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Hybrid superconducting circuits, which integrate nonsuperconducting elements into a circuit quantum
electrodynamics (cQED) architecture, expand the possible applications of cQED. Building hybrid circuits
that work in large magnetic fields presents even further possibilities, such as the probing of spin-polarized
Andreev bound states and the investigation of topological superconductivity. Here we present a magnetic-
field compatible hybrid fluxonium with an electrostatically tuned semiconducting nanowire as its nonlinear
element. We operate the fluxonium in magnetic fields up to 1 T and use it to observe the ¢y-Josephson
effect. This combination of gate tunability and field compatibility opens avenues for the control of spin-
polarized phenomena using superconducting circuits and enables the use of the fluxonium as a readout

device for topological qubits.

DOI: 10.1103/PhysRevApplied.14.064038

I. INTRODUCTION

Circuit quantum electrodynamics (cQED), where pho-
tons are coherently coupled to artificial atoms built
with superconducting circuits, has enabled the investi-
gation and control of macroscopic quantum-mechanical
phenomena in superconductors [1-3]. Recently, hybrid
circuits incorporating semiconducting nanowires [4—7]
and other electrostatically gateable elements [8—11] into
superconducting circuits have broadened the scope of
cQED to probing mesoscopic superconductivity [4,5,7,
12]. Further extending the capabilities of hybrid cir-
cuits to work in magnetic fields presents the intriguing
possibility of insights into topological superconductivity
[13-20].

Topological superconductivity, which has garnered
much theoretical and experimental interest lately [21-24],
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results from the interplay between magnetism and
superconductivity. In superconductor-proximitized semi-
conductors exposed to a large magnetic field, emergent
quasiparticle states known as Majorana zero modes
(MZMs) can form. Majorana zero modes are pre-
dicted to be robust to local perturbations and could
thus serve as long-lived qubits. Several groups have
proposed using superconducting circuits to both probe
and control MZMs [14,17,18,20,25]. All of the above-
mentioned proposals, however, require the operation of
a flux-based superconducting circuit in large magnetic
fields.

Additionally, the behavior of superconductor-proximi-
tized semiconductors exposed to a large magnetic field
in the trivial phase remains an active field of research.
Most experiments investigating the behavior of Andreev
bound states (ABSs) in a magnetic field have been focused
on the magnetic-field dependence of the switching cur-
rent [26—28] with the exceptions of Refs. [29] and [30], in
which ABS spectroscopy was performed up to fields of 300
and 11 mT, respectively. Energies below 20 weV, which
are interesting for high-transparency ABSs and MZMs,
were, however, not accessible. A fluxonium that works
in high magnetic fields and with semiconducting weak

Published by the American Physical Society
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links would thus be an extremely useful tool both for
investigating the magnetic field behavior of ABSs and
also for coupling to topological superconductors. First,
the fluxonium ground-to-excited state transitions are typ-
ically accessible at microwave frequencies over the entire
flux range from 0 to 7. One therefore gains access to the
full energy-phase relations of the junction. Second, the
Josephson energy of the junction can be known extremely
precisely (to less than 0.4 neV) and over multiple decades,
which allows for the mapping of the characteristic energy
of the semiconducting weak link. Finally, the fluxonium
is also sensitive to quasiparticle poisoning events in indi-
vidual ABSs in the junction since poisoning of individual
ABSs would lead to additional spectral lines. Knowledge
of these rates would greatly aid the design of Andreev-
based qubits [12,31].

Moreover, the unique parameter regime of the fluxo-
nium makes it particularly suited to detecting and con-
trolling MZMs. A switch in the parity of MZMs coupled
to the fluxonium circuit corresponds to a switch in the
direction of the persistent current flowing in the fluxonium
circuit. Parity switches of the MZMs would thus result in
the observation of two copies of the fluxonium spectrum
[25]. In addition, the presence of MZMs coupled to the
fluxonium changes the periodicity of its spectrum from 2
to 4. In these proposals, the linewidth of the fluxonium
transition determines the sensitivity with which the fluxo-
nium could determine the presence of MZMs. Beyond its
detection capabilities, multiple fluxonium devices coupled
to MZMs could also implement braiding operations on the
MZMs [20].

Here we have realized a hybrid fluxonium incorporat-
ing an Al-proximited nanowire that operates up to 1 T.
We build upon recent work proximitizing semiconduct-
ing nanowires to incorporate a magnetic-field compatible,
electrostatically tunable weak-link junction into the fluxo-
nium [32]. The presented fluxonium device also has a gra-
diometric design and is composed of (Nb,Ti)N for further
field compatibility. We demonstrate in-situ gate tunabil-
ity of the fluxonium Josephson energy over more than a
decade. We then operate the fluxonium in fieldsupto 1 T
and map out the dependence of the fluxonium Josephson
energy as a function of the field. In all regimes of magnetic
field and gate voltage, we observe excellent agreement
between the data and a theoretical model based on a sim-
ple Hamiltonian with a few degrees of freedom. Finally,
we also demonstrate the utility of the fluxonium as a probe
of mesoscopic superconductivity in magnetic fields by
using the measured energy-phase relation of the junction
to observe the ¢y-Josephson effect. The ability to observe
the fluxonium spectrum over a wide range of gate volt-
ages and magnetic fields establishes the hybrid fluxonium
as a superconducting circuit for exploring superconducting
phenomena in a magnetic field and as a realistic readout
platform for MZMs.

II. MAGNETIC-FIELD-COMPATIBLE
MATERIALS AND DESIGN

Building a fluxonium compatible with the application
of a magnetic field presents multiple challenges. The
first challenge is reaching the fluxonium regime using
magnetic-field-compatible materials. The fluxonium con-
sists of a Josephson junction with Josephson energy E;
in parallel with a linear superinductor [33], with induc-
tive energy FE;, and a capacitor characterized by the
energy E¢, as shown in Fig. 1(a). The fluxonium regime
(Ep < Ec < Ej) is achieved by shunting the junction
with a large inductance. This parameter regime results
in the eigenstates of the fluxonium being composed of
superpositions of persistent currents in multiple directions
[Fig. 1(b)]. Additionally, the chosen fluxonium parame-
ters result in a spectrum that is observable over the entire
range of applied external flux. Superconductor-insulator-
superconductor (S-/-S) Josephson junction arrays, com-
monly used to implement the fluxonium superinductance
[33-35], cannot be used since they are incompatible with
large magnetic fields. Recent work on magnetic-field-
compatible materials with a large kinetic inductance, such
as granular aluminium [36-39] and (Nb,Ti)N [40—42], has
presented a path to meeting the stringent requirements
of the fluxonium superinductance. The magnetic-field-
compatible fluxonium device is shown in Figs. 1(c)—1(f).
All circuit elements except for the junction are fabri-
cated using (Nb,Ti)N, which has been demonstrated to
have critical fields exceeding 9 T and inductances exceed-
ing 75 pH/O [41]. Here we define the fluxonium by
etching a 9-nm-thick sputtered (Nb,Ti)N film, which has
a kinetic inductance of 41 pH/[]. The superinductance
of the fluxonium is made with a 50-nm-wide (Nb,Ti)N
meander [Fig. 1(e)] in order to maximize the inductance
of the device while minimizing spurious capacitances to
ground. This design realizes an inductance of approxi-
mately 100 nH. The small width of the meanders addi-
tionally suppresses the emergence of lossy vortices due to
out-of-plane fields, By, up to tens of millitesla [43]. We
further mitigate the effects of these vortices by introducing
vortex-pinning holes [inset, Fig. 1(c)] into the capacitor of
the fluxonium readout resonator and the ground plane.

In addition to being composed of magnetic-field-
compatible materials, for use as a detector, the fluxonium
must also maintain its narrow linewidth during the applica-
tion of a magnetic field. The application of a magnetic field
precludes the possibility of using the magnetic shielding
necessary for limiting flux noise in flux-based supercon-
ducting circuits. We address this challenge by building
a gradiometric superinductance as shown in Fig. 1(d).
Equal fluxes through each of the two loops generate equal
currents that are canceled at the junction, rendering the
fluxonium insensitive to flux noise due to sources larger
than the fluxonium device.
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FIG. 1. Nanowire fluxonium. (a) Circuit model. The fluxo-
nium is composed of a Josephson junction shunted by an inductor
and a capacitor, which are characterized by the energies E;, E;,
and E¢, respectively. The value of E; depends on the external
magnetic field B, and the gate voltage V;. A readout resonator
(constituted by L, and C,) is coupled to the fluxonium via a
shared inductance L;. (b) Potential of the fluxonium (black) ver-
sus the phase difference across the junction, ¢, at ge = 0.27.
The lowest eigenenergies are indicated with dashed horizontal
lines. Red arrows indicate transitions starting from the ground
state. Circular gray arrows represent the amplitude and direction
of the persistent-current states associated with different potential
wells. (c) False-colored optical image showing the transmission
line and the resonator, with capacitive and inductive elements
shaded in pink and brown, respectively. Inset: Scanning electron
microscope (SEM) image of the resonator’s capacitive plates.
(d) SEM image of a lithographically similar fluxonium to device
A, corresponding to the area indicated by the box in (c). The
(Nb,Ti)N superinductor [purple, enlarged in (e)], the shared
inductance section (green), the parallel plate capacitor (blue), and
the nanowire junction [red, enlarged in (f)] respectively corre-
spond to the £y, Ly, Ec, and E; elements in (a). The out-of-plane
component of B, By, tunes the external magnetic flux ®.y. Here
B, is the component parallel to the wire.

Finally, a S-I-S Josephson junction made of Al and
AlO,, which has been used in all previously reported flux-
onium devices, cannot be used as the E; element here
due to its incompatibility with the magnetic field. We
build a magnetic-field-compatible junction by incorporat-
ing a semiconducting InAs nanowire proximitized by an
epitaxially grown 6-nm-thick aluminum layer [Fig. 1(f)]
[32] into the fluxonium. The small thickness of the alu-
minum shell makes it resilient to magnetic fields along the
wire of more than 1 T [32]. Similar resilience to magnetic
fields could also be attained using weak links of disor-
dered superconducting materials, such as indium oxide
[44] or granular aluminum [45], as the Josephson junction.
The nanowire is deterministically deposited on top of the
prepatterned leads of the inductor and capacitor using a
micromanipulator. The Josephson junction is then defined
by etching away an Al section of approximately 80 nm
on top of the junction gate. This small junction, however,
does not provide a large enough capacitance to achieve
the fluxonium regime for typical £, values in nanowire
junctions. We thus add a parallel plate capacitor [blue in
Fig. 1(d)] to decrease E¢ and achieve its required value
for the fluxonium. The fluxonium capacitor consists of two
square (Nb,Ti)N plates sandwiching a 29-nm-thick SiN
dielectric. We note that this fluxonium design is flexible
enough to incorporate any semiconducting material as its
small junction.

I11. FLUXONIUM SPECTROSCOPY

We first demonstrate that our device behaves as
expected for a fluxonium coupled to a readout resonator.
Data from two similar fluxonium devices (device 4 and
device B) will be presented in this article. We first focus
on the behavior of device 4. We monitored the trans-
mission amplitude, |S,1], at frequencies f. grive around the
resonator frequency fy0-,1, as a function of the exter-
nal phase @ext = (2¢/h)Deyt, as shown in the top panel of
Fig. 2(a). Transitions are labeled as m;n; — m.n,, where
m; (m,) and n; (n.) are the initial (end) states of the flux-
onium and resonator, respectively. The resonator spectrum
is periodic in flux and also exhibits gaps in its visibil-
ity, which indicate that the resonator is coupled to the
fluxonium. The bottom panel in Fig. 2(a) shows the flux
dependence of the observed transition frequencies of the
fluxonium-resonator system, measured by monitoring the
transmission amplitude at /. grive = f0—¢1 While the system
is driven with a second tone with frequency f; drive, also via
the resonator. Though the gradiometric loops that comprise
the fluxonium are designed to be symmetric, the place-
ment of the capacitor and gate lines inside them, together
with inevitable imprecision when manually depositing the
nanowire, lead to a small imbalance between the effective
area of the two gradiometer loops. The imbalance allows
us to thread a flux using an out-of-plane magnetic field,
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FIG. 2. Two-tone spectroscopy of device 4, at B, =0.
(a) Magnitude of the transmitted readout signal as a function
of the external flux and f; 4ive (top) and f; grive (bottom), show-
ing the flux modulation of the different transitions. (b) Extrema
(maxima and minima) extracted from (a) (markers) and fitted
transition frequencies (lines) obtained from the numerical diag-
onalization of the model Hamiltonian [Eq. (1)]. Gray markers
indicate extrema that are not associated with any fluxonium-
resonator transitions. A value of £;/h = 6.7 GHz is extracted
from the fit.

B,.. Threading a flux quantum through the gradiometer
corresponds to B, = 550 uT, which is much greater than
the 15 uT that would be needed to thread a flux quantum
through one of the two symmetric loops. The gradiomet-
ric geometry thus reduces the sensitivity of the fluxonium
to magnetic field noise larger than the fluxonium loop by
more than an order of magnitude.

To fit the spectroscopy data [markers in Fig. 2(b)], we
diagonalize the Hamiltonian for the coupled fluxonium-
resonator system shown in Fig. 1(a), # [46]. In the limit
Ly > Ly, L, (Where Ly = ®3/472E; and &) = h/2e),

2
2e” ,,

1(@o/2m)2 ., 1 (®p/27)%L, . .
n e — e —
G2 WALy

+ Ay,
2L L +L)" T
(1)

H=

TABLE 1. Device parameters obtained by fitting spectra in
Figs. 2—4 and by electromagnetic simulations. Here 4 is Planck’s
constant.

Device 4 Device B
Ec/h (GHz) 2.35 1.75
E;/h (GHz) 0.7 1.1
C, (fF) 26 26
L, (nH) 47 42
Ly (nH) 8.5 4.6
where

Ay = 4Eci? — E;(V;,B)cos(¢y) + LEL (@ — ¢ex)” (2)

is the Hamiltonian of the uncoupled fluxonium. Here, ¢y
and ¢, are the phase drops across the fluxonium junc-
tion and across C,, respectively, and 7, and 7, are their
conjugated charges. We leave all circuit parameters free
except for C, = 26 fF, which we extract from electromag-
netic simulations. The parameters obtained from the fit are
shown in Table I and the fitted transition frequencies are
denoted with lines in Fig. 2(b). Each state is identified by
the closest state in energy for the uncoupled system. In
addition to transitions originating from the ground state,
20, we also observe transitions for which the initial state is
g1, with one photon in the resonator (dashed lines). This is
due to the continuous drive used to monitor |S>1] at fz0- g1,
which can populate the resonator. Transitions starting from
the first excited fluxonium state, €0, around @ey; = 7 (dot-
ted lines) are also observed. The transition frequency for
g0 — e0 goes below 1 GHz near ¢y = 7. The transitions
from e0 thus occur due to the expected equilibrium thermal
occupation of e0 for temperatures of around 20 mK. We
find excellent agreement between the experimental data
and the fit, with all fit parameters coming to within 5%
of the designed circuit parameters except for £;, which we
can only coarsely predict. We have etched a 80 nm junction
to maximize E;, but the specific values of E; are deter-
mined by the interaction with the electrostatic gate and the
microscopic details of the junction.

IV. ELECTROSTATIC TUNING OF FLUXONIUM
PARAMETERS

Mesoscopic phenomena often require fine tuning of
the charge carrier density in the semiconductor. We here
demonstrate that the spectrum of the fluxonium is measur-
able over a large range of gate voltages and thus does not
limit the possible observable phenomena. We first measure
Je0—g1 Vs V;. As shown in Fig. 3(a), the resonator fre-
quency is constant at low and high voltage values but has
nonmonotonic fluctuations in an intermediate range, which
is consistent with observations in previous experiments on
nanowire junctions [4—6,29], where these fluctuations were
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FIG. 3.

Gate tuning of £ in device 4, at B, = 0. (a) Gate dependence of the resonator’s resonant frequency, fz0 g1, at @ext = 1.257.

(b)«(d) Fluxonium spectra at three different gate points, indicated with vertical lines in (a). The markers correspond to the peaks
extracted from the measured resonator (top) and two-tone (bottom) transmission data. The fitted transition frequencies fg0- 0, fg0—1 05
and fq0- o (black lines) are obtained by fitting the darker markers with Hamiltonian (1). The values of E; /h extracted are 0.2, 3.8, and
9.6 GHz, respectively. For (d), the spectrum can be fitted more accurately with a Hamiltonian including one highly transparent channel
(gray lines). The insets in (b)~d) show sections of the measured transmission magnitude. In (b) we observe gaps in visibility at zero

and half flux in the g0 — f 0 transition.

attributed to consecutive openings of different junction
channels in the nanowire, whose transparencies oscillate
with the gate. The behavior of the fy0_.41 transition pro-
vides insight into the V; dependence of the fluxonium
E;. The value of f40_.¢1 can be seen as the bare resonant
frequency of the uncoupled resonator plus a dispersive
shift caused by the coupling to the fluxonium. The disper-
sive shift depends on the frequency of all level transitions
of the coupled fluxonium-resonator system and is thus
different for different values of E;. This change in the dis-
persive shift leads to the observed changes in the measured
resonant frequency of the resonator.

We now investigate directly the fluxonium spectrum. In
Figs. 3(b)-3(d) we present spectra taken at three different
V; values [marked by solid lines in Fig. 3(a)]. Here we
use a lower drive power than in Fig. 2 to reduce broaden-
ing of the spectral lines due to the drive power; therefore,
the main observable transitions start from the ground state,

g0. For low V;, we observe a weakly anharmonic spectrum
[Fig. 3(b)]. For large V; values [Figs. 3(c) and 3(d)], how-
ever, the flux dependence and the anharmonicity become
much stronger. We also note the presence of additional
transitions in the spectroscopy data for intermediate and
large V; denoted by the lighter markers in Figs. 3(c)
and 3(d). The spectrum at intermediate V; are taken at a
point where the junction is very sensitive to the gate volt-
age; the additional transitions are due to the £, of the junc-
tion fluctuating while the spectroscopy is being performed.
At higher V;, the E; of the junction is stable as a function
of the gate but additional transitions due to the presence
of the resonator drive are also observed. We fit the data of
the three spectra using the same parameters as those used
in Fig. 2 while only allowing E; to vary. The fits maintain
their accuracy over the whole V; range. We do note, how-
ever, that, for large £, the fit starts to deviate from the data
for transitions to higher excited states [Fig. 3(d)]. This may

064038-5



MARTA PITA-VIDAL et al.

PHYS. REV. APPLIED 14, 064038 (2020)

be due to a nonsinusoidal energy-phase relation of a more
transparent channel in the junction. A fit using a Hamilto-
nian including the Andreev potential for a short transparent
junction instead of the standard cos ¢ potential is shown in
gray in Fig. 3(d). Details of the fit as well as additional
fits to the data in Figs. 3(b) and 3(c) using the Andreev
potential in the Hamiltonian can be found in the Appendix.

We have therefore shown that the behavior of a hybrid
fluxonium circuit with a semiconducting weak link can
still be predicted and understood using a simple Hamil-
tonian with a few degrees of freedom. Moreover, we can
conclude that E; is the only circuit parameter affected by
large changes in V; and that it generally increases with
V;. Our results thus show that it is possible to address
and observe the state of the system over a large £; range
encompassing regimes where its eigenstates are of very
different character.
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V. FLUXONIUM BEHAVIOR IN A MAGNETIC
FIELD

Next, we explore the magnetic field compatibility of the
nanowire fluxonium. The magnetic field behavior of the
device strongly depends on the microscopic details of the
nanowire junction. In order to demonstrate the field com-
patibility of the fluxonium circuit elements, we here show
data from device B whose parameters are optimized for
magnetic field compatibility. The magnetic field behav-
ior of device 4 is provided in the Supplemental Material
[47]. Spectroscopy measurements at two different V; and
B, points are shown in Figs. 4(a) and 4(b). We continue to
be able to perform spectroscopy on the fluxonium over the
full range in @ex; at fields up to 1 T. We do note, however,
that at higher magnetic fields, the thermal occupation of
the excited state of the fluxonium does increase since we
observe transitions from this state even when the g0 — €0

E//h (GHz)

04 o
[sa]
=
@
M
£
s
.
T2 Q.
>
é [_J
$ ”,
I
~
—1 B,=00T
B,=05T
T T T T
36 4.0 4.4 4.8
v, )

FIG. 4. Behavior of device B in a magnetic field. (a),(b) Fluxonium spectra at two different V; and B. points. The £, value extracted
from the fit is lower at higher magnetic fields. In (a) we observe a ¢y = —0.167 phase shift with respect to a reference gy taken at the
same field at V; = 4.80 V. (c) Plot of E;; vs B. at two different gate voltage points. The E, value decreases nonmonotonically with the
field. (d) Plot of ¢y vs V; at two different magnetic field points. At B. = 0.0 T, ¢y stays constant for the whole V; range. At B, = 0.5 T,
however, there is a continuous ¢, shift that ranges from 0 to —m. The two insets show the zero-flux spectroscopy feature shifted from
zero at two different gate points. In (c),(d) the points corresponding to the spectra in (a),(b) are highlighted with matching colors.
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frequency is above 1 GHz. Importantly, we can still fit the
spectroscopy data accurately in this regime, indicating that
the fluxonium-resonator Hamiltonian remains valid at high
magnetic fields, with £; being the only parameter largely
affected by B,. Fit parameters for device B are shown in
Table 1.

We finally use the nanowire fluxonium to investigate the
behavior of spin-orbit-coupled semiconducting junctions
in a magnetic field. We perform spectroscopy measure-
ments at gate voltages ranging from 3.5 to 4.8 V and fields
ranging from 0 to 1 T. From the spectroscopy we extract
E; as a function of B, at two different gate points, which
is shown in Fig. 4(c). A nonmonotonic decrease of E;
with the field is observed at both gate points. We expect
an overall decrease in E; vs B, due to the superconduct-
ing gap closing at high magnetic fields. The nonmono-
tonic behavior of E;, however, suggests the presence of
interference between different modes in the junction [27].
Additional in-field E, data is provided in Sec. V of the
Supplemental Material [47]. An overall decrease of E;
with B, is observed for all investigated gate values, while
the nonmonotonic dependence is often, but not always,
observed.

A shifting of the zero-flux point in the spectroscopy
of the fluxonium device at high fields can be used to
determine the breaking of multiple symmetries in the semi-
conducting junction [48]. This phase shift is known as
the ¢g-Josephson effect, which occurs when chiral and
time-reversal symmetries are both broken in the junction.
In InSb- and InAs-based junctions, this symmetry break-
ing originates from the interplay between the presence of
multiple channels in the junction, spin-orbit coupling, and
the Zeeman splitting due to the applied magnetic field
[29,48,49]. We observe such a shift in the zero-flux point
of the spectroscopy lines as V; is varied in a B. field
[indicated by 9o = ¢max,r;,5 — ¥max4.8r,5 In Fig. 4(a)]. The
@o shift as a function of V; is shown, at B. =0 and at
B. = 0.5 T, in Fig. 4(d). The ¢, value at V; =4.80 V is
taken as the ¢y = 0 reference at each B,. The value of ¢,
is thus a relative value at each B,. At B, = 0 the zero-flux
point does not change, while it changes continuously with
V; when a B. field is applied. Since the observed phase
shift appears as a function of only V; at fixed magnetic
fields, we can exclude trivial effects such as misalignment
of the magnetic field. We note that we observe shifts in
@o approaching 7, which is significantly larger than pre-
viously predicted [48]. Mixing between a large number of
spin-split Andreev channels in the junction may lead to the
larger observed shifts. Additional ¢, data as a function of
V; and B can be found in the Supplemental Material [47].

VI. SPECTROSCOPIC LINEWIDTH

For the fluxonium’s applications as a detector of
field-dependent mesoscopic effects, its spectral lines must

be measurable under the magnetic field and electrostatic
conditions of interest, but also must maintain a narrow
linewidth in all regimes. The spectroscopic linewidth
bounds the resolution with which we can resolve the split-
ting of lines due to, for example, quasiparticle poisoning
of highly transparent ABSs or MZMs at the junction.

We have performed a spectroscopic linewidth analysis
for devices 4 and B at different points in external flux
(Fig. 5): near the flux sweet spot at @e = 0 and also
at gext = 0.37. As shown in Fig. 5(a), the linewidth of
device B stays below 50 MHz up to 1 T at the @y = 0.
However, the linewidth overall becomes larger, for both

(a) 140
® Device A
1207 # pevice B
100 4 JB-=03T
¥
< g0- e3:=01T
z
; 60 = [} P
[T
40 1 B,=0.0T
°
20 - :
Pext = 0.0
0 T T T T T
0 1 2 3 4 5
V; (V)
(b) 140
® Device A
120 1 » pevice B
100 4 ° ‘BZ=O.3T
¥
s 80 1
s .BZ =0.1T
L 60 +
; [ ]
[V
40 + B,=0.0T
20 A
® Pext =0.31
0 T T T T T
0 1 2 3 4 5
V; (V)
FIG. 5. Spectroscopic linewidth. Extracted linewidth [full

width at half maximum (FWHM)] of the g — e transition as
a function of ¥; for device A (circular markers) and device B
(star markers). Different color strengths denote different magnetic
fields. The data for device A correspond to the spectra shown
in Figs. 3(b)-3(d) and Fig. 2 of the Supplemental Material [47].
The in-field data for device B correspond to the spectra shown
in Figs. 4(a) and 4(b). The linewidths are extracted in symmetric
0.057 flux windows around ¢y = 0, which is a sweet spot for
the external flux, and gex = 0.37 for (a),(b), respectively.
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devices, at gex = 0.3 [Fig. 5(b)]. This behavior is con-
sistent with residual flux noise broadening the linewidth
of the fluxonium. Our linewidth analysis indicates that the
energy resolution of the fluxonium would, if measuring
near @y = 0, be at most 0.4 eV in all regimes, which sig-
nificantly improves upon the resolution that can currently
be reached by transport experiments where the linewidth
is limited by thermal broadening (typically approximately
10 peV).

We do note that in our experiment the fluxonium and res-
onator parameters are chosen for the greatest visibility over
the largest range of E; and ¢.y. Improvements upon the
design, such as weaker coupling to the readout resonator,
smaller asymmetry in the gradiometric superinductance,
and materials optimizations such as changing the dielec-
tric of the fluxonium capacitor, would lead to significantly
narrower linewidths.

VII. CONCLUSION

In conclusion, we have successfully realized a gate-
tunable fluxonium resilient to high magnetic fields. We
have combined a gate-controlled junction with magnetic-
field-compatible materials and a gradiometric design to
build the hybrid fluxonium. We are able to perform spec-
troscopy over a large range of gate voltages and in-plane
magnetic fields. We have used the fluxonium to inves-
tigate the behavior of an InAs Josephson junction in a
magnetic field and observed a nonmonotonic decrease of
the E; of the junction as well as the ¢y-Josephson effect.
The observed ¢ shift is gate tunable up to ¢y = . One
could therefore use this effect to build extremely small,
flux-noise insensitive superconducting circuits where the
phase difference of the junction could be tuned using a gate
voltage.

The magnetic-field-compatible hybrid fluxonium is also
now ready to detect the 4m-periodic Josephson effect
[25] and measure Majorana parity dynamics. We remark
that, while our experiment was performed with simi-
lar materials and in similar magnetic fields to previous
experiments where transport signatures pointed to the
presence of MZMs, we did not observe any signatures
of MZMs. Recent theoretical work has suggested that
previously observed signatures of MZMs may be due
to trivial Andreev bound states [50] and has advocated
for cleaner materials with stronger spin-orbit coupling
proximitized by superconductors with larger energy gaps.
Future experiments will thus incorporate InSb nanowires
with thinner Al shells as the small junction of the hybrid
fluxonium.

The excellent agreement we have demonstrated between
data and theory indicates that one can engineer hybrid
circuits such that their behavior can continue to be under-
stood even when the circuit is complicated by the interplay
of superconductivity, spin-orbit coupling, and magnetism.

This opens avenues for using the hybrid fluxonium to
explore superconductivity in the presence of a magnetic
field as well as reading out and controlling material plat-
forms that require the application of a large magnetic
field. Since it is straightforward to incorporate different
materials into the hybrid fluxonium, proposals to probe
superconductor-proximitized edge states in a quantum spin
Hall insulator [51,52] or field-dependent spin-polarized
correlated insulating phases [53,54] are now possible using
our hybrid circuit.
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APPENDIX: MODELING THE JUNCTION
ACCOUNTING FOR HIGHLY TRANSPARENT
TRANSMISSION CHANNELS

In Figs. 2-4 we fit the spectroscopy data assum-
ing a sinusoidal current-phase relation at the junction,
which results in the term —E;cos(¢) in the Hamiltonian
[Eq. (2)], which is characteristic of S-/-S junctions with
low-transparency channels. A more accurate model for the
potential of a semiconducting Josephson junction with N
channels with transparencies 7; is [55]

N
Vai(p) =AY \J1 = Tsin’(p/2), (Al
i=1

where A denotes the induced gap on the proximitized
sections of the nanowire. When the transparencies of the
different channels are low, this dependence converges to a
sinusoidal relation with E; = A YN | T;/4.

Here, we show fits to the spectroscopy data from Fig. 3
using the semiconducting junction potential Vsj; with a
different number of channels and for various values of
A. In Fig. 6 we show fits to the transitions starting from
the ground state with the Hamiltonian for the uncoupled
fluxonium [Eq. (2)] using a sinusoidal potential, a one-
channel potential, and a two-channel potential. In Fig. 7 we
show the A sensitivity of the one-channel spectrum, show-
ing the fit accuracy for A values lower and higher than
the optimum value. For low and intermediate E; values,
the accuracy of the different models is very similar. For
high E;, however, the fits to the high-frequency transitions
are more accurate when highly transparent channels are
included. This points toward the presence of at least one
highly transparent channel in the junction. The fit accuracy
is however similar when one, two, or more channels
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FIG. 6. Fits using the Andreev potential in the Hamiltonian. Spectroscopy data fit with the uncoupled fluxonium Hamiltonian
[Eq. (2)] with a sinusoidal potential (first row), with a one-channel potential (second row), and with a two-channel potential (third
row). Only the dark markers, corresponding to transitions starting from the ground state, are included in the fit. We obtain E¢/h = 2.35
GHz and E; /h = 0.7 GHz for the three different fits. The rest of the fit parameters are indicated in the different panels.

are considered. We thus cannot extract a measure of the
number of junction channels by performing fits of the

spectroscopic data.

We furthermore observe that the best fit assuming a sin-
gle channel occurs at A = 26 GHz. This is smaller than the

gap (A = 53 GHz) typically measured in transport exper-
iments. This discrepancy may be due to the necessity of

incorporating excited Andreev states into the fluxonium

064038-9
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FIG. 7. The A dependence of fits using the Andreev potential in the Hamiltonian. Spectroscopy data fitted with the uncoupled
fluxonium Hamiltonian [Eq. (2)] with a one-channel potential. In the first and third rows the value of A is fixed to A/h = 50.0 GHz
and A /h = 20.0 GHz, respectively. In the second row A is left free and A /h = 26.0 GHz is obtained as the optimum value. Only the
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