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We present a hybrid semiconductor-based superconducting qubit device that remains coherent at mag-
netic fields up to 1 T. The qubit transition frequency exhibits periodic oscillations with the magnetic field,
consistent with interference effects due to the magnetic flux threading the cross section of the proximitized
semiconductor nanowire junction. As the induced superconductivity revives, additional coherent modes
emerge at high magnetic fields, which we attribute to the interaction of the qubit and low-energy Andreev

states.
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I. INTRODUCTION

Superconductor-semiconductor-superconductor (S-Sm-
S) nanowire Josephson junctions have been integrated into
various superconducting circuits, including gate-voltage-
tunable transmon qubits, known as gatemons [1,2], tun-
able superconducting resonators [3], and Andreev qubits
[4,5]. These hybrid junction elements allow in situ voltage
control of their Andreev spectra and current-phase rela-
tion [6-9], in turn influencing measurable qubit properties
such as anharmonicity [10] and charge dispersion [11,12].
Moreover, S-Sm nanowires in the presence of strong mag-
netic fields may host Majorana zero modes—as evidenced
by both dc-tunneling and Coulomb-blockade-spectroscopy
measurements [13,14}—potentially forming the basis of
robust topological qubits [15].

Recent work has demonstrated the coherent operation
of gatemons with S-Sm-S nanowire junctions at moder-
ate magnetic fields of approximately 100 mT [16—18].
Spectroscopy of S-Sm-S nanowire fluxonium qubits [19]
and graphene-based gatemons [20] at high magnetic fields
(approximately 1 T) has also been shown. However, the
detailed spectrum and the time-domain coherence prop-
erties of gatemons at large magnetic fields remain unex-
plored. The realization of a magnetic-field-compatible
transmon qubit would open up a number of possible new
research directions. For instance, a direct Josephson cou-
pling of Majorana zero modes on separate topological
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superconductors is expected to modify the energy spec-
trum of a transmon qubit [21,22], offering a potential route
to time-domain studies of topological systems. Studies
of other subgap features such as Andreev bound states
[5,23] could also take advantage of similar magnetic-field-
compatible microwave circuitry. Furthermore, transmon
qubits that can operate in high magnetic fields might enable
control of a variety of spin-ensemble-based quantum mem-
ories [24,25] or allow the origin of 1/f flux noise to be
further elucidated through studying the polarization of spin
impurities [16,26,27].

In this work, we present a high-magnetic-field-resilient
nanowire-based transmon circuit. We demonstrate coher-
ent qubit operation for in-plane magnetic fields up to 1
T. Further, we observe a field-dependent periodic lobe
structure in the qubit spectrum, attributable to interfer-
ence effects as an integer number of flux quanta thread the
nanowire cross section. Finally, we observe a rich spec-
trum of additional energy excitations as we transition into
the first and second lobes of the qubit spectrum. We asso-
ciate these excitations with Andreev states, visible due to
their coupling to the qubit.

II. MAGNETIC-FIELD-COMPATIBLE GATEMON
DEVICE

Figure 1 shows the qubit device. A 20-nm-thick
Nb-Ti-N film on a high-resistivity silicon substrate is pat-
terned by electron-beam lithography and a chlorine-based
dry-etch process to form the A/2 readout resonator, qubit
island, and bottom-gate electrodes [see Fig. 1(a)]. We
additionally pattern a high density of flux-pinning holes,

© 2021 American Physical Society


https://orcid.org/0000-0001-7470-4965
https://orcid.org/0000-0002-2922-6973
https://orcid.org/0000-0002-7913-8250
https://orcid.org/0000-0001-5869-4189
https://orcid.org/0000-0002-1012-7895
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.15.054001&domain=pdf&date_stamp=2021-05-03
http://dx.doi.org/10.1103/PhysRevApplied.15.054001

A. KRINGHQJ et al.

PHYS. REV. APPLIED 15, 054001 (2021)

@ |

Cavity

lelg cht Vrplg

FIG. 1. The magnetic-field-compatible device. (a) A micro-
graph of the transmon qubit island capacitively coupled to a A /2
cavity for readout and microwave control. The ground planes
and inner conductors of the island and resonator are patterned
with a large density of flux-pinning holes for compatibility with
large magnetic fields. A nanowire is placed to the right of the
island (red rectangle). (b) A scanning electron micrograph of the
nanowire and the bottom gates. One side of the wire junction
is connected to the island and the other side is connected to the
ground plane. (c) A schematic of the device, showing an InAs
nanowire (brown) with one side covered in aluminum (blue)
placed on top of two plunger gates (V1,1 and Vipie) that tune the
chemical potential in sections (green) of the proximitized InAs. A
small region of the superconductor between these two segments
is removed to create a Josephson junction, controlled by Vey. A
magnetic field, B, is applied along the wire axis.

allowing high-field compatibility of the qubit capacitor
and readout resonator [20,28]. Nb-Ti-N crossovers short
ground planes together to prevent parasitic chip modes
[29].

A nanowire is placed on the Nb-Ti-N bottom gates using
a micromanipulator. The nanowire has an InAs core, with
a diameter of approximately 100 nm, two out of six facets
being covered by a 7-nm-thick epitaxially matched alu-
minum film [30]. Prior to the initial Nb-Ti-N deposition, a
local region of 5 nm thick HfO, is deposited using atomic-
layer-deposition techniques to ensure no leakage between
the closely spaced gates through the silicon substrate [31].
A second thicker HfO, layer (15 nm) is deposited on
top of the bottom gates as a gate dielectric. To form the
Josephson junction, a small segment of the aluminum shell
(approximately 100 nm) is removed by wet etching [2].

To complete the gatemon qubit circuit, the nanowire
is connected to the T-shaped qubit island, with simulated
charging energy Ec/h = 230 MHz [32], and to the sur-
rounding ground plane [see Fig. 1(b)]. A light rf mill is
used to remove the native oxide of InAs prior to deposit-
ing approximately 200-nm Nb-Ti-N sputtered contacts.
The qubit island is capacitively coupled to the A/2 cav-
ity with resonance frequency f. ~ 4.95 GHz for readout
and microwave control. Large plunger electrodes, Vipig
and Vye, allow for tuning of the chemical potential of
the two proximitized nanowire segments on each side of

the Josephson junction [green segments of Fig. 1(c)]. A
third electrode, V., located under the junction, tunes the
Josephson energy, E;, and in turn the qubit frequency,
Jq- On-chip LCfilters (not shown) on each gate electrode
suppress microwave dissipation through the capacitively
coupled gates [33]. A second qubit with no plunger gates
is coupled to the same resonator (not shown).

We present data from the qubit device shown in Fig.
1, which maintains coherence up to magnetic fields of
1 T. For multiple similar devices, we observe coherent
operation up to approximately 500 mT. The sample is
placed inside a Cu-Be enclosure filled with microwave-
absorbing Eccosorb foam to reduce stray microwave and
infrared radiation. The enclosure is mounted inside a
bottom-loading dilution refrigerator equipped with a 6-1-
1 T three-axis vector magnet and with a base temperature
< 50 mK (for further details, including a schematic of the
setup, see Appendix B).

II1. QUBIT MEASUREMENTS IN LARGE
MAGNETIC FIELDS

We investigate the qubit behavior by performing two-
tone spectroscopy as a function of the magnetic field, B,
aligned along the nanowire axis. A varying drive tone at
frequency f; is applied, followed by a readout tone for each
B. During these measurements, the cavity resonance is first
measured for each B in order to correct for any changes
in the readout frequency. Out-of-plane magnetic fields on
the order of 10 uT modify the resonance frequency of
the cavity; however, we do not observe any degradation
in the resonator Q factor as the total magnetic field is
varied. While changing B, intermittent corrections to the
magnetic field alignment are also applied to minimize the
out-of-plane magnetic field component (for details, see
Appendix A).

Figure 2 shows the qubit spectrum as a function of B up
to 1 T. The qubit spectrum exhibits a lobe structure, with
three lobes separated by minima at B ~ 0.225 T and B ~
0.675 T and a reduced maximum qubit frequency in higher
lobes. These minima may occur due to a suppression of
the induced superconducting gap, A*, in the leads of the
junction due to interference effects [34]. Depending on gate
voltage, the charge density in the semiconductor nanowire
leads may be confined to the surface (see Fig. 2, inset). As
analyzed by Winkler et al. [35], a segment of this cross-
section geometry effectively forms a superconducting ring
interrupted by a semiconductor Josephson junction, with
the superconducting gap modulated by the periodic flux-
biased phase difference (Fig. 2, inset). For the case of half
a flux quantum threading the nanowire at B = 0.225 T, the
applied flux @ in units of flux quanta @, is shown along the
top horizontal axis of Fig. 2. From this period, we estimate
the effective diameter of the interference loop to be deg =
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FIG. 2. Two-tone spectroscopy as a function of the magnetic field B at Vo, = —0.5 V and Vil = Viplg = —4.2 V. A variable drive
tone, fy, is applied and immediately followed by a readout tone at the cavity resonance frequency, allowing readout of the demodulated
transmission voltage, V. The qubit drive power is adjusted between traces to account for varying lifetime and detuning from the
readout cavity, which may cause changes in the background signal and line widths of transitions. Data around 0.58 T are omitted due
to the applied signal power being too low during the two-tone spectroscopy. A line average is subtracted from the data for each B.
The inset is a sketch illustrating the cross section of a two-facet nanowire, with the hypothesis that the electron density accumulates
at the InAs surface, as illustrated by the color gradient (green to white). A superconducting ring is created by the superconducting Al
shell (blue) and the proximitized InAs (green). For an axial magnetic field, B, a flux, ®, threads the nanowire cross section, resulting
in a periodic modulation of the qubit frequency. The top horizontal axis is constructed by inferring that a half-integer number of flux

quanta, ®y(= h/2e), thread the nanowire at B = 225 mT.

V2® /7t B(® = ®y/2) = 76 nm. As the charge accumula-
tion layer will have a finite thickness, one expects a slightly
smaller effective diameter compared to that of the nanowire
(approximately 100 nm) [36]. Simulations of realistic wire
geometries [35] also predict a reduced maximum super-
conducting gap in higher lobes due to inhomogeneity in
the effective diameter. This is consistent with our measured
data, where the qubit frequency, f;, is expected to scale

with ~/A*. Similar oscillations with a magnetic field have
also been observed for nanowires in transport experiments
[37] and have been attributed to interference effects in the
junction itself, which may also play a significant role here.
We note that the field dependence is strongly influenced
by the nanowire charge distribution and the oscillations
observed here are for a particular range of plunger-gate
values [35,38]. Periodic oscillations in qubit frequency
have also been observed for gatemons with nanowire junc-
tions where the Al shell has fully enclosed the leads and
have been interpreted as the Little-Parks effect [17,18].
We next consider the qubit behavior in each of the
three lobes. In the zeroth lobe measured from B ~ 0 to
approximately 150 mT, the qubit behaves indistinguish-
ably from a standard gatemon device. Due to the high
drive power, multiphoton transitions are observed, excit-
ing higher-energy states of the qubit. At around 150 mT,
the system becomes unmeasurable due to the second qubit
on the chip anticrossing with the readout resonator (see

Fig. 5). Figures 3(a) and 3(b) show Rabi oscillations
and lifetime decay at B =0 and B =50 mT. At B=0,
we observe lifetimes of approximately 5.5 us, similar
to previous gatemon devices with a single junction gate,
indicating that the additional plunger gates and dielectric
layers do not compromise the qubit performance. The mea-
surements show almost no difference between B = 0 and
B =50 mT, demonstrating excellent resilience to paral-
lel magnetic fields, consistent with other recent studies of
gatemon qubits [16]. Furthermore, as the field is not per-
fectly aligned, these data indicate that small out-of-plane
magnetic fields (approximately 10 «T) do not degrade the
qubit quality. This suggests that our qubit design mitigates
the need for extensive magnetic shielding, as typically
required for superconducting qubit devices.

Moving to the first lobe between B ~ 250 mT and
B ~ 650 mT, two main resonances appear (Fig. 2). Both
states behave as weakly anharmonic oscillator modes with
a broad single-photon transition frequency and a sharper
two-photon transition separated by approximately 100
MHz. While the presence of two anharmonic states is
consistent with a large Majorana coupling across the junc-
tion mediated by two overlapping zero modes [21], it is
unlikely that the splitting is due to Majorana physics as
the topological phase is typically expected to occur at
higher magnetic fields for InAs-based wires. Rather, the
splitting might be connected to low-energy Andreev states
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FIG. 3. Time-domain measurements as a function of B at
Vew = —0.5 V and Vipjg = Viplg = —4.2 V. (a) Rabi oscillations
of the gatemon at B = 0 and B = 50 mT. We measure the demod-
ulated transmission, V', as a function of drive duration, ¢, applied
at the qubit frequency. The fits are exponentially damped sinu-
soids. The data are normalized to the extracted fit parameters. (b)
The T -lifetime measurement at B = 0 and B = 50 mT. We mea-
sure Vy as a function of the delay time, 7, between the drive and
readout tones. To excite the qubit, we apply a 7 pulse calibrated
from (a) at f, = 4.2 GHz (green) and f; = 4.1 GHz (blue). The
data are fitted to a decaying exponent to extract 7). (c) [(d)] The
same as (a) [(b)] at B = 1T with f; = 2.4 GHz.

interacting with the qubit mode, as indicated by sev-
eral transitions dispersing strongly with magnetic field
throughout the first lobe. In this regime, it is not possible
to probe the qubit states using time-domain measurements
due to very low lifetimes.

In the second lobe above B ~ 650 mT, a single qubit
resonance revives and is clearly visible all the way up to
B = 1T. The two-photon 0 — 2 transition is also observed
below the qubit transition. Similar to the first lobe, addi-
tional resonances strongly dispersing in magnetic field are
also observed in the second lobe. In contrast to the first
lobe, the qubit is coherently resolved in time-domain mea-
surements throughout the second lobe. Figures 3(c) and
3(d) show coherent Rabi oscillations of a superconduct-
ing transmon qubit at B = 1 T with lifetime 77 = 0.57 us.
While we do not attempt to measure Ramsey oscillations
at B=1 T, we estimate a pure dephasing time 7}, from
1/Tr = 3/(4T1) + 1/(2T4) [39,40], where T is the Rabi
decay time. From the fit in Fig. 3(c), we extract T = 110
ns and taking 7 = 0.57 us, we estimate T4 ~ 60 ns at
B =1T. In contrast to a Ramsey measurement that probes
the noise spectrum around zero frequency, this dephas-
ing time reflects the noise spectrum at the Rabi frequency,
wg/2m ~ 17 MHz [40]. At B = 0, we estimate Ty > 200

-2.0-1.0 0.0 1.0

(a) V,, (arb. units)

4 4
(b) B (mT)

-1.78 -1.84 -182 -180 -1.78
vcut (V)

25+
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FIG. 4. The junction states as a function of the magnetic field
and gate. (a) Two-tone spectroscopy for varying f; and B reveals
the oscillating behavior of the junction states at gate voltages
Vew = —1.8 Vand Vypjg = Viplg = —2.0 V. We observe an unin-
terrupted qubit transition frequency f; (arrow) decaying as B
increases with multiple new transitions emerging and exhibiting
multiple avoided crossings with the qubit transition. (b) Two-
tone spectroscopy as a function of f; and V, at B =350 mT
[left, black rectangle in (a)] and 360 mT [right, blue rectangle
in (a)]. Again, a clear qubit transition is visible, weakly depen-
dent on V., with two strongly dispersing transitions coupling to
the qubit. The gate-independent transition at f; ~ 3.8 GHz is the
qubit transition of the second qubit. A line average is subtracted
from each column in all panels.

ns as both 77 and Ty are much longer than the 200-ns
measurement window.

Comparing with previous work, we attribute the
enhanced magnetic field resilience to the use of thin-shell
nanowires (approximately 7 nm) as opposed to the thicker
Al shells (approximately 30-40 nm) used in Refs. [16—18].
Another key difference is the use of nanowires where not
all facets are covered with Al, allowing voltage control
of the charge density in the proximitized semiconduc-
tor leads. We speculate that the differences in 7; times
between the three lobes is the result of a varying den-
sity of subgap states [18]. While not presently under full
experimental control, this difference is likely specific to the
charge distribution in the wire for a given device tuning. In
addition, we speculate that the decrease in 77 at B=1T
compared to at B = 0 is also influenced by the reduction
in A*, resulting in an increase in quasiparticle poisoning
rates [41,42].

054001-4
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IV. ANOMALOUS JUNCTION STATES

To investigate the anomalous qubit-resonance splittings
in the first lobe, we focus on a voltage regime where
sharp additional transitions and avoided crossings in the
qubit transition are observed, as shown in Fig. 4(a). A
clear uninterrupted qubit transition frequency f, is slowly
reduced from f, ~ 3.4 to 2.8 GHz, as B is increased from
300 to 500 mT [arrow in Fig. 4(a)]. Additionally, around
the qubit transition, several new resonances appear for
B > 350 mT, oscillating with magnetic field. When these
oscillating state transitions are on resonance with the qubit,
we observe avoided crossings, indicating strong coupling
to the qubit. We associate these resonances with low-
energy Andreev bound states that couple to the resonator
via the qubit, in agreement with recent numerical simu-
lations of similar nanowire structures [43]. We speculate
that the coexistence of the coupled and uncoupled spec-
tra, as seen emerging at B ~ 350 mT and f;, ~ 3.4 GHz
in Fig. 4(a), can be explained by a fluctuating parity of
the Andreev states [4,5,8]. For instance, in the even-parity
state, additional transition frequencies might be observed
due to the hybridization of the qubit and Andreev-state
transitions. However, in the odd-parity state (or vice versa
[23,44]), only a single-qubit resonance might be observed,
as the Andreev-state transitions no longer hybridize with
the qubit mode. The observed spectrum is then the aver-
age of these different configurations, with parity switching
occurring faster than the measurement time (typically > 10
s for each vertical trace).

To further probe the spectrum, we sweep Ve at fixed B
[see Fig. 4(b)]. Here, the qubit transition is weakly dispers-
ing around f; ~ 3.4 GHz. Two strongly gate-dependent
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FIG. 5. The transmission voltage, S,;, as a function of the cav-
ity drive frequency and B showing the field modulation of the
resonance frequency of the 1 /2 cavity used for readout in Fig. 2.
Due to the large fluctuations, the readout frequency is adjusted
each time the magnetic field is varied. The large jumps around
B =0.2 T are due to corrections of the out-of-plane magnetic
field approximately 0.1 mT (not shown). At B ~ 150 mT, the
avoided crossing between the resonator and the second qubit is
observed.

transitions oscillate around f; ~ 3 GHz, with both tran-
sitions giving rise to avoided crossings with the qubit
transition. In addition, a second weakly gate-dependent
state at f; ~ 2.5 GHz exhibits avoided crossings with the
two oscillating transitions. The strong dispersion of the
transitions with V., is consistent with Andreev states that
are localized in the junction and therefore expected to be
strongly dependent on the electrostatics of the junction.

The observation of anomalous qubit-resonance split-
tings has also been reported in Ref. [18]. This has been
attributed to Andreev transitions emerging from phase
winding associated with the reentrant lobe spectrum of the
Little-Parks effect. The low-energy modes observed in this
work may also emerge from phase winding effects, possi-
bly explained by a proximitized surface charge layer that
results in a Little-Parks-like spectrum. In both cases, the
low-energy modes are very responsive to changes in the
junction gate voltage. In this work, however, due to the
tunability of the leads, the reentrant qubit spectrum is only
observable for certain gate-voltage ranges and the spe-
cific charge distribution in the leads may also affect the
phase dependence of the qubit-resonance splittings. It is
noted that the period of the reentrant oscillations is smaller
in Ref. [18] due to the use of larger-diameter nanowires,
but in both cases the period is consistent with an integer
number of flux quanta threading the nanowire.

V. CONCLUSIONS

We present a magnetic-field-resilient gatemon circuit
with excellent relaxation times of 5 us at moderate mag-
netic fields, approximately 50 mT. The qubit retains coher-
ence up to magnetic fields of 1 T with a lifetime 7} ~
0.6 us, demonstrating the compatibility of our gatemon
circuit design with magnetic fields typically needed for
Majorana zero modes. Future work could integrate addi-
tional gates to allow greater control of the charge-carrier
distribution along the nanowire or use a superconduct-
ing quantum interference device (SQUID) -like geometry
to allow control of the superconducting phase across the
Josephson junction. The combination of the microwave
spectroscopy techniques with dc-transport measurements
[45] may also provide further insights into the underlying
origin of the observed features.
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APPENDIX A: READOUT FREQUENCY
CORRECTIONS

When applying an in-plane magnetic field, B, the read-
out resonator frequency, f., is modulated due to changes
in the kinetic inductance of the Nb-Ti-N film. We there-
fore correct the readout frequency before each two-tone
spectroscopy measurement by measuring the transmis-
sion voltage, S,;, as a function of the frequency with a
vector-network analyzer (VNA) (see Fig. 5). Following
each measurement, we fit S, to a skewed Lorentzian to
determine the readout frequency. These measurements are
interleaved with the two-tone spectroscopy measurements
shown in Fig. 2. We observe a slight degradation in f, until
the avoided crossing with the second qubit at B ~ 150 mT
is observed. The large jumps in f, around B ~ 200 mT
are due to corrections to the out-of-plane field components
carried out in between measurements, after observing a

5 300 K
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AWG5014C M8-0420 BLP-1.9+
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6 Mini-Circuits rf 13 API dc block 20 Mini-circuits low-pass filter
switch 4SPDT inmet 8039 LFCN-1450

7 DecaDAC D/A 14 Miteq amplifier 21 Mini-circuits low-pass filter

AFS2-00101200 LFCN-500
FIG. 6. A schematic of the experimental setup used for the
experiments presented. The readout resonator is driven either by
the VNA or an arbitrary waveform generator (AWG)-modulated
rf source (green lines). The output signal (red lines) is ampli-
fied and read out either with the VNA or down-converted by
mixing with a reference signal. All microwave equipment is syn-
chronized with a 10-MHz clock reference. Three dc lines (blue)
are connected to the three gates, Viylg, Viplg, and Vey, to tune the
nanowire chemical potential and junction, respectively.

steady decrease in f, when sweeping down from B =1 T.
No significant degradation in the peak width is observed,
highlighting the magnetic field compatibility of the readout
resonators.

APPENDIX B: EXPERIMENTAL SETUP

Figure 6 shows the experimental setup used for the mea-
surements presented in the paper. The readout resonance
frequency is determined by transmission measurements
with a VNA. Two-tone spectroscopy and time-domain
measurements are acquired with a heterodyne demodu-
lation readout circuit. With this circuit, we measure the
transmission of a pulse-modulated rf signal. We amplify
the transmitted signal at 4 K and further at room temper-
ature and then mix down with a reference signal before
sampling and digital down-conversion. The demodulation
circuit and VNA are connected to an rf switch matrix
to allow switching between the two measurement con-
figurations. The experiments are carried out in a dilution
refrigerator with a 6-1-1 T vector magnet.
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