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FIG. 1. Ultra-coherent circuit optomechanics a, False colored SEM image of a mechanically compliant parallel plate capacitor.
b, A microwave superconducting LC resonator consisting of the capacitor shunted by a spiral inductor. c, Magnified image showing a
silicon-etched trench, inductor air-bridges, and the galvanic connection. d, Focused ion beam cross-section of a test capacitor –with a
higher gap size than the main device– before removing a SiO2 sacrificial layer, where Pt is used as the FIB protective layer. e, Schematic
cross-section of the suspended capacitor over the trench. f, Mode diagram of an optomechanical system. 0 and ex are internal loss and
external coupling rates of the cavity respectively. (g, Equivalent circuit diagram of the system. h, Ring-down trace, showing the energy
decay of the mechanical oscillator with a rate of �m/2⇡ = 45 mHz. The red line is the exponential fit. The top inset shows the FEM
simulation of the fundamental mechanical mode of the drum. The blue line in the bottom inset shows the averaged PSD of the mechanics
with 1 Hz measurement resolution bandwidth (gray line), indicating the frequency instability of less than 0.1 Hz.

pared ground state as well as squeezed state we report
a thermal decoherence rate of 20.5 Hz (corresponding to
130 quanta/sec motional heating rate) and a pure de-
phasing rate of 0.09 Hz, showing the quantum decoher-
ence is dominated by the thermal decoherence, compara-
ble with motional decoherences achieved in trapped ion
systems in high vacuum [27], where the thermal deco-
herence is typically O(10 Hz), while the dephasing rate
reaches O(100 Hz) [26].

Ultra-coherent circuit optomechanical platform

We develop a nanofabrication process based on a
silicon-etched trench, which enables us to significantly

enhance the mechanical quality factor, Qm. Figure 1a
shows a vacuum gap capacitor with a top plate sus-
pended on a circular trench with a gap size of 180 nm.
The capacitor is shunted by a spiral inductor (Figs. 1b
and c), forming a microwave LC resonator with a fre-
quency of !c/2⇡ = 5.55 GHz and a total decay rate of
/2⇡ = 250 kHz which is inductively coupled to a waveg-
uide (Fig. 1f). This superconducting circuit is operated
in a dilution fridge with ⇠ 11 mK base temperature. The
flat geometry of the top plate (Figs. 1d and e) ensures
minimal clamp and radiative mechanical losses, as well as
stress relaxation in the aluminum thin-film. A mechani-
cal ring-down measurement (Fig. 1h) clearly exhibits the
extremely low dissipation rate of �m/2⇡ = 45 mHz for
the fundamental drumhead mode with a frequency of
⌦m/2⇡ = 1.8 MHz, corresponding to Qm = 40 ⇥ 106.

Youssefi et al., 2023, Nature Physics
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FIG. 2. Implementation. (a) False-colored SEM picture
of the device, with the transmon island (EC/h = 103 MHz)
and the SQUID junctions (EJ/2h = 2.6 GHz) in salmon, and
the readout resonator in blue. Drive ports and input signals
(wiggly arrows) have matching colors. A meander inductor
(purple) forms the lower arm of the SQUID (area in light pur-
ple). Insets: zoom on the SQUID coupler and one junction.
(b) Bare eigenenergies (dots on y-axis) and Floquet spectrum
(lines) of the transmon flux-driven at ωd/2ε = 8.054 GHz vs
resonator occupation. Levels 0 to 2 are plotted with varying
o!set charge from 0 to 0.5 (dark to light colors). Levels above
3 are plotted with Ng = 0.2. Inset: zoom on the collapse re-
gion.

Here we present such an experiment, where a grounded
transmon embedding a symmetric SQUID is read out
through a longitudinally coupled resonator (Fig. 2(a)).
The latter, with frequency ωa/2ε = 8.054 GHz and
linewidth ϑ/2ε = 3.1 MHz, is a quarter wavelength
coplanar-waveguide shunted to ground in a hook below
the transmon. This unconventional geometry is designed
to push spurious modes up in frequency, while maxi-
mizing the fraction pI = 0.49 of the resonator current
flowing through the lower arm of the SQUID (Supple-
mentary Information). This meander contributes to a

fraction pL = 0.48 of the resonator inductance, and in-
duces the native cosine-cosine interaction that powers the
longitudinal coupling [26, 28–31, 35, 48]. Populating n
photons in the resonator e!ectively flux-drives the trans-
mon with ϖac = pϱzpf

→
n, where p = pIpL is the coupling

dilution factor, and ϱzpf = 0.09 are the zero-point phase
fluctuations of the resonator. At the sweet-spot, it trans-
lates into a non-perturbative cross-Kerr interaction with
amplitude ςz/2ε = ↑120 kHz in the small n limit. Fi-
nally, the transmon qubit frequency ω01/2ε = 1.972 GHz
places the system in the regime ωa/ω01 ↓ 1. Together
with the symmetry of the cosine-cosine coupling, it is key
to limiting the impact of multi-excitation resonances [33].
We study their prevalence in our design using the Flo-

quet method [21, 49], under a semi-classical approxima-
tion that abstracts the resonator field as a sti! drive.
The bare transmon energies Ei are dressed by the res-
onator population into φi(n). In Fig. 2(b), we plot
the Floquet spectrum {φi(n)}i→N, computed numerically
for a resonant drive ωd = ωa (Supplementary Informa-
tion). It is defined modulo ωd, giving rise to replicas
for each level spaced by mωd with m ↔ Z. Thus a sin-
gle Brioullin zone [0,ωd] is su”cient to characterize the
spectrum, where resonances between two levels i and j
can be attributed to high-order parametric processes sat-
isfying φi(n)↑ φj(n±m) = mωd. Those infamous multi-
excitation resonances are absent from the computed spec-
trum, either because they are exactly canceled by the
coupling symmetry, or at least heavily suppressed in our
parameter regime (Supplementary Information). Around
12.5 ↗ 103 photons, a unique feature appears. To begin
with, the dressed bound states restore their charge sensi-
tivity. Then, as the flux-drive amplitude coincides with
ϖac ↘ 2.405, the dressed levels 0 and 1 are either degen-
erate when Ng = 0.5, or spaced by ≃ 4EC when Ng = 0.
A similar feature would be expected for a charged island
in the absence of tunneling. Thus we interpret it as the
dynamical cancellation of the Josephson energy.

Fortified by the absence of spurious resonances in the
system, we extend the averaged theory that leads to
Hamiltonian Eq. (1), and compute the resonator light-
shifts ςi(n) (Supplementary Information). They are the
transmon-state dependent frequency shifts leveraged in
dispersive readout experiments. We find:

ςi(n) =
EJ

2⊋
J1(ϖac)

ϖac
(pϱzpf )

2
⇐i(n)| cos ϱ̂|i(n)⇒ , (2)

where J1 is the first-order Bessel function of the first
kind, and |i(n)⇒ are the transmon states dressed by the
drive. The expectation values of cos ϱ̂ – computed in
the Floquet picture – follow the same trajectories as the
averaged model (Fig. 1(c)). Overall, the native cosine-
cosine coupling o!ers a unique possibility to image the
dynamical phase shift of the transmon localization in a
readout experiment.
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FIG. 3. Qubit spectroscopy through collapse and in-
version. Frequency shift of the qubit transition measured by
two-tone spectroscopy as a function of resonator occupation.
The color represents the digitizer signal in arbitrary units.
The black dashed and dotted lines are fits to the measured
spectrum based on diagonalization of the Hamiltonian Eq. (1)
for o!set charges Ng = 0.0 and Ng = 0.5, respectively. Above,
we indicate the renormalized Josephson potential profiles in
black, and the corresponding ground-state wavefunctions in
phase representation in salmon. The resonator occupation is
calibrated from the fit. The top axis indicates the equivalent
flux-drive amplitude ωac.

SPECTROSCOPIC OBSERVATION OF
COLLAPSE AND INVERSION

As a first probe into the dynamical renormalization of
the Josephson potential, we track the qubit frequency as
a function of resonator drive power. The frequency is
determined by performing a two-tone spectroscopy mea-
surement, shown in Fig. 3. We identify three distinct
regimes in the evolution of the qubit transition. First, the
frequency decreases with increasing power, while simul-
taneously its linewidth broadens. Next, around 12.5→103

photons, the signal vanishes completely. Finally, we ob-
serve its revival, followed by an increase of the qubit
frequency and narrowing of the linewidth. This non-
trivial power dependence excludes typical e!ects such as
power broadening and heating. In addition, the ability
to resolve the transition over such a wide range of pow-
ers demonstrates the robustness of our circuit to multi-
excitation resonances.

We fit this nonlinear qubit frequency shift by diagonal-
izing the renormalized Hamiltonian in Eq. (1) for o!set
charges Ng = 0 and Ng = 0.5. The model contains a sin-
gle fit parameter used for converting the resonator input
power to photon number. Prior to this simple conver-
sion, a nonlinear rescaling of the input power was re-
quired to account for a nonmonotonic frequency shift of
the resonator and the finite dynamic range of our room-

temperature microwave components (see Supplementary
Information). The fit excellently captures the evolution
of the qubit frequency, allowing us to interpret the three
regimes in power as the flattening, collapse and inver-
sion of the Josephson potential. This interpretation is
strengthened by the observation of two intriguing fea-
tures. We begin with the vanishing of the signal around
12.5 → 103 photons. Coinciding with the separation of
the fitted lines, we attribute it to a reduction of the sys-
tem coherence as charge sensitivity is restored. Next,
the faint signature at high power is identified to be the
1-2 transition, negatively detuned from the qubit transi-
tion by the anharmonicity ω/2ε. While in the inverted
regime we measure ω/2ε ↑ ↓EC/h, near the collapse
|ω| goes down, as one would expect when going from the
transmon to the Cooper-pair box limit [43].
Overall, the strong agreement with our simple model

validates the dynamical renormalization of the Joseph-
son potential. In Fig. 3, we plot its profile for the three
aforementioned regimes, together with the ground-state
wavefunctions in phase representation. They illustrate
the delocalization at the collapse point, and the relocal-
ization around ϑ = ε in the inverted regime. However,
since qubit spectroscopy is only sensitive to the absolute
value of the Josephson energy, one could argue that this
measurement does not provide direct evidence of the in-
verted regime. In the next section, we construct a mea-
surement that allows us to unambiguously reveal both
the collapse and inversion of the Josephson potential.

OBSERVATION OF COLLAPSE AND
INVERSION THROUGH READOUT

To confirm the inversion of the potential, we make the
most of the cosine-cosine coupling by probing the expec-
tation values of cos ϑ̂ through a readout experiment [1].
There, information about the transmon state is encoded
in the dispersive shift of Eq. (2), which we measure by
reflecting a near-resonant microwave drive from the res-
onator. In Fig. 4(a), we present such an experiment.
After preparing the transmon in either the ground |0↔ or
first excited |1↔ state, a measurement pulse of varying
amplitude is applied. Since this pulse is also responsible
for dressing the transmon, integration is only performed
at the end to ensure probing the dressed states with the
resonator in steady state.
In Fig. 4(b), we plot the histogram of the I quadra-

ture for preparing |1↔ against steady-state resonator oc-
cupation n (see Supplementary Information for readout
and analysis details). Here, we see that the separation
between the dressed excited and ground states grows
with increasing resonator occupation, which can be un-
derstood as an improvement of the signal-to-noise ra-
tio. At specific photon numbers (e.g. around 1.5 → 103,
5.5 → 103, and 9 → 103), population is transferred to
other states, as a consequence of drive-induced tran-
sitions involving spurious extrinsic degrees of freedom,
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Here we present such an experiment, where a grounded
transmon embedding a symmetric SQUID is read out
through a longitudinally coupled resonator (Fig. 2(a)).
The latter, with frequency ωa/2ε = 8.054 GHz and
linewidth ϑ/2ε = 3.1 MHz, is a quarter wavelength
coplanar-waveguide shunted to ground in a hook below
the transmon. This unconventional geometry is designed
to push spurious modes up in frequency, while maxi-
mizing the fraction pI = 0.49 of the resonator current
flowing through the lower arm of the SQUID (Supple-
mentary Information). This meander contributes to a

fraction pL = 0.48 of the resonator inductance, and in-
duces the native cosine-cosine interaction that powers the
longitudinal coupling [26, 28–31, 35, 48]. Populating n
photons in the resonator e!ectively flux-drives the trans-
mon with ϖac = pϱzpf

→
n, where p = pIpL is the coupling

dilution factor, and ϱzpf = 0.09 are the zero-point phase
fluctuations of the resonator. At the sweet-spot, it trans-
lates into a non-perturbative cross-Kerr interaction with
amplitude ςz/2ε = ↑120 kHz in the small n limit. Fi-
nally, the transmon qubit frequency ω01/2ε = 1.972 GHz
places the system in the regime ωa/ω01 ↓ 1. Together
with the symmetry of the cosine-cosine coupling, it is key
to limiting the impact of multi-excitation resonances [33].
We study their prevalence in our design using the Flo-

quet method [21, 49], under a semi-classical approxima-
tion that abstracts the resonator field as a sti! drive.
The bare transmon energies Ei are dressed by the res-
onator population into φi(n). In Fig. 2(b), we plot
the Floquet spectrum {φi(n)}i→N, computed numerically
for a resonant drive ωd = ωa (Supplementary Informa-
tion). It is defined modulo ωd, giving rise to replicas
for each level spaced by mωd with m ↔ Z. Thus a sin-
gle Brioullin zone [0,ωd] is su”cient to characterize the
spectrum, where resonances between two levels i and j
can be attributed to high-order parametric processes sat-
isfying φi(n)↑ φj(n±m) = mωd. Those infamous multi-
excitation resonances are absent from the computed spec-
trum, either because they are exactly canceled by the
coupling symmetry, or at least heavily suppressed in our
parameter regime (Supplementary Information). Around
12.5 ↗ 103 photons, a unique feature appears. To begin
with, the dressed bound states restore their charge sensi-
tivity. Then, as the flux-drive amplitude coincides with
ϖac ↘ 2.405, the dressed levels 0 and 1 are either degen-
erate when Ng = 0.5, or spaced by ≃ 4EC when Ng = 0.
A similar feature would be expected for a charged island
in the absence of tunneling. Thus we interpret it as the
dynamical cancellation of the Josephson energy.

Fortified by the absence of spurious resonances in the
system, we extend the averaged theory that leads to
Hamiltonian Eq. (1), and compute the resonator light-
shifts ςi(n) (Supplementary Information). They are the
transmon-state dependent frequency shifts leveraged in
dispersive readout experiments. We find:

ςi(n) =
EJ

2⊋
J1(ϖac)

ϖac
(pϱzpf )

2
⇐i(n)| cos ϱ̂|i(n)⇒ , (2)

where J1 is the first-order Bessel function of the first
kind, and |i(n)⇒ are the transmon states dressed by the
drive. The expectation values of cos ϱ̂ – computed in
the Floquet picture – follow the same trajectories as the
averaged model (Fig. 1(c)). Overall, the native cosine-
cosine coupling o!ers a unique possibility to image the
dynamical phase shift of the transmon localization in a
readout experiment.
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FIG. 3. Qubit spectroscopy through collapse and in-
version. Frequency shift of the qubit transition measured by
two-tone spectroscopy as a function of resonator occupation.
The color represents the digitizer signal in arbitrary units.
The black dashed and dotted lines are fits to the measured
spectrum based on diagonalization of the Hamiltonian Eq. (1)
for o!set charges Ng = 0.0 and Ng = 0.5, respectively. Above,
we indicate the renormalized Josephson potential profiles in
black, and the corresponding ground-state wavefunctions in
phase representation in salmon. The resonator occupation is
calibrated from the fit. The top axis indicates the equivalent
flux-drive amplitude ωac.

SPECTROSCOPIC OBSERVATION OF
COLLAPSE AND INVERSION

As a first probe into the dynamical renormalization of
the Josephson potential, we track the qubit frequency as
a function of resonator drive power. The frequency is
determined by performing a two-tone spectroscopy mea-
surement, shown in Fig. 3. We identify three distinct
regimes in the evolution of the qubit transition. First, the
frequency decreases with increasing power, while simul-
taneously its linewidth broadens. Next, around 12.5→103

photons, the signal vanishes completely. Finally, we ob-
serve its revival, followed by an increase of the qubit
frequency and narrowing of the linewidth. This non-
trivial power dependence excludes typical e!ects such as
power broadening and heating. In addition, the ability
to resolve the transition over such a wide range of pow-
ers demonstrates the robustness of our circuit to multi-
excitation resonances.

We fit this nonlinear qubit frequency shift by diagonal-
izing the renormalized Hamiltonian in Eq. (1) for o!set
charges Ng = 0 and Ng = 0.5. The model contains a sin-
gle fit parameter used for converting the resonator input
power to photon number. Prior to this simple conver-
sion, a nonlinear rescaling of the input power was re-
quired to account for a nonmonotonic frequency shift of
the resonator and the finite dynamic range of our room-

temperature microwave components (see Supplementary
Information). The fit excellently captures the evolution
of the qubit frequency, allowing us to interpret the three
regimes in power as the flattening, collapse and inver-
sion of the Josephson potential. This interpretation is
strengthened by the observation of two intriguing fea-
tures. We begin with the vanishing of the signal around
12.5 → 103 photons. Coinciding with the separation of
the fitted lines, we attribute it to a reduction of the sys-
tem coherence as charge sensitivity is restored. Next,
the faint signature at high power is identified to be the
1-2 transition, negatively detuned from the qubit transi-
tion by the anharmonicity ω/2ε. While in the inverted
regime we measure ω/2ε ↑ ↓EC/h, near the collapse
|ω| goes down, as one would expect when going from the
transmon to the Cooper-pair box limit [43].
Overall, the strong agreement with our simple model

validates the dynamical renormalization of the Joseph-
son potential. In Fig. 3, we plot its profile for the three
aforementioned regimes, together with the ground-state
wavefunctions in phase representation. They illustrate
the delocalization at the collapse point, and the relocal-
ization around ϑ = ε in the inverted regime. However,
since qubit spectroscopy is only sensitive to the absolute
value of the Josephson energy, one could argue that this
measurement does not provide direct evidence of the in-
verted regime. In the next section, we construct a mea-
surement that allows us to unambiguously reveal both
the collapse and inversion of the Josephson potential.

OBSERVATION OF COLLAPSE AND
INVERSION THROUGH READOUT

To confirm the inversion of the potential, we make the
most of the cosine-cosine coupling by probing the expec-
tation values of cos ϑ̂ through a readout experiment [1].
There, information about the transmon state is encoded
in the dispersive shift of Eq. (2), which we measure by
reflecting a near-resonant microwave drive from the res-
onator. In Fig. 4(a), we present such an experiment.
After preparing the transmon in either the ground |0↔ or
first excited |1↔ state, a measurement pulse of varying
amplitude is applied. Since this pulse is also responsible
for dressing the transmon, integration is only performed
at the end to ensure probing the dressed states with the
resonator in steady state.
In Fig. 4(b), we plot the histogram of the I quadra-

ture for preparing |1↔ against steady-state resonator oc-
cupation n (see Supplementary Information for readout
and analysis details). Here, we see that the separation
between the dressed excited and ground states grows
with increasing resonator occupation, which can be un-
derstood as an improvement of the signal-to-noise ra-
tio. At specific photon numbers (e.g. around 1.5 → 103,
5.5 → 103, and 9 → 103), population is transferred to
other states, as a consequence of drive-induced tran-
sitions involving spurious extrinsic degrees of freedom,

> 25.000 photons!
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FIG. 2. Implementation. (a) False-colored SEM picture
of the device, with the transmon island (EC/h = 103 MHz)
and the SQUID junctions (EJ/2h = 2.6 GHz) in salmon, and
the readout resonator in blue. Drive ports and input signals
(wiggly arrows) have matching colors. A meander inductor
(purple) forms the lower arm of the SQUID (area in light pur-
ple). Insets: zoom on the SQUID coupler and one junction.
(b) Bare eigenenergies (dots on y-axis) and Floquet spectrum
(lines) of the transmon flux-driven at ωd/2ε = 8.054 GHz vs
resonator occupation. Levels 0 to 2 are plotted with varying
o!set charge from 0 to 0.5 (dark to light colors). Levels above
3 are plotted with Ng = 0.2. Inset: zoom on the collapse re-
gion.

Here we present such an experiment, where a grounded
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through a longitudinally coupled resonator (Fig. 2(a)).
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We study their prevalence in our design using the Flo-

quet method [21, 49], under a semi-classical approxima-
tion that abstracts the resonator field as a sti! drive.
The bare transmon energies Ei are dressed by the res-
onator population into φi(n). In Fig. 2(b), we plot
the Floquet spectrum {φi(n)}i→N, computed numerically
for a resonant drive ωd = ωa (Supplementary Informa-
tion). It is defined modulo ωd, giving rise to replicas
for each level spaced by mωd with m ↔ Z. Thus a sin-
gle Brioullin zone [0,ωd] is su”cient to characterize the
spectrum, where resonances between two levels i and j
can be attributed to high-order parametric processes sat-
isfying φi(n)↑ φj(n±m) = mωd. Those infamous multi-
excitation resonances are absent from the computed spec-
trum, either because they are exactly canceled by the
coupling symmetry, or at least heavily suppressed in our
parameter regime (Supplementary Information). Around
12.5 ↗ 103 photons, a unique feature appears. To begin
with, the dressed bound states restore their charge sensi-
tivity. Then, as the flux-drive amplitude coincides with
ϖac ↘ 2.405, the dressed levels 0 and 1 are either degen-
erate when Ng = 0.5, or spaced by ≃ 4EC when Ng = 0.
A similar feature would be expected for a charged island
in the absence of tunneling. Thus we interpret it as the
dynamical cancellation of the Josephson energy.

Fortified by the absence of spurious resonances in the
system, we extend the averaged theory that leads to
Hamiltonian Eq. (1), and compute the resonator light-
shifts ςi(n) (Supplementary Information). They are the
transmon-state dependent frequency shifts leveraged in
dispersive readout experiments. We find:

ςi(n) =
EJ

2⊋
J1(ϖac)

ϖac
(pϱzpf )

2
⇐i(n)| cos ϱ̂|i(n)⇒ , (2)

where J1 is the first-order Bessel function of the first
kind, and |i(n)⇒ are the transmon states dressed by the
drive. The expectation values of cos ϱ̂ – computed in
the Floquet picture – follow the same trajectories as the
averaged model (Fig. 1(c)). Overall, the native cosine-
cosine coupling o!ers a unique possibility to image the
dynamical phase shift of the transmon localization in a
readout experiment.
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FIG. 3. Qubit spectroscopy through collapse and in-
version. Frequency shift of the qubit transition measured by
two-tone spectroscopy as a function of resonator occupation.
The color represents the digitizer signal in arbitrary units.
The black dashed and dotted lines are fits to the measured
spectrum based on diagonalization of the Hamiltonian Eq. (1)
for o!set charges Ng = 0.0 and Ng = 0.5, respectively. Above,
we indicate the renormalized Josephson potential profiles in
black, and the corresponding ground-state wavefunctions in
phase representation in salmon. The resonator occupation is
calibrated from the fit. The top axis indicates the equivalent
flux-drive amplitude ωac.

SPECTROSCOPIC OBSERVATION OF
COLLAPSE AND INVERSION

As a first probe into the dynamical renormalization of
the Josephson potential, we track the qubit frequency as
a function of resonator drive power. The frequency is
determined by performing a two-tone spectroscopy mea-
surement, shown in Fig. 3. We identify three distinct
regimes in the evolution of the qubit transition. First, the
frequency decreases with increasing power, while simul-
taneously its linewidth broadens. Next, around 12.5→103

photons, the signal vanishes completely. Finally, we ob-
serve its revival, followed by an increase of the qubit
frequency and narrowing of the linewidth. This non-
trivial power dependence excludes typical e!ects such as
power broadening and heating. In addition, the ability
to resolve the transition over such a wide range of pow-
ers demonstrates the robustness of our circuit to multi-
excitation resonances.

We fit this nonlinear qubit frequency shift by diagonal-
izing the renormalized Hamiltonian in Eq. (1) for o!set
charges Ng = 0 and Ng = 0.5. The model contains a sin-
gle fit parameter used for converting the resonator input
power to photon number. Prior to this simple conver-
sion, a nonlinear rescaling of the input power was re-
quired to account for a nonmonotonic frequency shift of
the resonator and the finite dynamic range of our room-

temperature microwave components (see Supplementary
Information). The fit excellently captures the evolution
of the qubit frequency, allowing us to interpret the three
regimes in power as the flattening, collapse and inver-
sion of the Josephson potential. This interpretation is
strengthened by the observation of two intriguing fea-
tures. We begin with the vanishing of the signal around
12.5 → 103 photons. Coinciding with the separation of
the fitted lines, we attribute it to a reduction of the sys-
tem coherence as charge sensitivity is restored. Next,
the faint signature at high power is identified to be the
1-2 transition, negatively detuned from the qubit transi-
tion by the anharmonicity ω/2ε. While in the inverted
regime we measure ω/2ε ↑ ↓EC/h, near the collapse
|ω| goes down, as one would expect when going from the
transmon to the Cooper-pair box limit [43].
Overall, the strong agreement with our simple model

validates the dynamical renormalization of the Joseph-
son potential. In Fig. 3, we plot its profile for the three
aforementioned regimes, together with the ground-state
wavefunctions in phase representation. They illustrate
the delocalization at the collapse point, and the relocal-
ization around ϑ = ε in the inverted regime. However,
since qubit spectroscopy is only sensitive to the absolute
value of the Josephson energy, one could argue that this
measurement does not provide direct evidence of the in-
verted regime. In the next section, we construct a mea-
surement that allows us to unambiguously reveal both
the collapse and inversion of the Josephson potential.

OBSERVATION OF COLLAPSE AND
INVERSION THROUGH READOUT

To confirm the inversion of the potential, we make the
most of the cosine-cosine coupling by probing the expec-
tation values of cos ϑ̂ through a readout experiment [1].
There, information about the transmon state is encoded
in the dispersive shift of Eq. (2), which we measure by
reflecting a near-resonant microwave drive from the res-
onator. In Fig. 4(a), we present such an experiment.
After preparing the transmon in either the ground |0↔ or
first excited |1↔ state, a measurement pulse of varying
amplitude is applied. Since this pulse is also responsible
for dressing the transmon, integration is only performed
at the end to ensure probing the dressed states with the
resonator in steady state.
In Fig. 4(b), we plot the histogram of the I quadra-

ture for preparing |1↔ against steady-state resonator oc-
cupation n (see Supplementary Information for readout
and analysis details). Here, we see that the separation
between the dressed excited and ground states grows
with increasing resonator occupation, which can be un-
derstood as an improvement of the signal-to-noise ra-
tio. At specific photon numbers (e.g. around 1.5 → 103,
5.5 → 103, and 9 → 103), population is transferred to
other states, as a consequence of drive-induced tran-
sitions involving spurious extrinsic degrees of freedom,
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Extended Data Fig. 1 | Overview on the fabrication technique for highly 
coherent circuit optomechanics. The main steps of the process consists of 
etching a trench in the substrate followed by deposition of a sacrificial layer, 
planarization, top layer definition, release, and finally cool down. Due to the 

compressive stresses, the top plate may buckle up after the release. However, 
the drumhead shrinks and flattens at cryogenic temperatures, resulting in a 
controllable gap size.Youssefi et al., 2025, Phys. Rev. Applied 
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FIG. S19. Detail fabrication process flow. a, A high-resistivity silicon wafer is cleaned and used as substrate. b, Etching
a trench in a silicon wafer (300 nm typical). c, Aluminum deposition of the bottom plate (100 nm typical). d, Patterning of
the bottom Al. e, SiO2 sacrificial layer deposition (2.5 µm typical). f, CMP planarization. g, Etching back and landing on
the substrate using IBE. h,Aluminum deposition of the top plate (200 nm typical). This step consists of opening the oxide
for galvanic connections, removing native AlOx, and deposition, shown in h.1-5. i, Patterning the top Al layer. j, Dicing the
wafer to chips. k, Releasing the structure using HF vapor. Depending on the compressive stress of Al top layer, the top plate
may buckle up. l, At cryogenic temperatures, the drumhead shrinks and flattens. The optical micrographs show examples of
selected steps of the process flow. Adapted from [1].
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