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ABSTRACT

We present an ultrastrong superinductor-based coupling mechanism in a circuit consisting of a flux qubit galvanically coupled to an LC
resonator. The coupling inductor is fabricated with granular aluminum, a superinductor material able to provide large surface inductances.
Despite the low persistent current exhibited by the qubit, Ip ¼ 11:6 nA, spectroscopy measurements reveal a Bloch–Siegert shift of 23MHz
and a coupling fraction of g=xr ’ 0:13, entering the perturbative ultrastrong coupling regime. An independent estimate of the coupler induc-
tance by low-temperature resistance measurements leads to Lc ¼ ð0:7460:14Þ nH, which is compatible with g=xr � 0:1. Our results show
that superinductors are a promising resource to study ultrastrong coupling physics in high-coherence circuits using flux qubits with small
loop areas and low persistent currents.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0293790

Understanding the interaction between light and matter in super-
conducting quantum circuits1,2 has been key to developing applica-
tions in areas such as quantum computing3 and quantum sensing.4

One advantage of superconducting circuits with respect to, e.g., atomic
systems is the tunability of device parameters to achieve a light–matter
coupling strength g in a wide range of values. Previous experiments in
qubit-resonator circuits5–7 attained coupling strengths that represent a
significant fraction of the excitation frequencies, entering the so-called
ultrastrong coupling (USC) regime.8,9 This boundary is defined by
interaction strengths in the range g=xr � 0:1, where xr is the bare fre-
quency of the resonator.10 Beyond this boundary, the system cannot
be considered as two independent bodies, leading to new physics with
potential applications in quantum information science.11,12

Different methods exist to achieve ultrastrong couplings in super-
conducting quantum circuits. Inductive ultrastrong couplings between
flux qubits and resonators have typically been achieved using a shared
Josephson junction.5,7,13–15 However, Josephson junction couplings
have a main disadvantage of introducing stray nonlinearities in the

circuit that can influence the resonator mode, in addition to possible
losses from two-level defects16 and quasiparticles.17 In contrast, super-
inductors provide a large inductance while exhibiting a low level of
nonlinearities and low dissipation,18 resulting in a promising alterna-
tive to Josephson junctions as couplers for coherent USC studies. So
far, superinductors have been realized by three different approaches:
Josephson junction arrays,18–22 geometric inductors,23,24 and disor-
dered superconductors.25 Disordered superconductors, such as those
based on nitrides26–29 or oxides,25,30,31 naturally display a large sheet
kinetic inductance, which in some cases can go up to several nH per
unit area. This property can be exploited in flux-like qubits to
design relatively small structures exhibiting a large and significantly
linear inductance,32 which is favorable for coherent dynamics given
that 1=f flux noise scales with both the device size33 as well as the
qubit persistent current, T�1

1 ;T�1
u / I2p.

34–37 Despite potential deco-
herence channels such as quasiparticles, two-level system defects, and
1=f noise in disordered superconductors like granular aluminum
(grAl), qubits fabricated entirely from grAl have shown coherence
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times compatible with those of high-coherence junction-based flux
qubits.25,38

In this work, we present a superinductor-based coupling in a
qubit-resonator circuit where the coupling is large enough to reach the
USC regime. The device used consists of a three-junction flux qubit
galvanically coupled to a lumped-element LC resonator. The coupling
inductor is made of grAl,25,39,40 leading to smaller qubit loops and
lower persistent currents compared to those of flux qubits used in pre-
vious USC experiments. The use of a superinductor material is a key
design feature to reach couplings in the USC regime without compro-
mising qubit coherence times.

The circuit schematic used in this work is presented in Fig. 1(a).
The qubit loop is interrupted by three Josephson junctions of energy
EJ and capacitance CJ, one of which is smaller by a factor a. By means
of a shared inductance Lc, the qubit is galvanically coupled to an LC
oscillator of inductance LR and capacitance CR. As shown in Sec. A of
the supplementary material, this system can be described by the so-
called quantum Rabi Hamiltonian,41

Ĥ QRM ¼ �h
Xq

2
r̂z þ �hxr â†â þ 1

2

� �
þ �hgr̂x â þ â†ð Þ; (1)

where r̂i are the Pauli operators, g is the coupling strength, and xr

and Xq are the resonator and qubit frequencies, respectively. Equation
(1) can be rewritten in the flux qubit persistent current basis,

Ĥ QRM ¼ � 1
2

�r̂z þ Dr̂xð Þ þ �hxr â†â þ 1
2

� �
þ �hgr̂z â þ â†ð Þ;

(2)

where D is the qubit energy gap, and � ¼ 2IpðUext � U0=2Þ is the
magnetic energy of the qubit with Ip the persistent current and Uext

the external magnetic flux.
In galvanically coupled qubit-resonator circuits such as the one in

Fig. 1(a), an additional oscillator mode exists, which is mainly deter-
mined from the combination of the coupling inductor Lc and the qubit
capacitances. In the perturbative USC regime, the frequency of this
extra oscillator mode is at a much higher frequency than the qubit and
can be adiabatically eliminated. Under this approximation, the qubit-
resonator coupling strength can be estimated using42

g ’ nR
Leff IpIrms;R

�h
¼ nR

Leff Ip
�hZR

ffiffiffiffiffiffiffiffiffi
�hxR

2CR

s
; (3)

where L�1
eff � L�1

R þ L�1
c is an effective inductance, xR � ðCRLRÞ�1=2

is the bare resonator frequency and nR is a coefficient that approaches
1 in our circuit.43 Irms;R ¼ ð�hxR=2LRÞ1=2 and ZR ¼ ðLR=CRÞ1=2 are
the root-mean squared current and the impedance of the bare resona-
tor, respectively. Note that, due to the coupling inductor Lc, the reso-
nator frequency in Eq. (1) can be approximated as xr

’ ½ðLR þ LcÞCR��1=2, which differs from the bare resonator frequency
xR (see Sec. A of the supplementary material).

In Fig. 1(b), we present the design layout of the device. Two feed-
lines capacitively couple to the resonator (top line) and to the shunt
capacitor Csh of the qubit (bottom line), allowing the extraction of
information from this hybrid system through different observables.44

The circuit also contains a flux line coupling to the qubit loop. The
lumped-element resonator is designed with a large capacitance to
decrease its impedance, maximizing Eq. (3). The capacitance and
inductance of the resonator are designed with values CR ¼ 0:74 pH
and LR ¼ 0:9 nH. The qubit consists of three Josephson junctions,
where the central one is a factor a ¼ 0:58 smaller.

The device is fabricated in five lithography steps on an intrinsic Si
substrate. The ground plane, feedlines, and resonator are fabricated
using optical lithography and are evaporated with 50nm of Al. The
grAl, Josephson junctions, and contacts are fabricated consecutively in
independent electron-beam lithography steps. We adjust the resistance
of grAl, and thus its kinetic inductance Lk, by both the oxygen flow
used in the evaporation process and by the width of the coupling
trace.39 In Table I, we provide a list of values obtained for grAl evapo-
rated at 0.2 nm/s and different oxygen flows. For the present device,

FIG. 1. Qubit-resonator circuit layout. (a) Circuit schematics used to derive the full
system Hamiltonian. The central junction of the qubit loop is smaller by a factor a.
The qubit and the resonator are coupled by sharing an inductor Lc. (b) Design lay-
out of the system consisting of a lumped-element resonator galvanically coupled to
a three-junction flux qubit. The device contains two feedlines to selectively drive
through the resonator or the qubit. (c) Scanning electron micrograph (SEM) image
of the small qubit Josephson junction. (d) False-colored optical microscope image
of the device. The colors indicate the materials used in each part of the chip. The
grAl inductor, the qubit, and the resonator are shown in red, green, and blue,
respectively. The dark gray area corresponds to the Si substrate while the Al ground
plane is highlighted in a lighter gray.

TABLE I. GrAl calibration for 50 nm thick samples evaporated at 0.2 nm/s. Rs is the
resistance measured at room-temperature as a function of the oxygen flow during the
evaporation and R

0
s is the resistance after a 13min bake at 200

� C.

O2 flow (sccm) Rs (X=() R
0
s (X=()

0.0 0:896 0:06 0:896 0:05
0.2 2:966 0:20 2:756 0:19
0.4 7:566 2:97 5:016 0:77
0.6 17:316 2:48 14:576 1:49
0.8 43:496 25:09 35:146 19:96
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we use a flow of 0.6 sccm for an expected sheet kinetic inductance of
�10 pH/(. The detailed process of fabrication is described in Sec. E
of the supplementary material. Images of the resulting device are
shown in Figs. 1(c) and 1(d). The false-colored regions indicate the dif-
ferent parts of the circuit.

We estimate the resistivity, q, and Lk of the coupler from its
dimensions and resistance at room temperature and at 4K. The grAl
coupler is ð30:060:9Þ lm long and ð487615Þ nm wide. The room-
temperature resistance of the wire is extracted by measuring one of
the test structures, giving RRT ¼ ð0:9660:01Þ kX. Using the length of
the coupler and the thickness of the film, ð5065Þ nm, we extract the
room-temperature resistivity of the grAl line, qRT ¼ ð78:368:5Þ lX
cm. In order to estimate the grAl inductance, we perform resistance
measurements as a function of temperature on one of the grAl struc-
tures. We obtain a normal resistance at 4K of R4K ¼ ð0:8660:01Þ kX
and a critical temperature of Tc ¼ ð1:6060:31ÞK (see Sec. F of the
supplementary material). Using the Mattis–Bardeen formula for com-
plex conductivity in the local, dirty limit at low frequency (hf � kBT)
and in the low-temperature limit (T � Tc),

40

Lk ¼ 0:18
�hR4K

kBTc
; (4)

we estimate the kinetic inductance of the grAl coupler to be
Lc ¼ ð0:7460:14Þ nH. The estimated frequency and impedance of the
resonator considering the renormalization effect of Lc is xr=2p
’ 4:569GHz and Z0

R � ½ðLR þ LcÞ=CR�1=2 ’ 47:1X. The qubit gap
D is designed close to xr by taking into account the renormalization
effect of the coupling inductor Lc on the qubit properties (see Sec. B of
the supplementary material for more details). Using Eq. (3), we esti-
mate the coupling to be g=2p ’ 0:67GHz for a qubit with
Ip ’ 19:6 nA. The low Ip value of the qubit is one of the key design
features and is obtained by fabricating Josephson junctions with an
extracted critical current density of Jc ¼ ð0:6660:03Þ lA=lm2 (see
Sec. B of the supplementary material).

The sample is mounted on the baseplate of a dilution refrigerator
with a base temperature of 20mK. We measure the transmission spec-
trum of the system independently through the qubit (SQ21) or through
the resonator (SR21) feedlines. An external coil is used to tune the qubit
flux Uext. In Fig. 2, we compare single-tone transmission measure-
ments SQ;R21 vs Uext. The magnitude of the transmission for each
frequency value fi is normalized as jS21ðfi;UextÞj

�
�minðjS21jðfi;UextÞÞg=stdðjS21jðfi;UextÞÞ. The normalization is used
to mask the spurious box modes present in the signal (see Sec. D of the
supplementary material). In both measurements, one can identify a
high-frequency transition x02 exhibiting usual flux qubit spectral fea-
tures, an intermediate frequency x01 mostly insensitive to flux except
aroundUext ¼ U0=2, and a third transitionx12, which is much weaker
and extends toward lower frequencies.

We observe minor differences between the spectra shown in Figs.
2(a) and 2(b). All transitions are well defined in both plots jSQ;R21 j, with
a difference of �5 dB outside the sweet spot when probing the system
through the resonator (see the raw data provided in Sec. D of the
supplementary material). These observations are in contrast to the
expected system response,44 where qubit (resonator) driving excites
qubit (resonator)-like observables. This should translate into a visible
qubit (resonator)-like transition x02(x01) at (away from) the sweet
spot in Figs. 2(a) and 2(b) only for direct qubit (resonator) driving. We

FIG. 2. Normalized transmission magnitude jS21j vs flux bias ðUextÞ obtained via
single-tone spectroscopy. The expression used for the signal normalization is given
in the main text. The dashed lines correspond to the fitted quantum Rabi model [Eq.
(1)] with fitting parameters xr , D, Ip, and g. (a) Spectrum obtained through measur-
ing the resonator feedline, jSR21j. (b) Spectrum obtained through measuring the qubit
feedline, jSQ21j.
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believe that the discrepancy between theory and experiment on the
device studied originates from a stray inductive coupling of the resona-
tor to the qubit feedline (see Sec. C of the supplementary material).

In Fig. 3, we show the normalized transmission of the two-tone
spectroscopy vs flux using the values of x01ðUextÞ as probe. We iden-
tify four different transitions in the spectrum. x01 is mostly resonator-
like and is the one used for the two-tone spectroscopy measurement.
x02 is also present in the single-tone spectra and is mostly qubit-like.
We also identify more clearly the intermediate transition x12 corre-
sponding to the exchange of an excitation between qubit and resona-
tor. Outside the sweet spot, we identify a two-photon qubit-like
transition x03=2. An additional transition is visible between 4.5 and
5.5GHz, which seems to match to a type of three-photon blue-side-
band transition �hðx03 þ x01Þ=3.

Using the observed single-tone and two-tone transitions, the
spectrum can be fitted to Eq. (2). The resulting parameters of the fit
are Ip ¼ ð11:61960:004Þ nA, D=h ¼ ð5:70760:002ÞGHz, xr=2p
¼ ð4:46360:001ÞGHz, and g=2p ¼ ð0:57860:001ÞGHz. The fitted
resonator frequency is compatible with the frequency xr=2p
¼ 4:465GHz obtained as the saturation of x01ðUextÞ at high powers,
similar to a punch-out measurement,45 and just 104MHz lower than
our estimate. The coupling achieved is consistent with our estimate
of Lk with Eq. (3). Despite the small value of Ip, the fraction

g=xr ’ 0:13 > 0:1 still falls in the perturbative USC regime.
Increasing the coupler superinductance further can bring the coupling
easily to g=xr > 0:3 while still keeping low persistent currents and rel-
atively small qubit loops, which is advantageous to attain long coher-
ence times.

The fitted parameters can be used to calculate the spectrum using
the Jaynes–Cummings (JC) Hamiltonian.46 The difference between the
QRM and the JC curves in the perturbative USC regime is the Bloch–
Siegert shift,xBS, an effect of the counter-rotating terms.6 xBS is maxi-
mum at the sweet spot with a value of 23MHz for the x01 transition
(see Sec. D1 of the supplementary material for more details). The
qubit-like transition (x02) suffers the same shift but in the opposite
direction. The observation of the Bloch–Siegert shift is conclusive
proof that the circuit studied in this work is described by the physics of
the USC regime, despite the low Ip, and validates our approach to fur-
ther advance the investigation of applications of USC physics for quan-
tum science and technology.

In conclusion, we have presented a superinductor-based coupling
consisting of a shared grAl wire between a flux qubit and a resonator.
We show that although the persistent current of the qubit is low com-
pared to previous USC experiments, the superinductor has enough
contribution to bring the system into the USC regime (g=xr > 0:1)
while keeping qubit loop dimensions below 103 lm2. We validate our

FIG. 3. Spectrum and energy ladder of the system. Left panel: Normalized transmission magnitude vs flux bias ðUextÞ obtained via two-tone spectroscopy using the qubit feed-
line. The resonator tone is fixed at the frequencies defined by the x01 transition measured using single-tone spectroscopy. The dashed lines correspond to the fitted quantum
Rabi model spectrum with fit parameters xr , D, Ip, and g. In contrast to Fig. 2, we observe the two-photon transition x03=2 and a second transition, which seems to match a
three-photon sideband transition. Right panel: schematics of the uncoupled and dressed energy level transitions of the qubit-resonator system near the sweet spot. Given our
specific circuit parameters, the single- and two-photon resonator-like transitions turn out to be very close in frequency.
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results by measuring and fitting the transmission spectra of our system
to the quantum Rabi model. Owing to the large inductance provided
by the superinductor, the design constraints to reach the ultrastrong
coupling regime can be relaxed. This work opens the door to designing
devices in the non-perturbative USC regime with low persistent cur-
rent flux qubits and small qubit loops, thus leading to high-coherence
times. Our sequential fabrication procedure also allows one to intro-
duce other materials as couplers, such as nitride-based
superconductors,26,27 with potentially higher coherence times.

See the supplementary material for an overview of the theoretical
circuit Hamiltonian derivation, crosstalk electromagnetic simulations,
fabrication procedure, measured spectra, and granular aluminum criti-
cal temperature curve.
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