful [44, 45,
46, 47, 48, 32, 49, 50]. While the radiation-pressure mediated coupling in such devices is
nonlinear, its magnitude is usually small in the most implementations. Further, due to the
dispersive interaction, the effects originating from the Kerr-term are strongly suppressed
[51, 52].

To mitigate the limitations of linear cavity optomechanics, hybrid devices based on
the strong nonlinearity of qubits have been proposed and developed [53, 8, 6]. These
proposals explore their performance from the sideband cooling of the mechanical res-
onator [54] to the matter-interferometry [55], while considering a wide range of two-level
systems such as superconducting qubits [54, 56, 57, 58, 59, 60, 61], quantum-dots [62],
and nitrogen vacancy defects in diamond [63]. Particularly, in the microwave domain,
experimental realization of several hybrid devices have been shown using the nonlinearity
of a superconducting qubit [64], Josephson capacitance [15, 22], Josephson inductance
[65, 66, 67, 68], and piezo-electricity [13, 24].

Among these different schemes, the electromechanical coupling stems from charge or
flux modulation, and its tunability is controlled by the external parameters. Recently, the
magnetic flux-mediated coupling approach have shown promising experimental results
[65]. These systems have demonstrated large electromechanical coupling [66, 67, 68],
four-wave-cooling of the mechanical resonator to near the quantum ground state [69],
and Lorentz-force induced backaction on the mechanical resonator [70].
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Figure 5: (a) A conceptual schematic of the three-mode hybrid device showing a linear
cavity coupled to a qubit which in turn couples to a mechanical resonator. A direct
coupling between the cavity and the mechanical mode is not considered. (b) A possible
implementation using a frequency tunable transmon qubit, where coupling to mechanical
mode is achieved by embedding it the SQUID loop and by applying a constant magnetic
field. A magnetic field perpendicular (parallel) to the SQUID loop couples the in-plane
(out-of-plane) mechanical mode to the qubit.

Motivated by the progress on flux-mediated approach, here we investigate a coupled
three-mode system consisting of a mechanical mode, transmon qubit, and a readout cav-
ity. From the practical point of view, the additional readout cavity is useful ingredient to
consider as it allows the quantum non-demolishing (QND) measurement of qubit mode
in circuit-QED setup [71, 72]. While a mechanical mode coupled to a two-level system
has been studied extensively in the past [54, 73, 56, 53, 74], the focus of our investigation
has been on treating the transmon qubit as a weakly anharmonic oscillator. In addition,
we theoretically and experimentally address the readout of the mechanical mode when
transmon is detuned far away from the readout cavity. This regime is particularly im-
portant as large electromechanical coupling with the qubit mode can be achieved. Using
the quantum-Langevin equation of motion [75], and Lindblad formalism [76], we ana-
lyze the possibility of sideband cooling of the mechanical resonator. Experimentally, we
use a two-tone method to measure the thermo-mechanical motion, and compare it with
analytical results.
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2.3 Theoretical model details

We consider a coupled system where the mechanical mode modulates the transmon qubit
frequency, therefore resulting in a longitudinal coupling. Such coupling between transmon
qubit and the mechanical resonator can be implemented by embedding a mechanical
resonator into the SQUID loop of the qubit. In addition, the qubit couples to a linear
mode (the readout cavity) transversely as in the circuit-QED setup. A schematic diagram
of the system and a possible implementation with the equivalent circuit diagram are shown
in the Fig. 5(a) and (b).

Using the dispersive approximation between the transmon and the readout cavity, we
arrive at the following system Hamiltonian:

Ĥ0 = ωcâ
†â+ ωq ĉ

†ĉ− αq
2
ĉ†ĉ†ĉĉ+ ωmb̂

†b̂+ χ â†âĉ†ĉ+ g0 ĉ
†ĉ(b̂+ b̂†), (1)

where â(â†), ĉ(ĉ†), b̂(b̂†) are the annihilation(creation) operators for the cavity, qubit and
the mechanical mode of frequency ωc, ωq, ωm, respectively. The Kerr-nonlinearity of the
transmon is denoted as αq. The last two terms are the interaction terms between the
modes. The dispersive coupling between the qubit and the readout cavity is denoted by
χ. The radiation-pressure type coupling between the transmon and the mechanical mode
is denoted by the single photon coupling rate g0.

Two additional drive terms of amplitude δ and ε at frequency of ωL (near ωc) and ωd
(near ωq) are added to the Hamiltonian. The drive Hamiltonian can be written as,

Ĥd = (δâ e+iωLt + εĉ e+iωdt) + h.c. (2)

By carrying out rotating frame transformations, given by the unitary operators Ua =
exp

[
iωLâ

†ât
]

and U c = exp
[
iωdĉ

†ĉt
]
, the transformed Hamiltonian can be written as,

Ĥ = −∆câ
†â−∆q ĉ

†ĉ−αq
2
ĉ†ĉ†ĉĉ+ωmb̂

†b̂+χ â†âĉ†ĉ+g0 ĉ
†ĉ(b̂+b̂†)+δ (â+â†)+ε (ĉ+ĉ†), (3)

where ∆c = ωL − ωc and ∆q = ωd − ωq. In this frame of rotation, the transformed
Hamiltonian becomes time-independent. For further analysis, we shift to a mean field
frame using the following displacement transformation,

D(α, µ, β) = exp
[
α(â− â†) + µ(ĉ− ĉ†) + β(b̂− b̂†)

]
, (4)

where α, µ, β are real scalar quantities. For a particular choice of α = ᾱ, µ = µ̄ and
β = β̄, all the drive terms (terms proportional to â+ â†, b̂+ b̂†, and ĉ+ ĉ†) get cancelled.
After dropping the third and higher order terms, we arrive at the following effective
Hamiltonian,

Ĥ′ ≈ −∆̃câ
†â− ∆̃q ĉ

†ĉ− η(ĉ2 + ĉ†2) + ωmb̂
†b̂+ J(â+ â†)(ĉ+ ĉ†) + g(ĉ+ ĉ†)(b̂+ b̂†), (5)

where ∆̃c = ∆c − χµ̄2, ∆̃q = ∆q + 2αqµ̄
2 − χᾱ2 − 2g0β̄, η = αqµ̄2

2
, J = χᾱµ̄ and g = g0µ̄.

It might be important to underline here that the coupling rates g and J as defined above
are the scaled coupling rates. Both the coupling rates, g and J , show the scaling with
drive tone amplitude similar to the case in linear optomechanical device.
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2.4 Equations of motion

Dynamics of the system depends on various decay rates associated with different modes
and drive amplitudes. We write the equations of motion for the field operators while
incorporating all the noise operators and decay rates as,

˙̂a = −i
[
â, Ĥ′

]
− κ

2
â+
√
κex âin +

√
κ0 f̂in, (6a)

˙̂c = −i
[
ĉ, Ĥ′

]
− Γ

2
ĉ+

√
Γex ĉin +

√
Γ0 ξ̂in, (6b)

˙̂
b = −i

[
b̂, Ĥ′

]
− γm

2
b̂+
√
γm b̂in, (6c)

where âin, ĉin, b̂in, f̂in, ξ̂in are the noise operators of cavity, qubit and mechanical
mode, respectively. The mechanical energy dissipation rate is γm. The internal, external
and total cavity (qubit) dissipation rates are κ0 (Γ0), κex (Γex), and κ (Γ), respectively.
This set of equations can be solved by performing a Fourier transformation, defined
as x[ω] = F [x(t)] =

∫ +∞
−∞ x(t)eiωtdt, of the equations. We now define a field vector

u[ω] =
[
â[ω], (â†)[ω], ĉ[ω](ĉ†)[ω], b̂[ω], (b̂†)[ω]

]T
and evaluate its governing equation of the

form,
u[ω] = (−iω1− A)−1 r[ω] = B r[ω], (7)

where,

r[ω] =



√
κex âin[ω] +

√
κ0 f̂in[ω]√

κex (â†in)[ω] +
√
κ0 (f̂ †in)[ω]√

Γex ĉin[ω] +
√

Γ0 ξ̂in[ω]√
Γex (ĉ†in)[ω] +

√
Γ0 (ξ̂†in)[ω]

√
γm b̂in[ω]

√
γm (b̂†in)[ω]


(8)

The matrix B can be calculated from Eq. (18) and Eq. (6) as,

B =


1/χc 0 iJ iJ 0 0

0 1/χ̃c −iJ −iJ 0 0
iJ iJ 1/χq −2iη ig ig
−iJ −iJ 2iη 1/χ̃q −ig −ig

0 0 ig ig 1/χm 0
0 0 −ig −ig 0 1/χ̃m



-1

. (9)

All χ’s in the matrix represent the susceptibility of the modes, defined as,

χc[ω] =
1

−iω − i∆̃c + κ
2

; χ̃c[ω] =
1

−iω + i∆̃c + κ
2

χq[ω] =
1

−iω − i∆̃q + Γ
2

; χ̃q[ω] =
1

−iω + i∆̃q + Γ
2

χm[ω] =
1

−iω + iωm + γm
2

; χ̃m[ω] =
1

−iω − iωm + γm
2

.
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Figure 6: Plot of the qubit spectrum for two different values of drive detunings, ∆̃q =
−1.0 ωm (dashed blue line) and ∆̃q = −1.2 ωm (solid orange line). The parameters used
for the plots are: ∆̃c = 0, ωm = 2π × 6 MHz, J = 2π × 0.8 MHz, g = 2π × 2 kHz,
κ = 2π × 4 MHz, ωm/Γ = 5, γ = 2π × 6 Hz, and η = 2π × 2 MHz.

From Eq. 7, we can solve for the field operators. Further, we define the spectrum of any
mode as,

SO(ω) =
1

2π

∫ +∞

−∞
〈(Ô[ω′])†Ô[ω]〉dω′. (10)

Eq. 10 and the solution of field operators can be used to get the spectrum of the modes.
The detailed calculations and the correlators of noise operators are given in Appendix A.
The calculated spectrum as follows,

Sx(ω)
∣∣∣
xε{1,3,5}

= nimγm(|Bx5[ω]|2 + |Bx6[ω]|2) + κ|Bx2[ω]|2 + Γ|Bx4[ω]|2 + γm|Bx6[ω]|2, (11)

where nim is the initial phonon occupation in the mechanical mode. The indexing
{S1, S3, S5} maps to the spectrum of cavity, qubit and mechanics as {Sa, Sc, Sb}, re-
spectively.

2.5 Spectrum of the qubit and the mechanical mode

In this section, we discuss the best cooling scenario of the mechanical resonator by in-
specting the qubit and the mechanical spectrum. Fig. 6 shows the spectrum of the
transmon qubit for two different detuning of the drive tone ∆̃q = −1.0 ωm (dashed blue
line) and ∆̃q = −1.2 ωm (solid orange line). In presence of a the nearly red detuned
drive on qubit mode, its spectrum becomes asymmetric. The cooling rate is calculated
from the asymmetry of the spectrum, which is large for a specific drive position. In the
weak coupling regime (g << Γ), the cooling rate for the mechanical resonator is given
by Γc = 2[g2(Sc(ωm)− Sc(−ωm)) + γm] [56, 53]. The optimum cooling rate, as seen from
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Figure 7: Cooling of the mechanical mode: The spectrum of the mechanical mode
is analyzed to characterize the effect of back action arising from the drive tone near the
qubit frequency ωq. The extracted parameters for effective mechanical linewidth and shift
in the mechanical resonant frequency as the electromechanical coupling between the qubit
and the mechanical mode is varied, are shown in (a) and (b). Panel (c) shows the final
phonon occupancy (nf ) of the mechanical mode. It is extracted by calculating the area
under the Lorentzian in mechanical spectrum. For large qubit-mechanics coupling a final
phonon occupation well-below 1 can be achieved for various sideband parameters. The
dashed, dotted dash, and solid lines correspond to ωm/Γ = 5, ωm/Γ = 1, and ωm/Γ = 0.1,
respectively. (d) Final phonon occupancy as a function of qubit-mechanics coupling and
scaled detuning between the drive and the qubit frequency for ωm/Γ = 5. The parameters
used for the plots are: ∆̃c = 0, ωm = 2π × 6 MHz, J = 2π × 0.8 MHz, η = 2π × 2 MHz,
κ = 2π × 4 MHz, γ = 2π × 6 Hz, nim = 300. For the plot in panel (a), (b), and (c), we
use ∆̃q = −1.2 ωm as the detuning.
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Fig. 6, is a function of the position of the drive [56]. Unlike a linear cavity as a bath
for cooling, the cooling rate of a mechanical resonator for an anharmonic oscillator (the
qubit) depends on the position of the cooling tone applied and the anharmonicity of the
resonator mode. This is a direct consequence of the Kerr-term. In the steady state, the
final phonon occupancy can be calculated from the cooling rate and the qubit spectrum
as,

nf = 2
nimγm

Γc
+ 2g2Sc(−ωm)

Γc
. (12)

To further understand the backaction on the mechanical resonator due to a drive on
the qubit mode, we compute the mechanical spectrum Sb(ω). In the steady state, the
mean phonon occupancy of the mechanical mode can be calculated as nf = 1

2π

∫
Sb(ω)dω,

which is the area under the Lorentzian in the mechanical mode spectrum. While it is
possible to reduce the expression of the mechanical spectrum to a Lorentzian form, we
find it more efficient to compute the spectrum and carry out a numerical fit to extract
the effective linewidth and the effective resonant frequency. Fig. 7(a) and Fig. 7(b) show
the linewidth broadening and resonant frequency shift of the mechanical mode, for a red
detuned (∆̃q = −1.2 ωm) qubit drive. The back-action on the mechanical resonator from
the drive on qubit is reflected in the change of mechanical frequency and an increase in
the effective linewidth. The final phonon occupation is plotted in Fig. 7(c) for different
value of sideband parameter ωm/Γ. It is evident from the figure that in the steady
driving of the qubit, the final phonon occupancy strongly depends on sideband parameter
ωm/Γ. A larger value of sideband parameter offers better cooling of the mechanical
mode. It is important to underline here that the cooling to the quantum ground state
of the mechanical resonator is possible well before entering the strong coupling regime,
g & max (Γ, κ).

To gain insight into the spectrum calculation, we consider a simpler case when qubit
anharmonicity is set to zero η = 0, and it is being driven at the lower mechanical side-
band ∆̃q = −ωm. With these parameters and Eq. 10, the mechanical spectrum can be
approximately written as,

Sb(ω) =
nimγmΓ2/(Γ2 − 8g2)

(ω − ωm)2 + (4g2+γmΓ)2

4(Γ2−8g2)

. (13)

From this simplified expression of the mechanical spectrum, we can write the effective
line-width of the mechanical resonator as, γeff = 4g2+γmΓ√

Γ2−8g2
' γm(C + 1), where C = 4g2

γmΓ

is defined as the cooperativity. Similarly, the final mean phonon occupation can be

written as, nf = nimγmΓ2

4g2+γmΓ
1√

Γ2−8g2
' nim

1+C
for Γ � g. We note that in the limit of zero

anharmonicity and weak coupling, the results are consistent with that obtain from linear
cavity optomechanics [44].

For the model Hamiltonian given by Eq. 18, the mean phonon-occupation can also be
obtained by solving Lindblad master equation. Here, we obtain the equations of motion
for the expectation values of mode operators and solve for the steady-state solutions.
From this formalism, we calculate the steady-state occupancy in the mechanical mode
for the various drive detuning ∆̃q and coupling g. Fig. 7(d) shows the color plot of the
final phonon occupation for the sideband parameter of ωm/Γ = 5. We can see that the
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optimum cooling can be achieved near the detuning of ∆̃q ≈ −1.2ωm. It is important to
emphasize here that the lowest phonon occupation of the mechanical resonator depends
on the device parameters, such as qubit thermal occupation and dissipation rate Γ. For
the calculations presented in this section, we assumed the thermal occupation of the qubit
and readout cavity to be zero. Another important parameter that affects the ultimate
performance of the sideband cooling is sideband parameter ωm/Γ [53], and cooling to the
ground state can only be achieved in sideband-resolved limit ωm/Γ & 1.

2.6 Experimental Details

After discussing the performance of the sideband cooling when the qubit is dispersively
coupled to the readout cavity, we address the next question on the possibility of the
mechanical readout. In the dispersive regime, there is no direct coupling between the
cavity and the mechanical resonator. The modulation of qubit frequency translates to
the cavity mode via dispersive coupling, and thus creating an effective coupling between
the cavity and the mechanical motion. By tuning the transmon qubit frequency near half
flux quantum, a large electromechanical coupling with the qubit mode can be obtained.
However, when |ωq−ωc| is large, the effective coupling between the cavity and mechanical
mode is suppressed. Next, we show that the addition of cooling tone near the qubit
frequency is helpful for the readout of the mechanical motion.

For experimental realization, we use a device consisting of a transmon qubit with a
doubly clamped suspended nanowire embedded in the SQUID loop. For the qubit read-
out, we use a 3D copper rectangular waveguide cavity. The scanning electron microscope
(SEM) image of the device is shown in Fig. 8(a). The transmon, fabricated on a silicon
substrate coated with highly stressed SiN, is designed to have tunable frequency realized
via SQUID. One arm of the SQUID is made suspended to form a nanowire, essentially
establishing the mechanical mode. The silicon substrate is placed inside the readout
cavity and cool down to 20 mK in a dilution refrigerator. A detailed description of the
device fabrication methods and the measurement setup can be found in Ref. [68].

Fig. 8(b) shows the cavity transmission amplitude |S21| as the magnetic flux through
the SQUID loop is varied. When the qubit is brought in resonance with the cavity
mode, the vacuum-Rabi splitting is observed and two hybrid modes emerge as indicated
by the dashed box in Fig. 8(b). From the avoided-crossing, we determine the qubit-
cavity coupling strength to be 75 MHz. We measure the dressed cavity frequency to be
6.006 GHz, the maximum qubit frequency to be 7.8 GHz, and the qubit anharmonicity
to be −130 MHz. We apply a magnetic field of B ≈ 1.1 mT, perpendicular to the plane
of the SQUID loop. It couples the in-plane motion of the mechanical resonator to the
qubit.

To operate in the dispersive limit, we choose a qubit detuning ∆ = ωq − ωc of
−2π×900 MHz. A representative two-tone measurement of the qubit is shown in Fig. 8(c).
To record the mechanical motion at this operating point, we apply two tones to the de-
vice, a drive tone near the qubit frequency and a probe tone near ωc and record the
mechanical sidebands of the probe tone using a spectrum analyzer. The positioning of
various frequencies and drive tones are shown in Fig. 9(a).
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Figure 8: (a) A SEM-image of the device showing the suspended part of the SQUID
loop and the Josephson junctions. The length and width of the nanowire is 40 µm and
200 nm, respectively. The scale bar corresponds to 5 µm. (b) Color plot of the cavity
transmission |S21| as a function of the magnetic flux through the SQUID loop. (c) Two-
tone measurements spectroscopic linewidth of the qubit in the dispersive regime.
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Figure 9: Experimental Data: Power spectral density of the cavity mode is measured
while varying the drive detuning from the qubit mode. (a) Schematic of the measurement
process showing a drive tone present near the qubit mode. The detuning between the
qubit and the drive frequency is changed during the measurement. A probe of frequency
ωc is added and its lower and upper mechanical sidebands are recorded with a spectrum
analyzer. (b) The spectral density is shown for the drive detuning of ∆̃q = −1.7 ωm
(blue square) and ∆̃q = +1.7 ωm (orange circle). The difference in the magnitude of
the spectrum as the detuning change sign is evident. The mechanical resonator has a
frequency of ωm/2π ≈ 5.9 MHz and a linewidth γm/2π = 6 Hz. (c) A colorplot of
normalized spectral density as a function of detuning and measurement frequency.
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a function of detuning ∆̃q and frequency. Parameters are taken from the device studied
here, as described in the main text. (b) Plot of integrated spectrum ST =

∫
Sa(ω)dω for

different detuning is calculated from the theoretical and experimental results. The square
points indicate the experimental data, plotted as a function of drive detuning (∆̃q). The
solid curve is plotted using the estimated device parameters and the analytical expression.
The dashed straight line indicates noise level of the measurements. The parameters used
for the plots: ∆̃c = 0, ωm = 2π × 5.9 MHz, J = 2π × 5.6 MHz, g = 2π × 3.6 kHz,
η = 2π × 2.8 MHz, κ = 2π × 4 MHz, Γ = 2π × 8 MHz, γm = 2π × 6 Hz, nim = 350.
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Fig. 9(b) shows the recorded spectrum for two different detunings. The experimentally
measured microwave spectrum Smw(ω) is normalized and represented in the units of intra-
cavity photons defined as, S̃a = Smw(ω)/(~ωcGκexRBW ), where G is the estimated net
gain of the output line, κex is the external coupling rate of the output port of the cavity,
and RBW is the resolution bandwidth of the spectrum analyzer. Clearly, the spectrum
has a larger peak for negative detuning (blue square) as compared to the one for the
positive detuning (orange circle). This asymmetry becomes quite evident as the detuning
of qubit drive is varied. Fig. 9(c) shows the colorplot of S̃a as drive frequency is varied
across the qubit transition.

The mechanical resonator has a frequency of ωm/2π ≈ 5.9 MHz and a linewidth of
γm/2π ≈ 6 Hz. Here, we do not observe any backaction on the mechanical resonator.
Both, the mechanical frequency and linewidth do not show any measurable change as the
detuning ∆̃q is varied across the qubit frequency. This is expected behavior within the
experimental parameters. For these measurements, we estimated a single-photon coupling
rate of g0/2π ≈ 7.5 kHz, and measured a qubit linewidth of Γ/2π ≈ 15 MHz. The lower
sideband parameter and single-photon coupling rate reduces the effect of back-action from
the qubit drive.

Another aspect of the measurement is the the enhancement of the transduction and
asymmetry with respect to ∆̃q. Qualitatively, it can be understood from the qubit-
cavity dispersive coupling and the Kerr-term of the qubit mode. A drive tone near the
qubit frequency acts like a parametric pump due to the qubit-nonlinearity, resulting in
the amplification of the field fluctuations due to electromechanical coupling. Further,
due to the dispersive interaction between the qubit and the cavity mode, these field
fluctuations result in the modulation of the intracavity probe field, and hence in an
improved transduction. The asymmetry in the response is a direct manifestation of the
weak anharmonicity of the qubit.

To quantitatively understand the enhancement in the transduction and the asymmetry
in spectral density with respect to ∆̃q, we compute the cavity spectrum from Eq. 10 as a
function of susceptibilities. Approximately, the cavity spectral density can be written as,

Sa(ω) ≈ nimγm(|χm|2 + |χ̃m|2)σ(ω),where (14)

σ(ω) =

∣∣∣∣ gJχcχqq̃(∆q − 2η)

∆q + 2iη2χqq̃ + g2χmm̃χqq̃(∆q − 2η)

∣∣∣∣2 (15)

χqq̃ = χq − χ̃q (16)

χmm̃ = χm − χ̃m. (17)

Here, we note that the presence of the effective anharmonicity η in the above equation
accounts for the asymmetry observed with respect to the detuning of qubit drive. In the
limit η → 0, the expression of σ becomes symmetric with respect to ∆q as it enters the
expression through χqq̃ only.

Similar to the measurement performed, we analyze the cavity spectral density as ∆̃q

is varied. Fig. 10(a) shows theoretically calculated S̃a(ω) using the device parameters.
We observe a pattern in Sa(ω) which is similar to the experimental measurement. For
a quantitative comparison, we define the integrated spectrum as ST =

∫
Sa(ω)dω and

evaluate it for experimental data. Fig. 10(b) shows the plot of ST from the experimental
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results shown in Fig. 9(c) and theoretical calculations. A good match validates the ap-
proximation made in arriving at the effective Hamiltonian in the theoretical calculations.

2.7 Summary

To summarize, this work has investigated a coupled three-mode hybrid system with a
transmon qubit in the presence of external drives. Using the quantum noise and the
Lindblad formalism, we study the possibility of sideband cooling of the mechanical res-
onator by the qubit mode. We find that the readout of the mechanical mode is possible by
coupling the transmon qubit to a readout cavity just like in standard c-QED setup while
maintaining a dispersive coupling between the cavity and the qubit. In addition, we exper-
imentally demonstrate the applicability of the readout scheme, wherein the experimental
results matches closely to the analytical calculations. In this particular experiment, we
do not observe any cooling of the mechanical resonator due to lower g0 and low sideband
parameter (ωm/Γ ≈ 0.4). While the achieved flux responsivity of the qubit in dispersive
limit was high 16 GHz/Φ0, the estimated coupling rate (g0/2π ≈ 7.5 kHz) was inadequate
due to the lower applied magnetic field 1.1 mT.

Looking ahead, the recent experiments have shown promising results for the trans-
mon linewidth in the parallel magnetic field up to hundreds of mT with no significant
change in the spectroscopic linewidth [77]. In addition, the flux responsivity of the qubit
can be pushed to 40 GHz/Φ0 by increasing the maximum qubit frequency. With these
parameters, the single-photon electromechanical coupling between qubit and mechanical
resonator can be enhanced up to 10 MHz, bringing the system near to ultra-strong cou-
pling regime [78]. Such regime opens up the possibilities of observing the photon blockade
effects [51], non-trivial ground state [32] and a path of using low frequency mechanical
resonator in the quantum technologies.
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3 Progress report: January 2022 - January 2023

3.1 Executive summary

With artificially engineered systems, it is now possible to realize the coherent interac-
tion rate, which can become comparable to the mode frequencies, a regime known as
ultrastrong coupling (USC). We experimentally realize a cavity-electromechanical device
using a superconducting waveguide cavity and a mechanical resonator. In the presence
of a strong pump, the mechanical-polaritons splitting can nearly reach 81% of the me-
chanical frequency, overwhelming all the dissipation rates. Beyond the USC limit, the
steady-state response becomes unstable. We systematically measure the boundary of the
unstable response while varying the pump parameters. The unstable dynamics display
rich phases, such as self-induced oscillations, period-doubling bifurcation, period-tripling
oscillations, and ultimately leading to the chaotic behaviour. The experimental results
and their theoretical modelling suggest the importance of residual nonlinear interaction
terms in the weak-dissipative regime.

3.2 Introduction

Radiation-pressure interaction is fundamental to the cavity-optomechanical systems con-
sisting of a mechanical mode coupled to an electromagnetic mode (EM) [44]. With
technological advancements, cavity optomechanical devices have been successful in con-
trolling the low-frequency mechanical mode down to their quantum regime [43]. Several
demonstrations pertaining to the quantum state preparation [45, 46, 50, 79] and entan-
glement [80, 81, 48, 49], signal transduction [82, 83, 84], and topological physics using
the mechanical modes have been shown [85, 86].

The coherent coupling rate characterizing the interaction between the EM mode (ωc)
and the mechanical mode (ωm), is a key figure of merit in such devices [44, 43]. The energy
dissipation rates of the two modes (κ, γm) capture the incoherent coupling with their
thermal baths. Based on the relative strengths of these rates, several interesting scenarios
are feasible. When the coherent coupling rate (g) exceeds the dissipative coupling rates
of the two modes (g � κ, γm), the two modes hybridize, resulting in new eigenstates
[87, 88]. Further, when the coherent coupling rate becomes a significant fraction of the
mode frequencies, the composite system enters the “ultrastrong coupling” (USC) limit
[89]. In this limit, the two modes hybridize in a non-trivial way leading to an entangled
ground state in the quantum regime [90, 91]. The USC limit has been experimentally
demonstrated in several systems where two modes interact nearly resonantly [78, 92].

In cavity optomechanical systems, however, the EM mode and mechanical mode inter-
act dispersively (ωc � ωm). The nonlinear radiation-pressure interaction can be described
by Hi/~ = g0a

†a(b+b†), where g0 is the single-photon coupling strength and a(b)’s are the
ladder operators for the cavity(mechanical) mode. In the presence of a strong coherent
pump, the interaction Hamiltonian can be linearized to Hi/~ ' g(a + a†)(b + b†), where
g = g0

√
nd is the parametric coupling rate and nd is the number of the pump photons

in the cavity. With the ability to control the parametric coupling rate, several regimes,
such as quantum coherent coupling, and steady-state quantum entanglement between the
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two modes can be reached [88, 93, 49]. Ultimately, due to the nonlinear nature of the
radiation-pressure interaction, the response becomes unstable as shown schematically in
Fig. 11.

Indeed, various phenomena in the unstable region such as limit cycle, period doubling
bifurcations, and chaos have been extensively studied [94, 95, 96, 97, 98]. Experimentally,
these effects have been primarily explored in the strong dissipative regime (ωm . κ)
or with the blue-detuned pump [99, 100, 101, 102, 103, 104, 105] (see Fig. 11). The
instabilities near the ultrastrong coupling limit, however, allow to explore the nonlinear
dynamics of the cavity optomechanical system in the weakly dissipative limit (γm, κ �
2g . ωm). The nonlinear dynamics with weak dissipation is unique and is predicted to
show transient chaos, quasi-periodic route to chaos and lower threshold powers for the
onset of chaos [106, 107].

3.3 Technical Details and results

We use a cavity electromechanical device in the microwave domain to probe the route
to chaos when it is operated into the USC limit. We first demonstrate the USC by
performing the spectroscopic and time-domain measurements. We probe the stability of
the device when the pump detuning near the red-sideband and injected power are varied.
The unstable region shows very rich phases in the parameter space, such as the self-
induced oscillation, period-doubling bifurcations, period-tripling oscillations, and chaotic
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behaviour [96, 106, 107]. We find that the measured threshold powers for the onset of
instabilities are lower than the ones predicted from a nonlinear model considering the
optomechanical interaction and a Kerr-term in the cavity.

We use the three-dimensional cavity-based platform to realize the cavity-electromechanical
device [29, 30, 31]. The waveguide cavity-based electromechanical device offers a higher
dynamic range for the pumped photons, which is highly desirable to reach the USC limit
[31, 32]. As shown in Fig. 14(a,b), the device consists of a rectangular waveguide cavity,
and a drumhead-shaped mechanical resonator in the form of a parallel plate capacitor
patterned on a sapphire chip. The patterned sapphire chip is placed at the center of the
cavity. The electrical pads to the drumhead are then directly wire-bonded to the cavity
walls to integrate with the cavity mode [31].

3.4 Device fabrication

The nanofabrication consists of several steps, which are described below. The details of
the fabrication processes are schematically illustrated in the Fig. 12. We begin with a
2-inch diameter double-side polished sapphire wafer and dice it into smaller substrates
of 5 × 8 mm2 size. Aluminium parallel plate capacitors are then fabricated onto these
substrates after cleaning.

Step-1 Substrate cleaning: These diced pieces are heated on a sample holder in
PG remover for 30 minutes at 80◦C and then rinsed with IPA. Samples are then dipped in
concentrated HNO3 for 10 minutes and followed by rinsing with DI water. The samples
are then cleaned in piranha solution for 10 minutes, followed by rinsing with DI water.

Step-2 Patterning of the base electrode: Cleaned wafer pieces are loaded in
an electron beam evaporator, and then 60 nm thin film of aluminium is deposited with
a deposition rate of 3 Å/s. Subsequently, the samples are spin-coated with photoresist
(S1813). We use a spin speed of 6000 RPM to minimise the edge bead. The resist-
coated samples are baked at 110◦C for 90 sec. The base electrode is patterned using a
MJB4 lithography tool, followed by development in a 4:1 solution of water and developer
AZ351B for 6-7 seconds. The exposed Al is etched with a 3:1 solution of H3PO4 and
HNO3 and rinsed with DI water. The samples are dipped in a 1:2 solution of MF26A
and water for 10 seconds to remove the Al oxide layer, followed by rinsing with DI water.
Removal of the photoresist is done in acetone for 5 minutes, followed by rinsing with IPA.
Further, the samples are exposed to O2 plasma with 50 W power for 1 minute to remove
any residue of photoresist.

Step-3 Patterning of the sacrificial layer: Silicon of 200 nm is deposited using
a sputtering machine followed by spin coating with photoresist AZ5214E at 6000 RPM
and followed by baking for 90 seconds at 110◦C. Similar to previous steps, the sacrificial
layer is patterned with MJB4 and developed in a 4:1 solution of water and AZ351B for
10-12 seconds. The exposed silicon is etched in a reactive ion etching machine with SF6

gas for 2 minutes, followed by photoresist removal in 80°C hot PG remover for 30 minutes.
The sample is again exposed to O2 plasma with 50 W power for 2 minutes to remove any
residue of photoresist.

Step-4 Patterning of the top electrode: A 100 nm thick film is deposited on the
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Figure 12: A schematic of the fabrication process summarizing the key steps

samples using the sputtering technique. Patterning of the top electrode follows the exact
same procedure as the bottom electrode.

Step-5 Etching of the sacrificial layer and release of the drum: To avoid any
electrostatic effect leading to the collapse of the drum, we shorted the two electrodes of
the sample using a wire bond before the release process. The Si-sacrificial layer is etched
using a high-pressure SF6 etch in a reactive ion system. The following are the typical
RIE etch parameters: 50W RF power, 95 mTorr chamber pressure, 100 sccm flow rate of
SF6, seven cycles of 8 mins of etching process with 2 mins break between each cycle.

3.5 Measurement setup

Fig. 13(a) shows the measurement set up for the optomechanically induced absorption
technique. We use a red detuned strong pump generated by a signal generator (R&S -
SMF100A) and a probe tone near the cavity resonance frequency provided by a vector
network analyser (R&S - ZNB20). The time base of both the signal generators are
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Figure 13: Setup for (a) spectroscopy and (b) time-domain measurements.

synchronized by an external 10 MHz clock. We use a directional coupler at the input
to combine both the signals. The input signal goes through a series of attenuators at
different cooling stages in the dilution refrigerator before reaching the input of the cavity.
The output from the cavity gets amplified by a HEMT amplifier at the 4 K stage before
reaching the input of the vector network analyser.

Fig. 13(b) shows the time domain measurement setup used to perform the optome-
chanical swap. The pump is pulse-modulated using a trigger. The pulse-modulated
pump output is then added to the probe signal. To maintain vector control over the
probe signal, we use a home-built IQ-modulation-demodulation box based on IQ-mixer
(Marki-IQ4509) for up-conversion, and a Mini-Circuits-ZMX-10G+ three-port mixer for
down-conversion. The base-band signals for the probe are generated from the 2-channel
outputs of a lock-in amplifier (Zurich instruments - UHFLI). The demodulated RF out-
put from the demodulator box is sent to the lock-in amplifier’s inputs to record the
quadratures I(t) and Q(t).

The sample-mounted cavity is cooled down to 20 mK in a dilution fridge. Fig. 14(c)
shows the measurement of the cavity transmission at the base temperature. The bare
cavity is designed to have the fundamental resonant mode frequency of 7.5 GHz. How-
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Figure 14: a) Image of the waveguide cavity along with a patterned mechanical resonator
on the sapphire chip. The cavity has dimensions of 26 × 26 × 6 mm3. b) False color
image of the mechanical resonator forming a parallel plate capacitor with another plate
on the substrate. The separation between the capacitor plates at room temperature is
approximately 200 nm. The capacitor leads are connected to the cavity walls via multiple
wirebonds to the electrodes. c) Measurement of the transmission coefficient |S21| of the
device at the base temperature. The inset shows the equivalent circuit diagram of the
cavity electromechanical device.

ever, the electromechanical capacitor perturbs the mode shape significantly, and lowers
the mode frequency to ωc/2π ≈ 4.86 GHz. The reduction in the resonant frequency of the
cavity results from the electromechanical capacitance and the inductance of the connect-
ing electrodes introduced after the addition of a patterned sapphire chip. We measure the
input, output, and the internal dissipation rates of κe1/2π ≈ 90 kHz, κe2/2π ≈ 190 kHz,
and κi/2π ≈ 100 kHz, respectively. At low temperatures, we estimated that the gap
between the electromechanical capacitor plates reduces to approx. 32 nm due to thermal
contraction [47, 108], which helps in achieving a single photon coupling rate g0/2π of
165 Hz.

3.6 Demonstration of the ultrastrong coupling regime

We measure the transmission coefficient |S21(ω)| through the cavity using a weak probe
tone while injecting a pump detuned near the red sideband ωc − ωm. At relatively lower
pump powers, the optomechanically induced absorption (OMIA) setup allows us to de-
termine the mechanical frequency ωm/2π ≈ 6.32 MHz [109]. At relatively higher pump
powers, the response turns into two well-separated peaks confirming the new eigenmodes
of the system as shown in Fig. 18(a). The peak separation being 0.81ωm marks the ultra-
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Figure 15: Demonstration of the ultrastrong coupling: (a) The normalized magni-
tude of the cavity transmission |S21(ω)| (red-circles) while applying a strong pump near
the red-sideband. The black line shows the calculated |S21(ω)| while including the static
Kerr shift of the cavity. (b) The colorplot of measured |S21(ω)| as the pump frequency ωd
is varied at a fixed pump power. The black arrow shows the position of the pump signal,
while the red arrow indicated another weakly coupled mechanical mode. (c) Colorplot of
|S21(ω)| obtained from the calculations. (d) Measurement of the transmission amplitude
in the time domain while modulating the interaction strength. The pump frequency is
set near the lower mechanical sideband. A weak probe signal near ωc is used to measure
the cavity transmission continuously. The gray curves represent the steady-state cavity
transmission |S21(ω)| in the frequency domain.
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strong coupling between the mechanical resonator and the cavity. The transmission mea-
surement shows the presence of an additional weakly coupled mechanical mode, indicated
by the red arrow. Two more features arising from the interference of the down-scattered
pump signal and the probe signal can be seen. Fig. 18(b) shows the measurement of |S21|
as the frequency of the pump is varied while maintaining a constant power at the signal
generator.

The presence of a strong intracavity pump-field leads to a static shift of the equilibrium
position of the mechanical resonator, given by xs = (2g0nd/ωm)xzp, where xzp is the zero-
point motion of the mechanical resonator. The shift in the equilibrium position of the
mechanical resonator leads to a Kerr shift of the cavity frequency by −2g2

0nd/ωm. The
total shift in the cavity frequency comes from the static nature of the radiation-pressure
force and non-linear kinetic inductance of the superconducting film. We emphasize here
that at high pump powers, the Kerr shift of the cavity becomes significant, and it must be
considered to capture the cavity transmission faithfully. In this case, we found a cavity
shift of ∼1.76 MHz at the maximum pump power used in the experiment. It corresponds
to an optomechanical Kerr coefficient of 8.6 mHz/photon and a kinetic inductance Kerr
coefficient of approx. 5 mHz/photon at the maximum pump power.

To theoretically model the cavity transmission, we expand the interaction Hamilto-
nian, Hi around the mean field of the pump and obtain the quantum-Langevin equations
of motion. Without using the rotating-wave approximation and by retaining the static
Kerr shift of the cavity frequency, the steady-state response can be obtained from the in-
verse of the mode-coupling matrix. The solid line in Fig. 18(a) and colorplot in Fig. 18(c)
show the calculated transmission coefficient using the experimentally determined device
parameters. While in general, additional weakly coupled mechanical modes can also be
included in the calculations, we neglect them here for simplicity.

The onset of the strong-coupling, allows a coherent swap of the excitations between
the cavity and the mechanical mode. It thus enables the high-speed optomechanical
swap gates in the ultrastrong coupling limit. To explore the maximum speed of the
optomechanical swap, we perform time domain measurements in this limit. We modulate
the interaction strength g(t), which is controlled by the amplitude of the pump tone.
The transmission through the cavity is monitored by applying a weak continuous probe
signal near ωc. To demodulate the probe signal, we first mix it down using an external
mixer and then sending it to a high-speed lock-in amplifier to further demodulate the
quadratures with a short integration time (100 ns).

Fig. 18(d) shows the measurement of the magnitude of the demodulated signals
(I(t), Q(t)) as the interaction strength g(t) is modulated. For this measurement, the
interaction strength is modulated to 1.55 MHz. The probe frequency is detuned from
the cavity resonant frequency by (ωp − ωc)/2π = 372 kHz. Therefore, the transmission
is small even when the pump tone is off (t < 0). In the steady-state when the pump is
turned on (t ≈ 10 µs), the transmission is low again due to the formation of mechanical-
polariton modes. Due to the strong static Kerr shift of the cavity, the probe tone appears
approximately to the center of splitted peaks, and therefore results in a low transmission.

When interaction is just switched on, the transient response shows the oscillations
arising from the coherent energy exchange between the mechanical and the cavity modes.
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Table 2: Key device parameters
Description Parameter Value Unit
Cavity frequency ωc 4.86 GHz
Microwave input coupling rate κe1 90 kHz
Microwave output coupling rate κe2 190 kHz
Cavity linewidth κ 380 kHz
Mechanical frequency ωm 6.32 MHz
Mechanical dissipation rate γm 20 Hz
Single photon coupling rate g0 165 Hz

The oscillation frequency of 3.1 MHz corresponds to the characteristic swap time of 160 ns.
The amplitude of the oscillations decays at a rate ' κ/4 set by joint dissipation of the
two polaritons. When the pump is turned off, the energy stored in the two polariton
modes reemerges near the probe frequency, and the amplitude decays at κ/2. It might be
important to remark here that as we operate in the sideband-resolved limit (ωm/κ = 16.5),
the probe and pump microwave fields do not spectrally overlap despite a sharp pulse
modulation of the input pump field.

3.7 Key device parameters

Table 2 lists some key device parameters extracted from various experiments. Calibration
of the external coupling rates of the microwave input and output ports (κe1 and κe2) is
performed in a separate cooldown where we measured the reflection coefficients from both
microwave ports using two separate HEMT amplifiers.

3.8 Parametic instabilities near ultrastrong coupling

After establishing the USC in the present experiment, we now discuss the parametric
instabilities arising at the high pump powers. At the core of it, the instabilities stem from
the nonlinear interaction between the microwave field and the mechanical motion. To
experimentally investigate the phase space of the parametric instabilities and their nature,
we measure the microwave power spectral density (PSD) using a spectrum analyzer while
varying the pump power Pi and pump detuning ∆ = (ωd − ωc). As Pi is increased, the
self-induced oscillations appear as multiple peaks separated by ωm in the microwave PSD.
Fig. 16(a) shows the PSD of different kinds of responses. The first (top) panel corresponds
to the instability due to the self-induced oscillations where the peaks are separated by ωm.
The second panel corresponds to the 1st period-doubling bifurcations (PDB), where the
peaks are separated by ωm/2. The third panel shows the period-tripled oscillations where
the peaks are separated by ωm/3. The fourth panel shows the response where the power
is uniformly distributed over a broad range of frequency, corresponding to the chaotic
response. These different phases of unstable response are summarized in Fig. 16(b). The
gray-color region represents the parametrically unstable response. The boundary of the
gray region marks the threshold power for the self-induced oscillations. With decrease in
∆, the circulating power in the cavity decreases, and the threshold power for the onset
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Figure 16: Instabilities near the ultrastrong coupling: (a) Measurement of the sin-
gle sideband microwave power spectral density (PSD) for different injected pump powers
Pi. The panels from top to bottom show the self-induced oscillations, first period-doubling
bifurcations, period tripling oscillations, and the chaotic behaviour. (b) The gray region
represents the boundary of self-induced oscillations. The black circles are the experimen-
tally measured points. At higher injected pump powers, the region of period-doubling
bifurcations is represented by the green region. The period tripled oscillations are shown
by the red-colored region. The region of chaotic behaviour is shown by the cyan-colored
region. Experimentally measured points are shown by the circles of different colors. The
solid blue line and the dashed lines show the unstable boundary obtained from the theo-
retical calculation.
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of the instability increases. The regions of 1st-PDB, period tripled oscillations and chaos
are color-coded within the unstable region.

To understand these results, we use the classical nonlinear dynamics approach. We
start with the full cavity optomechanical Hamiltonian i.e. Hi/~ = g0â

†â(b̂ + b̂†). In
addition, motivated by the observation of period-tripling oscillations and the relevance
of the kinetic inductance at the high pump powers, we include a weak nonlinear term in
the cavity Hamiltonian, given by −(αc/2)(â†â)2. Using the semi-classical approximation,
we obtain the classical equations of motion (EOM) for the cavity and the mechanical
quadratures. From EOMs, we find the fixed points and perform a linear stability test,
which is similar to the Routh-Hurwitz criteria, i.e. the solutions are stable iff all the
eigenvalues of the evolution matrix of small perturbations around the fixed points have
a negative real part [110]. The detailed calculations are summarized in the next section.

3.9 Calculations of the cavity transmission

The Hamiltonian for an optomechanical cavity system is given by

H̃ = ~ωc(x̂)(n̂+ 1/2) + ~ωm(b†b+ 1/2), (18)

where the operator b(b†) is the annihilation(creation) operator for the mechanical res-
onator, and ωc(ωm) represents the resonant frequency of the microwave cavity (mechani-
cal resonator). The operator n̂ is the photon number operator for the microwave cavity.
The resonant frequency of the microwave cavity depends on the gap between the capacitor
plates. As the bottom plate is fixed, the microwave cavity’s resonant frequency depends
on the top plate’s position (mechanical oscillator), which is freely suspended. When the
amplitude of the mechanical oscillator is small, we can expand ωc(x̂) ' ωc − g0x̂/xzp,

where xzp =
√
~/2mωm is the vacuum fluctuations of the mechanical oscillator, g0 is the

single photon coupling strength, and m is the mass of the mechanical resonator.

With a pump tone at ωd = ωc + ∆, the cavity gets populated with nd coherent
microwave photons with the pump tone frequency. The number of photons inside the
cavity after writing in terms of mean coherent amplitude

√
nd and fluctuating term â

becomes

n̂ = (
√
nde

iωdt + â†)(
√
nde

−iωdt + â) = nd +
√
nd(â

†e−iωdt + âeiωdt) + a†a. (19)

Thus, the resultant Hamiltonian can be written as,

H̃ = ~ωcnd + ~ωcâ†â+ ~ωc
√
nd(âe

iωdt + â†e−iωdt)− ~g0nd(b̂
† + b̂)+

~g(â†e−iωdt + âeiωdt)(b̂† + b̂) +
~
2
g0(b̂† + b̂)− ~g0(b̂† + b̂)â†â+ ~ωmb̂†b̂.

To get the equation of motion for the coupled system, we use the Heisenberg-Langevin
approach to get

˙̂a = −κ
2
â+
√
κe1âin − iωc

√
nde

−iωdt + ig0(b̂† + b̂)â+ ig(b̂† + b̂)e−iωdt − iωcâ, (20)
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˙̂
b = (−iωm −

γm
2

)b+ ig0â
†â+

√
γmb̂in + ig0nd + i

√
ndg0(âe−iωdt + â†e−iωdt), (21)

where κe1 is the external coupling rate of the cavity, γ is the mechanical dissipation rate,
and âin(b̂in) is the input noise operators for the microwave (mechanical) field.

Taking the Fourier transform of the equation of motions and putting them in a com-
pact matrix form, we get

C(ω)


â(ω + ωd)

b̂(ω)
â†(ωd − ω)

b̂†(−ω)

+


−ωc
√
ndδ(ω)

g0ndδ(ω)
ωc
√
ndδ(ω)

−g0ndδ(ω)

 =


i
√
κe1âin(ω + ωd)

i
√
γmb̂in(ω)

i
√
κe1â

†
in(ωd − ω)

i
√
γmb̂

†
in(−ω)

 . (22)

The mode-coupling matrix C(ω) is given by

C(ω) =


χa
−1(ω + ωd) g 0 g

g χb
−1(ω) g 0

0 −g −χa−1(ωd − ω)∗ −g
−g 0 −g −χb−1(−ω)∗

 , (23)

where
χa(ω) = 1/(ω − ωc + iκ/2), (24)

χb(ω) = 1/(ω − ωm + iγm/2) (25)

are the complex susceptibility functions for the cavity and mechanical mode, respectively.

We use optomechanically induced absorption (OMIA) to couple the cavity and me-
chanical motion and get the resultant response of the dressed mode. Here, we provide
a strong red-detuned pump at a frequency ωc − ωm and a weak probe tone near cavity
resonance frequency, ωc. The resultant transmission through the cavity at a frequency ω
is then given by

T (ω) = i
√
κe1κe2χ

eff
a (ω), (26)

where χeffa (ω) is given by (C−1(ω))11, κe1(κe2) is the input(output) coupling rate.

3.10 Linear Stability test (Routh-Hurwitz stability criteria)

To understand the instabilities at large pump powers, we consider the optomechanical
Kerr-nonlinearity and the kinetic inductance of aluminium film. We start with the full
optomechanical Hamiltonian in the rotating frame of the pump frequency. It can be
written as,

H = −∆â†â− αc
2
â†â†ââ+ ωmb̂

†b̂− g0â
†â(b̂+ b̂†) + iE(â+ â†), (27)

where αc is the Kerr-coefficient to model the kinetic inductance. Using the Heisenberg-
Langevin approach and the semi-classical approximation, the equations of motions can
be written as,

α̇ = (i∆− κ

2
)α + iαc |α|2 α + ig0α(β + β∗) + E, (28)
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β̇ = −(iωm +
γm
2

)β + ig0 |α|2 , (29)

where E =
√
κe1 âin, α = 〈â〉 and β = 〈b̂〉. By representing α and β in the complex form,

we get
α = x+ iy, (30)

β = p+ iq. (31)

Therefore,

ẋ = f1(x, y, p, q) = −κ
2
x−∆y − 2g0py − αcy(x2 + y2) + E, (32)

ẏ = f2(x, y, p, q) = ∆x− κ

2
y + 2g0px+ αcx(x2 + y2), (33)

ṗ = f3(x, y, p, q) = −γm
2
p+ ωmq, (34)

q̇ = f4(x, y, p, q) = g0x
2 + g0y

2 − ωmp−
γm
2
q. (35)

Following the approach used in Ref. [96, 107], we obtain the fixed points of the system
by setting the first derivative of the real and imaginary parts of both α and β to zero,
i.e. ẋ = ẏ = ṗ = q̇ = 0. Combining Eq. 32 and Eq. 33 and representing x, y, q in terms
of p, we get

x =
κ

2

E

A2 + (κ
2
)2
, (36)

y =
A E

A2 + (κ
2
)2
, (37)

q =
γm

2ωm
p, (38)

where
A = ∆ +B p (39)

and

B =

[
2g0 +

αc
g0

(ωm +
γ2
m

4ωm
)

]
. (40)

Substituting the above calculated values of x, y, q in Eq. 35, we get a cubic polynomial
equation,

B2

(
ωm +

γ2
m

4ωm

)
p3 + 2B∆

(
ωm +

γ2
m

4ωm

)
p2 +

(
∆2 +

κ2

4

)(
ωm +

γ2
m

4ωm

)
p− g0E

2 = 0.

(41)
The roots of the polynomial will give the fixed point solutions for x, y, q. Considering
the roots to be (x̄, ȳ, p̄, q̄), the nature of the fixed points can be understood by consid-
ering the time evolution of a small perturbation around these points. We define a small
perturbation around the fixed points as Zi = ki− k̄i, where i = 1, 2, 3, 4 corresponding to
(k1, k2, k3, k4) ≡ (x, y, p, q).

To obtain the time evolution of Zi, we solve Żi = k̇i = fi(x, y, p, q) by expanding the
fi polynomials around the fixed point and retaining the first-order terms as shown below:
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fj(x, y, p, q) ≈ fj

∣∣∣
x,y,p,q=x̄,ȳ,p̄,q̄

+
∑

k=x,y,p,q

(ki − k̄i)
∂fj
∂ki

∣∣∣
x,y,p,q=x̄,ȳ,p̄,q̄

. (42)

This allows us to obtain the four coupled equations of motion for the small perturba-
tions around fixed points as,

d

dt


Z1

Z2

Z3

Z4

 =


∂f1
∂x

∂f1
∂y

∂f1
∂p

∂f1
∂q

∂f2
∂x

∂f2
∂y

∂f2
∂p

∂f2
∂q

∂f3
∂x

∂f3
∂y

∂f3
∂p

∂f3
∂q

∂f4
∂x

∂f4
∂y

∂f4
∂p

∂f4
∂q



Z1

Z2

Z3

Z4

 . (43)

Upon substituting the values of fi’s, and evaluating the derivative at the fixed points, we
get

d

dt


Z1

Z2

Z3

Z4

 = S


Z1

Z2

Z3

Z4

 , (44)

where the evolution matrix S is given by

S =


−κ

2
− 2αcx̄ȳ −∆− 2g0p̄− αcx̄2 − 3αcȳ

2 −2g0ȳ 0
∆ + 2g0p̄+ 3αcx̄

2 + αcȳ
2 −κ

2
+ 2αcx̄ȳ 2g0x̄ 0

0 0 −γm
2

ωm
2g0x̄ 2g0ȳ −ωm −γm

2

 (45)

The solution of the matrix equation will have the following form,

Z(t) =
4∑
i=1

ciWi expλit, (46)

where ci’s are the constants of integration, Wi’s and λi’ are the eigenvectors and eigen-
values of the matrix S.

From Eq. 46, it is evident that stable solutions are only possible iff all the eigenvalues
have a negative real part. To cross-check the results from the nonlinear optomechanically
coupling can be obtained in a straightforward manner by setting αc to zero, as given by,

d

dt


Z1

Z2

Z3

Z4

 =


−κ

2
−∆− 2g0p̄ −2g0ȳ 0

∆ + 2g0p̄ −κ
2

2g0x̄ 0
0 0 −γm

2
ωm

2g0x̄ 2g0ȳ −ωm −γm
2



Z1

Z2

Z3

Z4

 . (47)

Results of these calculations in different limits are shown in Fig. 16(b). We also
include a dimensionless power P = 8g2

0n0/ω
4
m on the right y−axis, where n0 is defined as

the number of photons when the pump is set at the cavity frequency [96, 107]. Clearly,
the threshold power estimated from the calculations is larger than the one measured in
the experiment. For comparison, the instability boundary obtained while considering the
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optomechanical Kerr nonlinearity alone (αc = 0), and two non-zero values of αc/2π =
5, 12.5 mHz/photon are also included. We note that even a significantly higher value of
αc does not fully explain the experimental findings suggesting a different origin. Thus,
the nonlinearities arising from the optomechanical interaction and the kinetic inductance
do not completely capture the threshold for the unstable region when a linear stability
test is applied.

In addition, the numerical calculations do not show the period-doubling bifurcations
or chaotic behaviour for the pump parameters used in the experiment. In numerical cal-
culations, these effects appear at higher powers than the ones observed in the experiment.
It thus provides the first experimental evidence that the route to chaos in the USC limit or
equivalently in the weakly dissipative limit is different from the previously studied cases.
It suggests that the role of thermal fluctuations, and residual weak nonlinear coupling
terms might be relevant in determining the boundary of the unstable region [111, 112].
In particular, during the transitions from self-oscillation to period-doubling oscillation
and subsequently to chaotic regions, the mechanical mode remains in a high amplitude
state. In this case, the role of mechanical Duffing nonlinearity, and resonantly-induced
negative dissipative might become important [113].

3.11 Summary

We have demonstrated the ultrastrong coupling using a superconducting waveguide cavity
and a mechanical resonator, where splitting of the mechanical polaritons becomes nearly
81% of the mechanical frequency. In time-domain, we measure optomechanical swap time
of 160 ns, which is nearly 16 times shorter than the smallest dissipation time in the device.
With suitable modification to the thermalization of the microwave signals, the cavity can
be operated in the quantum limit. It would enable a wide variety of experiments such
as the entangled ground state properties of the cavity and the mechanical resonator
[92], and high speed optomechanical gates [108]. Using the pump in a pulse mode,
the parametric coupling can be pushed beyond the USC regime [91, 114]. In addition,
the microwave frequency comb generated using the optomechanical-nonlinearity can be
a valuable resource for sensing applications [106]. The experiment here, for the first
time, explores the unstable response in the steady-state in the weakly dissipative limit
[107]. Clearly, the theoretical model based on optomechanical and kinetic inductance
nonlinearity does not account for the lower threshold powers observed in the experiment.
It thus opens up the possibility to further explore the role of quantum fluctuations [96],
and other weak residual couplings in the interaction Hamiltonian [111].
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4 Progress report: January 2023 - August 2023

4.1 Executive summary

Cavity electromechanical systems are extensively used for sensing and controlling the
vibrations of a mechanical mode down to their quantum limit. We demonstrate a flux-
coupled electromechanical device, where a qubit-cavity dressed mode is used to achieve a
magnetic-field-dependent electromechanical coupling. It is established by performing an
electromechanically-induced transparency experiment with a dressed-mode occupation
of 6×10−3 photon. We reach the single-photon coupling rate of 60 kHz, which is nearly
1.5% of the mechanical mode frequency. With increase in the pump strength, the dressed-
mode shows the signature of “super-splitting”, and strong backaction on the mechanical
resonator. It is reflected in the broadening of the mechanical linewidth by a factor of
42 while using fewer than 1 photon in the dressed mode. The manifestation of strong
backaction on the mechanical resonator in the sub-photon regime takes us one step closer
to the nonlinear quantum optomechanics regime.

4.2 Introduction

Light carries momentum, and it can be used to control and manipulate the motion of a me-
chanical resonator down the quantum regime [44]. Such control over the motional states
is essential for the technological advancement as well as to probe the fundamental physics
[115, 116]. One of the leading platforms for light-matter interaction is electromechanical
devices, where an electromagnetic(EM) mode is coupled to a mechanical resonator [44, 6].
In the microwave domain, the vibrations of the mechanical resonators are integrated into
the EM mode using different strategies like the piezoelectric effect, and the charge modu-
lation. Such devices have been quite successful in demonstrating the sideband cooling of
the mechanical resonator to the ground state [45], precise measurement beyond standard
quantum limit [117], preparation of non classical states [47, 108, 118, 119], entanglement
between two mechanical oscillators [49, 50], and the parametric ultra-strong coupling
[32, 120].

Another fundamentally different way to couple the mechanical resonators to an EM
mode is to use magnetic flux modulation via Josephson inductance [121]. Apart from pro-
viding the electromechanical coupling, the nonlinear nature of the Josephson inductance
can be a valuable resource. Indeed, recent experiments have shown large electromechan-
ical coupling rates [65, 68, 66] and the near ground state cooling of the mechanical res-
onator by four-wave-mixing [69], and by Kerr-enhanced techniques [122]. Further, such
flux-coupled electromechanical devices have been proposed to reach the single-photon
strong coupling regime using its linear scaling with the magnetic field [123, 55, 74]. Thus
far, most of these experiments have largely focused on the weak participation of the
Josephson inductance to the total inductance of the EM mode. In such a limit, the dy-
namics can largely be understood by treating the EM mode as a weak-Kerr oscillator, or
by considering the Kerr quasi-modes [69, 122].

Here, we demonstrate an electromechanical device using a linear cavity, a frequency
tunable transmon qubit, and a mechanical resonator. The transmon qubit is realized
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by dc-SQUID, shunted by a suitable capacitance, and the mechanical resonator is im-
plemented as a suspending arm of the SQUID loop [68]. Tuning of the transmon qubit
in resonance with the cavity results into the formation of the new eigenstates due to
the designed strong coupling. Both the new eigenstates show the flux-tuning, and share
the nonlinearity of the Josephson inductance, referred as Jaynes-Cummings nonlinear-
ity [124, 125]. In the low dissipation limit and at higher powers, the dressed mode can
get further dressed with the drive photons and can exhibit multiple-peaks, sometimes
referred to as “super-splitting”, which at sufficiently large drive powers converge to the
bare linear cavity mode [126, 127]. Thus, at high powers, the dynamics of the dressed
mode is remarkably different than of a weak-Kerr oscillator, which shows the frequency
softening and bifurcation.

The experiment discussed here uses the flux-tunability and the non-trivial high power
response of the dressed mode and investigate its backaction on the mechanical resonator.
We observe interference feature in EIT-like measurement scheme while having mean oc-
cupation of the dressed mode as low as 0.01 photons and estimate single photon elec-
tromechanical rate up to 60 kHz. At high pump powers, we observe the signature of
super-splitting of the dressed mode, and a strong back-action on the mechanical mode.
Further, we conclusively show that a model based on the Kerr-nonlinearity is not sufficient
to explain the experimental observations.

4.3 Device concept

Our device consists of a frequency tunable transmon qubit, enabled by a SQUID loop,
and it couples to a coaxial cavity. Fig. 17a shows the schematic design of the device. The
coaxial cavity is placed inside a 2-axis vector magnet, allowing us to control the axial
and the normal components of the magnetic field independently. The cavity is machined
from oxygen-free high thermal conductivity copper, and has a bare resonance frequency
of 5.846 GHz. The qubit is fabricated on an intrinsic silicon chip using electron beam
lithography(EBL), followed by a shadow evaporation of aluminium and in situ oxidation.
To achieve a larger critical in-plane magnetic field, we use 28 nm thin Al film to fabricate
the device[77]. The mechanical resonator is realized by suspending one of the arms of the
SQUID loop by selective isotropic dry etching of the silicon substrate. The transmon is
designed to have a maximum frequency of 7.4 GHz, which can be tuned by varying the
external magnetic flux through the SQUID loop.

A false color scanning electron microscope image of the SQUID loop with the sus-
pended mechanical resonator is shown in Fig. 17b. The patterned chip is placed inside
the coaxial cavity and cooled down to 20 mK in a dilution refrigerator. Since super-
conducting films show more resilience to the in-plane magnetic field [77], we focus on
the electromechanical coupling of the out-of-plane vibrational mode of the mechanical
resonator. Further, by using the control over the normal component of the magnetic
field, we can cancel any out-of-plane component of the magnetic field arising from the
misalignment between the axial field and SQUID plane.

When the qubit is made resonant with the cavity, new eigenstates emerge, which are
the symmetric and anti-symmetric combination of single excitation states of the qubit
and cavity, denoted by |+〉 and |−〉 in Fig. 17c. As mentioned earlier, these eigenstates
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Figure 17: Device concept: (a) A schematic view of a quarter wavelength coaxial cavity
(in red) coupled to a transmon qubit (in yellow). The two pads provide the shunting
capacitance to the transmon as well as providing coupling to the fundamental mode of
the cavity. The axial and normal components of the magnetic-field are denoted by B‖

and B⊥, respectively. (b) A false-color scanning electron microscope image of the SQUID
loop with embedded mechanical resonator. The two Josephson junctions and part of the
suspended beam can be seen. Thin Al film and the silicon substrate are shown in pink
and gray colors, respectively. The selectively etched region of silicon is shown by the cyan-
colored region. The mechanical resonator has dimensions of 40 µm×200 nm×28 nm. (c)
The energy-level diagram depicts the vacuum Rabi splitting. The cavity and transmon
frequencies are denoted by ωc and ωq, respectively. In the resonant limit ωq ' ωc, the
transition frequencies of the vacuum Rabi split modes are indicated by ω+ and ω−. (d)
Colorplot of the cavity voltage transmission |S21| when flux through the SQUID loop is
varied. (e) The panel shows two linecuts from panel-d, corresponding to Φ/Φ0 = 0.5 and
Φ/Φ0 = 0.27 in yellow and green color, respectively. The solid-lines are the fitted curves.
At Φ/Φ0 = 0.5, the qubit significantly detuned from the cavity, and a nearly “cavity-like”
mode is observed. For Φ/Φ0 = 0.27, the qubit and cavity become nearly resonant, and
transmission measurement shows the vacuum Rabi split peaks.
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retain the flux-tunability of the qubit and the Josephson nonlinearity is distributed in
both the modes. Thus, each dressed mode can be treated as an effective two-level system
and can be used for the electromechanical coupling. Considering the higher frequency
dressed mode alone, the effective Hamiltonian can be written as,

H ' ω+Σz + ωmb
†b+ g+Σz(b+ b†), (48)

where ω+, ωm, and g+ are dressed mode frequency, mechanical mode frequency, and
single-photon electromechanical coupling rate, respectively. The ladder operators for the
mechanical mode, and the Pauli operator for the dressed mode are denoted by b(b†), and
Σz, respectively.

4.4 Measurements

We begin by measuring the voltage transmission |S21(ω)| through the cavity while varying
the magnetic flux through the SQUID loop. Depending on the flux passing through
the SQUID loop, the qubit frequency can vary from its maximum value to a minimum
value. Fig. 17d shows the color plot of the cavity transmission. As the qubit is brought
in resonance with the cavity, the measured transmission splits into two well-separated
dressed modes as shown in Fig. 17e, demonstrating the strong coupling. Provided low
strength of the input power, the dressed cavity mode for Φ/Φ0 = 0.5, and the vacuum
Rabi-split peaks(VRS) for Φ/Φ0 = 0.27 have the characteristic Lorentzian lineshape.
From the separation of VRS, we infer the strength of the qubit-cavity coupling to be
72 MHz. The reduction in the peak height of VRS in resonant condition suggests that
energy dissipation via the qubit dominates over the cavity dissipation rate (κ), i.e. (Γ1/2+
Γφ)� κ, where Γ1 and Γφ are the energy relaxation and the pure dephasing rates of the
qubit, respectively.

For the out-of-plane vibration mode of the mechanical resonator, the single-photon
electromechanical coupling rate g+ can be written as g+ = αG+B

‖lxzp, where G+ =
dω+/dΦ is the flux responsivity of the upper dressed mode, B‖ is the axial component of
the applied magnetic field, xzp is the quantum zero-point fluctuations of the mechanical
resonator and α is a geometrical factor of order unity and depends on the mechanical
modeshape. It is evident that higher single-photon electromechanical coupling rate can
be achieved by increasing the flux-responsivity and magnetic field B‖. As evident from
Fig. 17d, the increased flux-responsivity of the dressed mode comes at a cost of reduced
transmission. Therefore, we choose an optimal operating point on the upper dressed mode
ω+/2π = 5.884 GHz, which corresponds to the flux responsivity G+/2π ≈ 1.85 GHz/Φ0,
and proceed to determine the electromechanical coupling.

4.5 Flux-mediated electromechanical coupling

To probe the electromechanical coupling between the dressed mode and the mechanical
resonator, we use the technique utilized for electromagnetic induced transparency (EIT)
experiment in the atomic physics [128]. Its mechanical analog in a cavity optomechanical
devices, known as optomechanically induced transparency (OMIT) [109]. Fig. 18a shows
the schematic of the different transitions involved in the measurement. In this technique,
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Figure 18: Electromechanically induced absorption (EIA): (a) Pump and probe
scheme for the EIA experiment. Energy levels of the system and the corresponding
drives are shown. The state |+,m〉 denotes one excitation is in the dressed mode, and m
excitation in the mechanical resonator. The pump and probe signals are shown by the
red and green arrows, respectively. The pump frequency ωd is kept fixed and the probe
frequency ωp is swept to measure |S21(ω)| of the dressed mode. (b) |S21(ω)| measured in
the absence of the pump signal, showing the linear response of the dressed mode. The
solid-black line is a Lorentzian fit to the response. (c) Variation of Γm is plotted with
mean photon occupation of the dressed mode nd, along with a straight line fit (shown in
solid-black line) yielding the single-photon electromechanical coupling rate g+ ∼ 35 kHz.
The experiment is done with a dressed mode frequency ω+/2π ∼ 5.884 GHz and axial
magnetic field B‖ ∼ 27 mT. (d) Experimentally determined electromechanical coupling
rate for three different values of the applied magnetic field B‖. While increasing B‖, the
flux-responsivity is nominally kept constant by adjusting B⊥.
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Figure 19: Dynamical backaction on the mechanical resonator: Optomechanical
damping and spring-shift is plotted with pump detuning. From left to right panel the
pump power is increased, which results into stronger backaction. For these measurements,
the dressed mode is tuned to ω+/2π ∼ 5.8734 GHz and the axial magnetic field is set to
B‖ ∼ 18 mT. These parameters correspond to a coupling strength of g+/2π ∼ 17 kHz.
The solid circles are the experimental data points. The dashed lines are the results from
the theoretical calculations based on a Kerr-like oscillator. The solid-black lines are the
results from similar calculations except the circulating power in the dressed mode is ob-
tained from the experiment. The details of both the calculations are given in Supporting
Information. The shaded regions denote the cooling and unstable response of the me-
chanical resonator.
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two coherent signals are sent to the device, i.e. a pump signal at (ω+−ωm) which drives
the |0,m+ 1〉 ↔ |+,m〉 transition, and a weak probe signal at ωp (near ω+) to measure
the transmission.

Without the pump, the voltage transmission |S21(ωp)| has a linear response with char-
acteristic Lorentzian lineshape as shown in Fig. 18b. In the presence of the pump, an
absorption feature appear in the transmission spectrum. It arises from the destructive
interference of the probe field from two different pathways [129, 109]. We emphasize that
due to a high anharmonicity of the dressed mode and low pump strengths used in the
experiment, the interference feature effectively arises dominantly from the participation
of ground and first excited states of the upper dressed mode, denoted by |0〉 and |+〉,
respectively. The shape of the absorption feature is determined by the response of the
mechanical resonator and can be used to extract its resonant frequency and effective dis-
sipation rate. We estimate the mechanical resonant frequency to be ωm/2π ≈ 3.97 MHz.

The mechanical resonator further experiences back-action in the presence of pump
signal, and it manifests in the enhanced linewidth of the interference feature. Fig. 18c
shows the change in the linewidth of interference feature for different strengths of the
pump signal. The effective linewidth of the absorption signal is given by Γm = γm(1 +C)
[53], where γm is intrinsic mechanical linewidth, C = 4g2

+nd/(κγm) is the optomechanical
cooperativity and κ is the energy decay rate of the dressed mode. The quantity nd
represents the mean circulating power in the dressed mode in the units of ~ωd equivalently,
the mean photon occupation of the dressed mode. It can be calibrated to a good accuracy
by tuning the qubit in the dispersive regime, and performing ac-Stark shift measurements.

As shown in Fig. 18c, the plot of the effective mechanical linewidth Γm with nd
yields the slope 4g2

+/κ, and thus g+ . From the slop, we estimated the single-photon
electromechanical coupling rate g+/2π ∼ 35 kHz, obtained at the axial field of B‖ ∼
27 mT. The intercept of the straight line fit in Fig. 18c gives the intrinsic mechanical
linewidth γm/2π ∼ 13 Hz. Further, at the lower magnetic fields and lower flux responsive
operating points, we measure an intrinsic mechanical linewidth as low as γm/2π ∼ 6 Hz.

Since the single-photon electromechanical coupling rate is linearly proportional to
the axial magnetic field B‖, we carry out similar interference experiments at different
magnetic fields, and estimate the single photon electromechanical coupling rates. Fig. 18d
shows the plot of experimentally determined g+ for different values of the magnetic field.
A straight-line extrapolation of the data suggest our system achieves a very high coupling
rate g+/2π ∼ 60 kHz for a magnetic field B‖ ∼ 45 mT, which was the maximum applied
magnetic field in our experiment. As discussed in the next section, such a high coupling
can be a valuable resource in the active sideband cooling of the mechanical resonator
using just a few photons in the dressed mode.

4.6 Strong backaction and sideband cooling: Beyond the linear response

To further investigate the effect of dynamical backaction on the mechanical resonator,
we send a pump signal, and measure the power spectral density(PSD) of the output mi-
crowave signal while varying the pump detuning for different pump powers. Depending
on the pump detuning, an imbalance between the up- and down-scattering rates of mi-
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crowave photons by the mechanical resonator is achieved, which leads to its cooling or
heating. Initially, we operate at a lower magnetic field of B‖ ∼ 18 mT, and at a re-
duced flux responsivity of G+/2π ∼ 1.1 GHz/Φ0, which corresponds to g+/2π ∼ 15 kHz.
Fig. 19 shows the measurements of the effective mechanical linewidth and the shift in the
mechanical frequency as the pump detuning and amplitude are varied. As expected, we
observe a broadening of the mechanical linewidth for negative detunings and an unsta-
ble response for the positive detunings. Further, as the strength of the pump signal is
increased, the backaction effects becomes enhanced, and the onset of unstable response
shifts towards negative detuning due to the Josephson nonlinearity.

To theoretically understand the experimental observations, we model the dressed
mode as a weakly nonlinear oscillator by including a Kerr-term. Effectively, the to-
tal Hamiltonian of the system can be written as H = −∆â†â − αcâ†â†ââ/2 + ωmb̂

†b̂ +
g+ â†â(b̂+ b̂†) + ε (â+ â†), where αc is the Kerr-nonlinearity, ε is the pump amplitude, ∆
is the pump detuning from ω+, and â(â†) is the lowering (raising) operator of the upper
dressed mode. For simplicity, we neglect the lower dressed mode due to its large detuning.
To compute the backaction effects on the mechanical resonator, we solve the equations of
motion for the coupled modes and obtain the expressions of the effective linewidth and
the frequency shift of the mechanical resonator. The dashed lines in Fig. 19 show the
theoretically calculated results using a Kerr nonlinearity of αc/2π ∼ 5.1 MHz/photon. In
addition, for the calculations of effective linewidth and frequency shift, we can also use the
experimentally determined value of the circulating power, estimated from mode transmis-
sion |S21(ω)|. Since the input line attenuation, the input/output port couplings, and net
output gain of the cavity can be calibrated, it becomes straightforward to compute the
circulating power nd~ωd in the dressed mode. Solid black lines in Fig. 19 are theoretical
results based on experimentally determined nd~ωd. It is evident from Fig. 19 that a weak
Kerr oscillator model does not predict the backaction effects accurately at higher pump
powers while the calculation taking into account the actual mode transmission matches
better with the experimental results.

As mentioned earlier, a Kerr-nonlinear oscillator shows a Duffing response before
showing bifurcations, however, the power response of the vacuum dressed split modes is
very different. In the dispersive limit |ωq − ωc| � g, the high power response has been
explained by considering the unconfined states of the transmon qubit [25, 130]. In the
weakly dissipative resonant limit, it is explained by the “dressing” of the dressed mode
with the drive photons, usually referred to as “super-splitting”. It results in a series
of additional peaks arising from the multi-photon transitions [124]. At sufficiently high
powers, the multi-photon transitions are spaced closely to the bare cavity transition due
to enhanced loss or temperature, and thus results in a classical bare cavity response [127].

We observe a non-trivial response of the dressed mode, when we tune the dressed
mode to 5.884 GHz, and B‖ to 45 mT to explore strong back action on the mechanical
resonator. This is due to the fact that the dressed mode has a higher Kerr-nonlinearity
αc/π ∼ 13.2 MHz/photon at this detuning. As shown in Fig. 20a, the linear response
(top panel) of the dressed mode becomes quite complex and shows multiple peaks (middle
panel) when the pump is increased to -4 dBm. These peaks arise from the super-splitting
of the dressed mode , and are not well-resolved due to larger qubit dissipation and de-
phasing rates. At higher power, the response again becomes Lorentzian showing the
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Figure 20: Strong Backaction: (a) The response of the dressed mode at large axial
magnetic field B‖ ∼ 45 mT. The top panel shows the linear response at low input power
of -24 dBm which is a Lorentzian at the resonant frequency of ω+/2π ∼ 5.884 GHz. The
middle panel shows the dressed mode response at relatively higher power of -4 dBm where
multiple overlapping peaks arising from the super-splitting of dressed mode can be seen.
With further increase in the power to +10 dBm, the bare cavity response with Lorentzian
lineshape is recovered as shown in the bottom panel. (b) Shows the backaction results
on the mechanical resonator for the pump power corresponding to the middle panel of
(a). The solid black curves are the results from theoretical calculations based on the
experimentally determined circulating power in the dressed mode. The shaded regions
denote the cooling and the unstable response of the mechanical resonator. The inset
shows the thermal spectrum of the mechanical resonator corresponding to the maximum
cooling at a pump detuning of ∆ ≈ −3.5ωm.
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bare-cavity mode (lowest panel)

At this operating point, the estimated single-photon coupling rate g+/2π becomes
60 kHz. Consequently, it results in enhanced backaction on the mechanical resonator
as shown in Fig. 20b. In addition, the dressed mode’s high nonlinearity causes the
boundary of the unstable response to shift further towards the negative pump detunings.
To understand the experimental results, we again use the transmission measurements
|S21(ω)| performed at a fixed input power, and compute the circulating power in the
microwave mode. The solid black curves in Fig. 20b show the calculated results. We
see that the theoretical calculations show minor deviation from the experimental results.
To fully understand this aspect, a treatment of the backaction considering the Jaynes-
Cummings nonlinearity might be required.

The inset of Fig. 20b, we show the mechanical resonator’s spectrum when the back-
action is strongest. We observe that the mechanical linewidth broadens to 550 Hz at
∆ ≈ −3.5ωm, which is an enhancement of 42 times over the intrinsic mechanical linewidth.
The circulating power in the microwave mode is remarkably low, and it is equivalent to
the mean occupation of 0.7 photons. We emphasize here that due to large electrome-
chanical coupling, we observe such a strong backaction with less than one photon in the
dressed mode.

We next try to estimate the effective mechanical phonon occupation corresponding to
the effective linewidth of 550 Hz. We first establish the effective mechanical temperature
by measuring the thermal power spectral density using a weak pump signal at zero de-
tuning such that backaction effects can be neglected. We estimate that the mechanical
mode is thermalized to 70 mK, corresponding to an average phonon occupation of ∼ 365
(details in S3). We then extend our analysis based on the estimation of the circulating
power from the transmission measurement. Assuming no multi-photon loss or microwave
gain, we convert the thermo-mechanical power spectral density to the mean phonon oc-
cupation. We estimated the mean phonon occupancy of 8.6 for the maximum cooling of
the mechanical resonator.

4.7 Discussion

To summarize, the performance of the flux-coupled electromechanical device has been
enhanced using the strong nonlinearity of the superconducting transmon qubit. This has
been largely made possible by fabricating the device with thin film of aluminium (28 nm),
which provides strong resilience against the magnetic field and also results in lower mass
of the mechanical resonator (∼ 0.75 pg). The combined effects result in large single-
photon coupling rate g+/2π ∼ 60 kHz, which is an order of magnitude improvement over
the previously demonstrated flux coupled devices[65, 68, 66, 122]. Due to such a large
single-photon electromechanical coupling rate, we could observe the electromechanically-
induced interference feature at extremely low (< 10−2) photon occupations, which is
lower by several orders of magnitude as compared to all the previous implementations
of electromechanical devices. We further observe the signature of the super-splitting of
the dressed modes, and utilize their nonlinearity to observe a strong backaction on the
mechanical oscillator.
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Looking ahead, given that transmon qubits have been shown to operate in the mag-
netic fields as high as 1 T [77], one can envision devices that can operate in a regime
where the single-photon coupling rate becomes comparable to the mechanical resonant
frequency. While the sideband cooling performance in the current experiment is limited
due to the lower sideband-resolution parameter ωm/κ ≈ 0.25. It can easily be improved
by making smaller length mechanical resonator, resulting in higher mechanical resonant
frequency. With such promising futuristic parameters, it is feasible to achieve ground
state cooling via sideband driving below the level of a single photon, and it further sug-
gests ways to prepare non-classical mechanical states including Schrodinger-cat [55, 74].
Even with the existing parameters, solely by improving qubit and cavity coherence, it
is possible to prepare mechanical Fock and cat states[131]. Such methods thus open up
ways to use the mechanical resonators for quantum information storage utilizing their
long coherence times. Finally, such techniques can be extended to the low frequency
flux-family superconducting qubits to realize transverse electromechanical couplings, and
thus extending the toolbox available with the flux-coupled devices [132].
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Regal, and Eva M. Weig. Optomechanics for quantum technologies. Nature Physics,
18(1):15–24, 2022.

[44] Markus Aspelmeyer, Tobias J. Kippenberg, and Florian Marquardt. Cavity op-
tomechanics. Reviews of Modern Physics, 86(4):1391–1452, 2014.

[45] J. D. Teufel, T. Donner, Dale Li, J. W. Harlow, M. S. Allman, K. Cicak, A. J.
Sirois, J. D. Whittaker, K. W. Lehnert, and R. W. Simmonds. Sideband cooling of
micromechanical motion to the quantum ground state. Nature, 475(7356):359–363,
2011.

[46] Jasper Chan, T. P. Mayer Alegre, Amir H. Safavi-Naeini, Jeff T. Hill, Alex Krause,
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