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Quasiparticle effects in magnetic-field-resilient three-dimensional transmons
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Recent research shows that quasiparticle-induced decoherence of superconducting qubits depends on
the superconducting-gap asymmetry originating from the different thicknesses of the top and bottom films
in Al/AlOx/Al junctions. Magnetic field is a key tuning knob to investigate this dependence as it can
change the superconducting gaps in situ. We present measurements of the parity-switching time of a field-
resilient three-dimensional transmon with in-plane field up to 0.41 T. At low fields, small parity splitting
requires qutrit pulse sequences for parity measurements. We measure a nonmonotonic evolution of the
parity lifetime with in-plane magnetic field, increasing up to 0.2 T, followed by a decrease at higher fields.
We demonstrate that the superconducting-gap asymmetry plays a crucial role in the observed behavior.
At zero field, the qubit frequency is nearly resonant with the superconducting-gap difference, favoring
the energy exchange with the quasiparticles and so enhancing the parity-switching rate. With a higher
magnetic field, the qubit frequency decreases and gets detuned from the gap difference, causing the initial
increase of the parity lifetime, while photon-assisted qubit transitions increase, producing the subsequent
decrease at higher fields. Besides giving a deeper insight into the parity-switching mechanism in conven-
tional transmon qubits, we establish that Al-AlOx-Al Josephson junctions could be used in architectures
for the parity-readout and manipulation of topological qubits based on Majorana zero modes.
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I. INTRODUCTION

Superconducting quantum circuits, such as qubits, sen-
sors, and amplifiers have drastically improved over the last
two decades [1]. This progress has been achieved through
careful management of various sources of losses and noise,
ranging from adjusting the circuit’s geometry to reduce
dielectric losses [2,3] to adding extra filtering to protect
the samples from external radiation [4]. Furthermore, the
exploration of alternative materials shows promise for cre-
ating more performant devices, a recent example being the
transmon qubit [5] based on tantalum capacitors [6]. In
light of the reduction of other noise sources, nonequilib-
rium quasiparticles could eventually represent a relevant
source of decoherence, in addition to already being a main
cause of residual excitations [7].

Moreover, recent reports of chip-wide correlated deco-
herence due to quasiparticles [8,9] show that quasiparti-
cle loss is a major obstacle to scaling-up superconduct-
ing quantum processors. A wide range of solutions to
quasiparticle loss is being explored: quasiparticle traps
[10], pumping [11], gap engineering [12–15], phonon
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down-conversion [16,17], optimizing device geometry
[18], shielding and filtering [19] or even shielding the
device from cosmic rays [20–22]. Magnetic-field-resilient
transmons made of thin-film Al/AlOx/Al Josephson junc-
tions (JJs) [23] provide yet another angle to tackle quasi-
particle loss: the in-plane magnetic field tunes in situ both
the transmon transition frequencies and the superconduct-
ing gaps of top and bottom aluminum electrodes, making
these transmons an ideal system to study quasiparticle
effects and optimize gap engineering.

In a parallel effort, magnetic-field-resilient transmons
with aluminum tunnel JJs can be a key component for
topological quantum-computation protocols based on pre-
cise readout and control of the fermion parity of Majo-
rana zero modes (MZMs). Circuit QED measurements
[24] of offset-charge-sensitive transmon circuits allow
for robust and fast detection of charge-parity switching
[7,25], and hence transmons incorporating topological-
superconductor nanowires provide an ideal platform to
measure and manipulate MZMs [26,27]. To host MZMs,
the wires typically need to be threaded by large parallel
magnetic fields on the order of at least 0.5 T, posing strong
requirements on the magnetic field resilience of the readout
circuitry, too. In this context hybrid JJs for field com-
patible transmons have also been explored [28–31]. With
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magnetic-field-resilient aluminum transmons, the advan-
tages of highly coherent and reliable tunnel junctions can
be exploited to achieve high-fidelity parity measurements
even in large magnetic fields.

In this paper, we present measurements of the
quasiparticle-induced parity-switching rates in a three-
dimensional (3D) transmon [32] as a function of in-plane
magnetic field up to 0.41 T, promoting thin-film aluminum
transmons for the parity readout of future topological
qubits. Using a comprehensive model, we distinguish the
relevant mechanisms of parity switching, providing evi-
dence for an interplay between Cooper-pair-breaking pho-
tons, the superconducting gaps in both sides of the JJs,
and the Fraunhofer effect in the JJs. We report signa-
tures of near-resonantly enhanced quasiparticle tunneling
due to the superconducting-gap difference approaching
the transmon frequency at low in-plane magnetic fields;
this resonance condition is gradually lifted with increas-
ing fields until photon-assisted parity switching dominates.
Thus, counterintuitively, the maximum parity lifetime is
reached at a finite field of about 0.2 T. Measurements
of the temperature dependence of the parity-switching
time for selected in-plane magnetic fields further support
these findings. We use different transmon transitions in
the parity measurements [33,34], as the Josephson energy
changes with the magnetic field, mainly due to the Fraun-
hofer effect. Our results complement recent experimen-
tal [35,36] and theoretical [37] works on the impact of
gap asymmetry on the quasiparticle decoherence rate of
transmons.

This paper is organized as follows. In Sec. II we discuss
the experiment design, while in Sec. III the magnetic-field-
dependent spectrum is shown and parameters of the trans-
mon are determined by modeling it. Section IV is devoted
to the in-plane magnetic field dependence of the parity-
switching time and Sec. V to its temperature dependence
for selected in-plane magnetic fields. In the Conclusions
[Sec. VI], we summarize the results and give an outlook
for future research.

II. EXPERIMENT DESIGN

The experiment is conceived to measure the effect of
magnetic fields on the parity-switching time τp of an offset-
charge-sensitive transmon [38]. For dispersive readout, the
transmon is coupled to a 3D copper cavity [Fig. 1(a)],
which is unaffected even by large magnetic fields. We use
a bias tee at one of the cavity pins to apply an offset voltage
Vg to the two transmon islands (see Appendix A for details
of the setup and Appendix B for the device fabrication and
geometry). In this way, we can measure the charge disper-
sion, the dependence of the spectrum on the offset charge
ng ∝ Vg .

The charge dispersion is 2e periodic, where e is
the elementary charge (for transmon Hamiltonian see
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FIG. 1. Schematic of the experiment design. (a) Sketch of the
3D copper cavity with the transmon. A bias tee at one of the
cavity pins enables voltage biasing (Vg) of the transmon. (b)
Successive transmon energy levels i and j as a function of the
offset charge ng (proportional to Vg). There are two manifolds
(“even” and “odd”) connected by the incoherent tunneling of sin-
gle quasiparticles. Energy levels have a charge dispersion with
peak-to-peak value εi and transition frequencies f e

ij and f o
ij . (c)

Sketch of a Dolan-bridge Josephson junction (JJ) relating the
magnetic field axes to the JJ geometry. A vector magnet is used
to flux bias the SQUID loop along B⊥ and to apply in-plane mag-
netic fields along B‖,1 and B‖,2. Quasiparticles can be generated
by Cooper-pair-breaking photons; any event where single quasi-
particles tunnel through the JJ changes the charge parity of both
electrodes and makes the transmon transition frequencies jump
from f e

ij to f o
ij or vice versa. The two electrodes in the JJ have

different thicknesses for the top and bottom aluminum layers,
leading to different superconducting gaps in the excitation spec-
trum. (d) Density of states (DOS) and superconducting gap for
the two electrodes.

Appendix C). We define the peak-to-peak variation of
transmon level i as εi. However, the transmon energy spec-
trum splits into two separate manifolds that differ by one
electron charge [see Fig. 1(b)] and are labeled “even”
and “odd.” Microwave transitions are only possible within
each manifold with frequencies f e

ij and f o
ij , respectively,

but not between them, as this would require a term in
the Hamiltonian that connects them [39]. The two mani-
folds are incoherently connected by the tunneling of single
quasiparticle excitations across the junction [40–42]. This
is equivalent to a 1/2 shift in ng (a shift by 1e), which
changes the transmon transition frequencies from f e

ij to f o
ij

044063-2



QUASIPARTICLE EFFECTS IN MAGNETIC-FIELD-RESILIENT... PHYS. REV. APPLIED 22, 044063 (2024)

or vice versa and can be accompanied by qubit relaxation
or excitation. We define the transmon parity as the parity
of the number of single quasiparticles that have tunneled
across the junction [35] and the parity-switching time τp
as the mean dwell time between two such events. In addi-
tion to the discrete parity jumps caused by quasiparticles
tunneling across the junction, the charge environment cre-
ates noise in ng including slow drift, shifting by about 1e
over a time scale of order 10 min. The transmon was intro-
duced [43] as a qubit design less sensitive to noise in ng ,
but charge noise in transmons continues to be a subject of
research [44].

Our transmon includes a superconducting quantum
interference device (SQUID) comprising two Al/AlOx/Al
tunnel junctions. Thin aluminum films yield relatively high
critical fields Bc ∼ 1 T for magnetic fields applied in plane
[45,46], and narrow superconducting electrodes minimize
vortex losses. Previously, we showed that a device based
on the same geometry can remain sufficiently coherent
(with lifetimes of the order of 1 µs) even at high magnetic
fields [23]. The two superconducting electrodes composing
each junction are characterized by different superconduct-
ing gaps, �B and �T, due to the different film thicknesses
of the bottom (B) and top (T) aluminum layer [Figs. 1(c)
and 1(d)]. The gap asymmetry δ� = �B − �T estimated
with a phenomenological law [37,47,48] is on the order
of the transmon transition energy hf01, making it rele-
vant for quasiparticle-tunneling processes [37]. A SQUID
transmon was chosen such that at low fields, the bottom
sweet spot has a sufficient charge dispersion for charge-
parity measurements, while at higher fields eventually,
the top sweet-spot charge dispersion becomes sufficient.
However, due to flux instabilities, we could not mea-
sure the spectrum for B‖,1 > 0.41 T for reasons that are
currently not understood. Coherence times start to drop
sharply slightly below 0.40 T (see Supplemental Mate-
rial [49] for details). Due to flux noise, the qubit coher-
ence is severely reduced away from the top and bottom
sweet spots of the SQUID, so measurements of the parity-
switching time were mainly performed at the bottom sweet
spot.

A vector magnet is used to flux-bias the SQUID loop
with an out-of-plane field B⊥ and to apply in-plane mag-
netic fields along B‖,1 and B‖,2 [see Fig. 1(c)]. The fre-
quency modulation due to the SQUID is highly sensitive
to B⊥, which enables precise alignment of the magnetic
field to the sample plane to within ±0.05 ◦. To mea-
sure the magnetic field dependence of the parity-switching
time, we apply the field along the B‖,1 axis. Previously
we saw that the magnetic field dependence along the
B‖,2 axis was more erratic [23], which we hypothesize
to be due to different spurious JJs in the two field direc-
tions. In the following, we will use B‖ as a shorthand
for B‖,1.

III. IN-PLANE MAGNETIC FIELD DEPENDENCE
OF THE TRANSMON SPECTRUM

First, we investigate the evolution of the transmon
spectrum with the applied magnetic field to extract the
parameters of our device, such as the Josephson energy
(EJ) and the charging energy (EC). The in-plane magnetic
field B‖ modulates EJ, while EC remains unaffected. Con-
sequently, the transmon spectrum changes as a function
of B‖; both the transition frequencies between different
transmon levels and their respective charge dispersions are
modified.

Two different mechanisms contribute to the suppression
of the Josephson energy EJ in the presence of an in-plane
magnetic field. First, the magnetic field weakens super-
conductivity in the two electrodes composing the SQUID
[50]. Specifically, the superconducting gaps �B, �T, and
so EJ ∝ �B�T/(�B + �T), decrease monotonically with
increasing B‖. Second, the magnetic field directly affects
the Josephson coupling at the junction by laterally pene-
trating the JJ’s oxide barrier. This causes a Fraunhofer-like
pattern in the dependence of the junction’s critical current
Ic on B‖ [50] (cf. Fig. 8); this modulation is significant
when the lateral flux associated with the field is of the
order of the superconducting flux quantum �0 = h/(2e)
(with h Planck’s constant). In our case, with JJs of width
l2 ∼ 200 nm and film thickness t ∼ 10 nm [51], this field
is of order B�0(t, l2) ∼ �0/(l2t) ∼ 1 T. We were able to
explore this regime here due to the large in-plane criti-
cal field Bc of thin-film superconducting electrodes [46].
In typical JJs, the electrodes are thicker, usually 30 nm and
above; as the critical field Bc decreases faster with thick-
ness than B�0 (t−3/2 [46] vs t−1), the Fraunhofer effect
becomes less relevant as thickness increases.

To quantify both contributions to EJ, we measure the
perpendicular flux dependence of the lowest energy transi-
tions in a SQUID transmon for selected in-plane magnetic
fields B‖ [Fig. 2(a)]. The SQUID is asymmetric; the two
JJs have different dimensions, and hence different Joseph-
son energies EJa and EJb proportional to the junction area.
Therefore, the flux arcs shown in Fig. 2(a) display both
a top and a bottom flux sweet spot, for which EJ(� =
0) = EJa + EJb and EJ(� = 0.5�0) = |EJa − EJb|, respec-
tively. The inset of Fig. 2(a) shows the extracted Josephson
energies as a function of B‖. In general, the magnitude of
gap suppression at a given field is determined by mate-
rial properties and film thickness; since the two arms of
the SQUID have been fabricated simultaneously, we take
the two junctions to be equally affected by gap suppres-
sion. In contrast, the characteristic fields for the Fraunhofer
contribution to Ic are different (B�0,a �= B�0,b) due to the
SQUID asymmetry. Consequently, the parameter charac-
terizing the SQUID asymmetry αJJ = |EJa − EJb| /(EJa +
EJb) changes with B‖; this feature allows us to discriminate
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FIG. 2. Transmon spectroscopy in a magnetic field. (a) Transmon frequencies f01, f02/2 as a function of B⊥ (here expressed as the
reduced flux �/�0) for selected B‖. The asymmetric SQUID oscillates between top and bottom flux sweet spots, corresponding to
the sum and difference of the two junctions’ Josephson energies EJa and EJb. For B‖ ≤ 0.2 T the top sweet spot is close to fcav (dashed
horizontal line) and therefore we do not perform dispersive two-tone spectroscopy for frequencies above 7.1 GHz. The inset shows
EJa and EJb as a function of B‖. Their monotonic decrease with B‖ is mainly due to a Fraunhofer-like pattern in the junctions’ critical
currents Ic,a and Ic,b; the magnetic field further decreases EJ by suppressing the superconducting gap. However, in the magnetic field
range covered by quasiparticle-parity measurements, the effect is small, less than 3% (see Appendix D). (b),(c) In-plane magnetic field
dependence of the bottom sweet-spot transitions f01, f02, and f03 and their respective parity-frequency splittings δfij = maxng (f

e
ij − f o

ij ).
As EJ decreases all fij decrease, while their δfij increase; we assume EC to be unaffected by B‖. We obtain the fij and δfij in voltage-gate
scans as shown in panels (d)–(f). For each transition, two separate frequency branches differ by one missing or extra quasiparticle in
each of the transmon’s electrodes, making it possible to turn the transmon into a quasiparticle parity meter. The blue-shaded area in
panel (d) indicates where δfij is in a useful range for parity-state mapping. For B‖ ≤ 0.3 T we employ the f12 transition, for B‖ ≥ 0.25 T
we can also use the f01 transition. The joint fit to all fij and δfij shown in this figure requires higher harmonics EJ,m cos(mφ) (with m
integer) in the Josephson energy term of the transmon Hamiltonian, for details see Appendix C. We find EC/h = 327.5 MHz and the
zero-field Josephson energies E0

Ja/h = 19.47 GHz and E0
Jb/h = 5.97 GHz.

between the Fraunhofer contribution and the suppression
of the superconducting gaps (for details see Appendix D).
In the magnetic field range covered by quasiparticle-parity
measurements, we estimate the contribution of the gap sup-
pression to EJ ∝ �B�T/(�T + �B) to be less than 3%,
so the decrease in EJ is mainly due to the Fraunhofer
contribution.

Measuring the parity-switching time requires the trans-
mon to be in an offset-charge sensitive regime. The charge
dispersion’s peak-to-peak values εi ∝ EC(EJ/EC)i/2+3/4

exp(−√
8EJ/EC) [5] depend exponentially on the ratio

of EJ/EC and are larger for higher levels. Experimen-
tally we measure the transition frequencies fij between
two levels |i〉 and |j 〉 and their parity-frequency splittings
δfij = maxng (f

e
ij − f o

ij ). Now, as EJ decreases with B‖, the
fij decrease and the δfij increase. Figures 2(b) and 2(c)
show f01, f02, and f03 as well as the corresponding δfij mea-
sured at the bottom flux sweet spot as a function of B‖. The
data is determined from voltage-gate scans like the ones

displayed in Figs. 2(d)–2(f); these examples were taken at
B‖ = 0.15 T (see also Appendix E). We observe both fre-
quency branches f e

ij and f o
ij in two-tone spectroscopy as the

measurement is slow compared to the characteristic parity-
switching time τp. In successive single-shot measurements,
however, the transmon is either in the “odd” parity state or
in the “even” parity state, and parity switches come with
a measurable frequency jump. This jump is maximally
resolved when the gate voltage Vg is set to the charge sweet
spot, i.e., ng = 0, 1/2, 1 . . . in Fig. 1(b), and it enables a
charge-parity meter based on a frequency-dependent gate
[25]. To measure the parity-switching rates we use differ-
ent transmon transitions depending on the field range: for
B‖ ≥ 0.25 T, δf01 ≥ 0.2 MHz, and we can use the f01 tran-
sition. For smaller fields, however, the EJ/EC ratio is on
the order of 45 to 30 even for the bottom sweet spot; thus,
the charge dispersion is too small for charge-parity mea-
surements, since the waiting time of the Ramsey protocol
∝ 1/δf01 (see also the following section) is longer than our
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dephasing times. With δf02 being a factor 10 larger with
comparable dephasing times, we employ the f12 transitions
instead. That way, we can measure the transmon parity also
for higher EJ/EC ratios and cover a wide range of magnetic
fields.

Notably, a joint fit to all fij and δfij shown in Fig. 2
requires the inclusion of higher Josephson harmonics
EJ,m cos(mφ) in the transmon Hamiltonian. The data we
collected in the process of pursuing the quasiparticle
physics shows good evidence for the Josephson harmon-
ics; it has been combined with results from other groups
to make the case for a more complex current-phase rela-
tionship in conventional Al/AlOx/Al tunnel JJs that had
previously been overlooked, see Ref. [52]. Here we explic-
itly consider the SQUID nature of the transmon in analyz-
ing our data, see Appendix C for details. The parameters
we extract from the spectroscopic data, in particular, the
charging and Josephson energies, also enter into the esti-
mates of the parity-switching time that we consider in the
next section.

IV. IN-PLANE MAGNETIC FIELD DEPENDENCE
OF THE PARITY-SWITCHING TIME

We now turn to the characterization of the transmon’s
parity-switching time as a function of B‖. Measurements
are performed at the bottom sweet spot in B⊥, see discus-
sion in Sec. II. We use a Ramsey-based parity measure-
ment [25] with superpositions of |0〉 and |1〉 as well as |1〉
and |2〉, as illustrated in Fig. 3. At a gate-voltage sweet
spot (ng = 0, 1/2, 1 . . . ), the parity-measurement protocol
projects the lower-frequency branch predominantly onto
the transmon ground state |0〉, and the upper-frequency
branch onto the first excited state |1〉. We henceforth call
“even” the parity branch that is projected onto |0〉 and
denote its mean dwell time by τ e

p . Similarly, “odd” is
the parity branch that is projected onto |1〉, with a mean
dwell time τ o

p . As we do not actively reset the transmon
state after an individual single-shot parity measurement,
we include a waiting time of 5T1 before taking the next
single-shot parity measurement. As a result, the transmon’s
first-excited-state population p1 is on average higher for
“odd” than for “even” parity mapping, as the transmon
relaxes from the excited state to the ground state during
the waiting time, see Fig. 3(c). At the base temperature of
the cryostat, T ∼ 7 mK, we estimate a mean excited-state
population pe

1 = 4.3% for “even” parity and po
1 = 19.5%

for “odd” parity. More details on the parity-measurement
sequence and its analysis in terms of a hidden Markov
model can be found in Appendix F.

Figure 4(a) shows the two parity-switching times for
“even” (τ e

p ) and “odd” (τ o
p ) parity as a function of B‖. Most

notably, the two parity-switching times evolve nonmono-
tonically with B‖: for both τ e

p and τ o
p we observe an initial

increase with applied magnetic field, reaching a maximum

(a)

(b)

(c)

FIG. 3. Parity-mapping scheme. (a),(b) show the gate
sequences for the parity measurements using superpositions
|0〉 + |1〉, and |1〉 + |2〉, respectively. They are repeated N = 218

times. For an initial |0〉 state, we define “even” (“odd”) parity
as the parity that is ideally mapped on |0〉 (|1〉). During the
parity-measurement sequence, the transmon is out of equilib-
rium. (c) estimated excited-state population p1 for “even” and
“odd” parity as a function of time during the parity-measurement
cycle. From the hidden-Markov model, we obtain measurement
outcomes for declared “even” and “odd” parities, which give
the initial populations after the measurement. Finite parity-
measurement fidelity leads to slight deviations from the ideal
p1 = 0 for “even” parity. Taking the average over the cycle, we
can estimate the mean populations pe

1, po
1 for the “even” and

“odd” parities, which are input parameters for modeling the
switching-time data.

at B‖ ≈ 0.2 T, before decreasing at higher fields. Besides,
we generally observe τ e

p �= τ o
p ; in particular, for |B‖| ≤

0.2 T, τ o
p is smaller than τ e

p . Theoretically, we expect τ e
p ≈

τ o
p , since the asymmetry between “even” and “odd” parity-

switching rates is at most of order e−hδf01/kBT [53] (with
kB Boltzmann’s constant). Even at the nominal base tem-
perature of the cryostat T0 ≈ 7 mK, we have kBT0/h ≈
150 MHz 
 δf01 ∼ 0.1 − 10 MHz [cf. Fig. 2(c)]. As we
will argue below, the difference between τ e

p and τ o
p is

instead due to the measurement-induced p1.

A. Modeling the parity-switching time

To understand the nonmonotonic magnetic field depen-
dence of τp and the difference between “even” and “odd”
parities we model different contributions to the parity-
switching time. Adopting the notation of Ref. [35], we
distinguish photon-assisted parity switching (PAPS) [54],
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(a)

(b)

(c)

(c) (e)

DOS (arb. units)

FIG. 4. (a) Parity-switching times τ e
p and τ o

p for “even” and
“odd” parity vs B‖ measured at the flux bottom sweet spot. Model
contributions to (b) 1/τ e

p and (c) 1/τ o
p . Around B‖ = 0 T the

population-weighted quasiparticle-tunneling rates 	01
qp and 	10

qp
[Eqs. (5) and (6)] show a peak. These two processes excite or
relax the transmon while bridging the superconducting-gap dif-
ference and are resonantly enhanced when f01 � δ�/h, explain-
ing the low-field dip in τp. A higher first-excited-state population
p1 further increases 	10

qp for the “odd” case, which is why τ o
p < τ e

p

in this region. Rate 	ii
qp accounts for quasiparticle tunneling

not accompanied by qubit logical state change. Photon-assisted
quasiparticle tunneling 	PAPS dominates for higher fields. (d)
Schematic density of states for the quasiparticle excitation spec-
tra in high- and low-gap (bottom and top) electrodes. The quasi-
particles are generated by pair-breaking photons; they can tunnel
at constant quasiparticle and transmon energy or by exchanging
energy with the transmon. (e) Qubit frequency f01 and esti-
mated superconducting-gap difference δ�/h = (�B − �T)/h vs
B‖. While at zero field f01 � δ�/h, the transmon is tuned further
away from resonance for higher fields. Gaps used for the theoret-
ical curves are �T/h = 54 GHz and δ�/h = 5.48 GHz. For the
remaining model parameters see Appendix G.

from number-conserving parity-switching (NUPS) events,
expressing

1
τp

= 	PAPS + 	NUPS. (1)

For PAPS events, pair-breaking photons with energy larger
than the gap sum �B + �T are absorbed right at the JJ,
leading to the generation of quasiparticles in the bottom
and top electrode at a total rate

	PAPS = p0

(
	

ph
00 + 	

ph
01

)
+ p1

(
	

ph
11 + 	

ph
10

)
. (2)

In Eq. (2), p1 is the occupation probability of the first
excited state of the transmon, p0 = 1 − p1 [we disregard
the occupation of higher excitation levels, see discussion
in Appendix G], and the subscripts in 	

ph
ij denote the initial

and final transmon logical states i and j .
In NUPS events, quasiparticles tunnel from one side of

the JJ to the other, conserving the total quasiparticle num-
ber. We distinguish three terms in the total rate of these
events,

	NUPS = 	ii
qp + 	01

qp + 	10
qp. (3)

In general, both quasiparticles in the bottom and top
electrodes contribute to each term. For instance, for the
“quasielastic” events modifying the transmon’s parity only
but not its logical state (i.e., with exchanged energy |εi| �
hf01) their rate takes the form

	ii
qp = p0

(
	̃B

00xB + 	̃T
00xT

)
+ p1

(
	̃B

11xB + 	̃T
11xT

)

≈ 	̃B
00xB + 	̃T

00xT (4)

where xB, xT are the dimensionless quasiparticle densi-
ties in the bottom and top electrodes, respectively [xα =
Nα/Nα

Cp, with Nα and Nα
Cp the numbers of quasiparticle and

the Cooper pairs in electrode α]. The rates 	̃α
ij denote tun-

neling of quasiparticles initially located in electrode α into
the other electrode with initial and final transmon states i
and j . The approximation in the second line of Eq. (4) is
valid at leading order in the ratio EJ/EC for a transmon. For
the rates of events changing the transmon state by exchang-
ing energy of about hf01 (weighted by the transmon state
occupation probability) we consider

	01
qp = p0	̃

B
01xB, (5)

	10
qp = p1

(
	̃T

10xT + 	̃B
10xB

)
(6)

for events associated with transmon excitation and relax-
ation, respectively (see Appendix G about the contribution

044063-6



QUASIPARTICLE EFFECTS IN MAGNETIC-FIELD-RESILIENT... PHYS. REV. APPLIED 22, 044063 (2024)

to 	01
qp from the top electrode’s quasiparticles). Note that

the excited-state population p1 is in general determined not
just by quasiparticles, but by all the mechanisms affecting
the transmon, including measurement as explained above;
since p1 can be determined experimentally, we treat it as
an input parameter in analyzing the parity-switching time.

The steady-state values of the quasiparticle densities in
the two electrodes xB and xT are computed by solving a
system of coupled rate equations. Physically, these den-
sities are determined by the balance between processes
keeping the quasiparticles away from the junctions, such
as recombination and trapping, and quasiparticle genera-
tion, which in our model originates from pair breaking by
high-frequency photons with rate ∝ 	PAPS. Details on the
approximate solution to the rate equations and on the tem-
perature and parallel field dependencies of the rates 	̃α

ij

and 	
ph
ij are given in Appendix G. The parallel magnetic

field modulates these rates via three distinct effects: first,
EJ changes due to a combination of gap suppression and
Fraunhofer effect; this also changes the qubit frequency
and influences the matrix elements for quasiparticle tran-
sitions. Second, similarly to the Fraunhofer modulation of
the critical current, these matrix elements are also directly
altered by phase-interference effects. Third, the two super-
conducting gaps get suppressed differently because the
critical field depends on film thickness; in modeling the
parity-switching time in the following subsection, we
can neglect the field dependence of the superconduct-
ing gap as we only reach a small fraction of the critical
field.

B. Distinguishing parity-switching mechanisms

Figures 4(b) and 4(c) show the magnetic field depen-
dence of the estimated contributions 	PAPS, 	01

qp, 	10
qp and

	ii
qp to τ e

p and τ o
p , respectively. We first address the non-

monotonic behavior of τp, so we focus on the “odd”
case, where this feature is more prominent. At zero field,
the quasiparticle tunneling rates 	01

qp and 	10
qp are maxi-

mum, decreasing monotonically with |B‖|. The transitions
described by the rates 	01

qp and 	10
qp excite and relax the

transmon, respectively, exchanging an energy approxi-
mately hf01. These processes are strongly enhanced when
�B − �T � hf01 due to the large density of states in the
quasiparticle spectrum near the gap edge [see Fig. 4(d)
and Ref. [37]]. At zero field, the gap difference estimated
through fitting slightly exceeds the qubit frequency, i.e.,
δ� � f01. With increasing magnetic field, f01 decreases
and is progressively detuned from the gap difference
[Fig. 4(e)], causing the initial increase of τp with applied
magnetic field. In contrast, photon-assisted pair-breaking
increases as EJ decreases, producing the subsequent decay
of τp at higher fields. The competition between PAPS and
NUPS is similar to the one reported in Ref. [35], where the
authors distinguish the two contributions by exploiting the

modulation of the frequency of a SQUID transmon with an
out-of-plane magnetic field. Here, instead, the interplay of
PAPS and NUPS is tuned by B‖, causing the nonmonotonic
evolution of τp: while PAPS dominates for higher fields,
NUPS dominates at low fields. In Ref. [35], the resonant
enhancement of quasiparticle tunneling at δ� � hf01 was
probed by tuning the frequency via the SQUID modulat-
ing B⊥. In our setup, the flux noise is more severe likely
due to the large vector magnet (it increases with B‖,1, see
Ref. [23]). This makes it impossible to measure τp away
from the bottom sweet spot, where the impact of flux noise
is reduced. A flux-dependent measurement, which would
serve as a cross-check for the determination of δ�, might
be enabled if the susceptibility to external flux noise is
reduced by using a gradiometric SQUID transmon [55].
The required local flux-bias line has been demonstrated for
3D transmons [56].

The difference between “even” and “odd” parity-
switching times τ e

p and τ o
p is related to the dependence of

the average excited-state population p1 on the parity mea-
surements: as discussed above, p1 is higher for “odd” than
for “even” parity, because the “odd” parity predominantly
ends up in |1〉 at the end of the parity mapping and then
relaxes during the idling, while the even parity predomi-
nantly ends up in |0〉 (see Fig. 3). Quasiparticle transitions
with concomitant transmon relaxation at rate 	10

qp require
the transmon to be in the excited state and are therefore
proportional to p1. Consequently, the contribution of 	10

qp
is enhanced for “odd” parity compared to “even” parity.
At the same time, quasiparticle transitions at rate 	10

qp are
dominantly from the low-gap (top) electrode to the high-
gap (bottom) electrode, since xT 
 xB for δ� > hf01 [37].
These transitions further increase the quasiparticle density
in the high-gap electrode. As a result, xB is larger for “odd”
parity, thus enhancing the contribution of 	01

qp ∝ xB, despite
the lower occupation of the ground state p0 = 1 − p1. Plots
of the estimated quasiparticle densities xB, xT can be found
in the Supplemental Material [49].

At the highest fields, i.e., 0.3 T � B‖ � 0.41 T, τp
decays more strongly than the model predicts [see
Fig. 4(a)]. This coincides with an overall deterioration
of the transmon coherence: the transmon lifetime T1 and
Ramsey-coherence time T∗

2 drop by an order of magni-
tude between B‖ = 0.3 T and 0.41 T (see Sec. IV within
the Supplemental Material [49]); relatedly, at B‖ � 0.3 T
the cavity Q-factor starts to decrease. Above B‖ = 0.41 T
we observe an extended magnetic field range where the
transmon frequency is very unstable in B⊥ and in time and
therefore largely not measurable (see Sec. VII within the
Supplemental Material [49]). For 0.6 T ≤ B‖ ≤ 0.8 T we
measure again periodic flux modulation of the cavity fre-
quency, but the SQUID remains unstable around its top
sweet spot, hence thwarting our plan to use the top sweet
spot for high-field measurements of τp. In Ref. [23] we
also observed an unstable region between B‖ = 0.4 T and
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0.5 T with a similar device and suspected spurious JJs in
the leads to cause it. Here, these effects may be connected
to the reduction of τp in a way that we currently do not
understand.

The reduction of τp with field could also originate from
effects that our model does not fully account for. Here
we disregard the field dependence of the gaps, since as
discussed in Sec. III, we estimate the contribution of the
gap suppression to EJ to be less than 3% and therefore
account only for the Fraunhofer effect on the quasiparticle-
tunneling rates. Moreover, the model uses a simplified
description of the pair-breaking photons in terms of a sin-
gle frequency (monochromatic radiation, see Appendix
G). More generally, few or several modes can contribute
to the photon-assisted pair-breaking rate, and consider-
ing, for example, black-body radiation originating from
higher-temperature stages of the refrigerator, the photon-
assisted switching rates could increase more strongly
than predicted by our model, and even more so if the
actual parallel critical fields were smaller than our present
estimate.

V. TEMPERATURE DEPENDENCE OF THE
PARITY-SWITCHING TIME

To complement the data on the magnetic field depen-
dence of τp, we measured its temperature dependence for
selected in-plane magnetic fields B‖. Figures 5(a) and 5(b)
show the temperature dependence of “even” and “odd”
parity-switching times τ e

p and τ o
p for B‖ = 0 T and B‖ =

−0.13 T (which is close to the maximum observed τp;
measurements performed at additional values of B‖ can be
found in Ref. [49]). Interestingly, we observe a cascading
decay of τp starting already at relatively low temperatures
of order T ∼ 50 mK. This behavior cannot be explained
by quasiparticle generation due to thermal phonons alone;
indeed, this contribution is exponentially suppressed as
exp(−2�T/T) and typically dominates over pair-breaking
photons only at higher temperatures (see Appendix I and
Ref. [57]). A similar temperature dependence has been
observed but not explained at finite field in a semicon-
ducting nanowire-based transmon [31]. At zero field and
in tunnel-junction-based transmons, a decrease in τp with
temperature has been attributed to the excitation of quasi-
particles out of superconducting traps by phonons [18] and
more recently related to the gap asymmetry [36].

Our model can capture the cascading decay by taking
into account, along with the gap asymmetry, two dis-
tinct effects: the thermal broadening of the quasiparticle
energy distributions and an increase in the excited-state
population p1. To illustrate these points, we consider
the same contributions determining τp in our model as
in the previous section, now additionally accounting for
the temperature variation [Figs. 5(c) and 5(d)]. The con-
tribution 	PAPS from photon-assisted parity switching is

(a)

(c)

(e) (f)

(d)

(b)

FIG. 5. Temperature dependence of τp for (a) B‖ = 0 mT and
(b) B‖ = −0.13 T. A cascading decay starting already around
T ∼ 50 mK cannot be explained by quasiparticle generation due
to thermal phonons. (c),(d) Model contributions to 1/τ e

p for both
fields. The increase in quasiparticle tunneling with temperature
is dominantly caused by enhanced “quasielastic” tunneling 	ii

qp
due to a change in the quasiparticle distributions. Two differ-
ent processes contribute here: first, an increasing excited-state
population p1 enhances 	10

qp , resulting in an increasing high-gap
quasiparticle density. Additionally, a thermal broadening of the
quasiparticle energy distributions in bottom and top electrode
yields more quasiparticles that can tunnel at a given energy.
(e),(f) Temperature dependencies of p1. The semiphenomeno-
logical expression for the fits in these panels is discussed in
Appendix H.

temperature independent in the measured range [58]. At
base temperature T ∼ 7 mK � δ�/kB quasiparticle tun-
neling rates that leave the transmon state unchanged are
slower, 	ii

qp < 	PAPS; quasiparticles are mainly located in
the lower-gap electrode with energy approximately �T,
and rates for events where they tunnel from the bottom to
the top electrode without changing the qubit logical state
are suppressed as e−δ�/kBT. Starting from T � 50 mK, the
excited-state population p1 increases [see Fig. 5 panels (e)
and (f)], and so the (weighted) rate 	10

qp increases. Since this
process leads to a larger quasiparticle density in the high-
gap (bottom) electrode (see plots within the Supplemental
Material [49]), the rates 	

qp
01 and 	

qp
ii are enhanced, too.
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The increase of 	
qp
ii is also assisted by the thermal broad-

ening of the quasiparticles distributions [see Fig. 4(d)]. All
these processes gradually suppress τp already for temper-
atures well below those at which quasiparticles generated
by thermal phonons eventually become the limiting factor,
T � 150 mK.

The robustness of our modeling is demonstrated by the
fact that a fixed set of (few) parameters captures both
the magnetic field and the temperature dependencies of
τp. Moreover, the estimated superconducting-gap differ-
ence δ� = 5.48 GHz · h is in reasonable agreement with a
simple estimate based on a phenomenological law for alu-
minum thin films [37]. Our estimate for the trapping rates
sB = sT = 3.39 Hz is smaller yet comparable to previously
reported values for transmons of similar geometry, which
are in the range 10 to 30 Hz [35,59]; we note that when
fitting the data, the photon-assisted rate 	PAPS weakly cor-
relates with sB = sT. We independently quantify the gap
�T, and so the onset of thermal quasiparticles, by fitting
the temperature dependence of T1 measured for different
in-plane magnetic fields B‖ (Appendix I). The resulting
�T/h = 54 GHz slightly overestimates the onset tempera-
ture for thermal quasiparticles to dominate the temperature
dependence of τp; accounting for the temperature depen-
dence of the trapping dynamics could perhaps reduce the
mismatch. Moreover, the “even” case is generally better
described than the “odd” case as the model considers a
steady-state solution of coupled rate equations. Our pulse
sequence, however, maps “odd” parity to the transmon
state |1〉, repeatedly driving the system away from its
steady state. Hence, possible deviations due to the dynam-
ics of the qubit during the measurement of τp affect more
significantly the “odd” assignment.

VI. CONCLUSIONS AND OUTLOOK

We have explored the magnetic field dependence of
parity switching times in a 3D SQUID transmon with
thin-film Al/AlOx/Al Josephson junctions. The magnetic
field provides a tuning knob to explore the physics of
quasiparticle dynamics in aluminum tunnel junctions; it
suppresses the superconducting gaps �B, �T of both sides
of the JJ and it introduces a Fraunhofer-like pattern in the
junction’s critical current. Both effects can influence the
parity switching times. We observe a nonmonotonic evo-
lution of the “even” and “odd” parity-switching times τ e

p
and τ o

p with B‖: a dip around B‖ = 0 T is followed by an
initial increase reaching a maximum at B‖ ∼ 0.2 T, before
decaying at higher fields. The observed maximum parity-
switching time (τp) of 1.2 ms is below the current state of
the art on the order of a minute [17,60], but the shielding
and filtering of our setup are not as advanced as those used
in these works, and the 3D transmon has an antennalike
geometry that is more prone to absorption of pair-breaking
photons [61,62].

Modeling the quasiparticle dynamics between the two
electrodes separated by the JJ with photon-induced pair
breaking as a generation mechanism, we explain this
behavior by a changing dominant contribution to the
parity-switching rate as the magnetic field increases: while
photon-assisted parity switching (PAPS) dominates for
higher fields, number-conserving parity switching (NUPS)
dominates at lower fields. More precisely, NUPS pro-
cesses 	01

qp and 	10
qp that excite or relax the transmon

to bridge the superconducting-gap difference δ� are res-
onantly enhanced around zero field as hf01 � δ�. The
effect is more pronounced for τ o

p than for τ e
p , which we

attribute to the additional excited-state population p1 intro-
duced by our pulse sequence for “odd” parity, which fur-
ther enhances 	10

qp. While photon-assisted parity switches
could likely be reduced by better shielding and filter-
ing, the superconducting-gap difference needs to be care-
fully engineered to avoid any resonance with transmon
transition energies. As this work shows, the magnetic
field lifts the resonance condition hf01 � δ� and can, in
principle, be used postfabrication as an analog to gap
engineering.

To complement the magnetic field data we also mea-
sured the temperature dependence of τp for selected B‖.
A cascading decay starting already at relatively low
temperatures of T ∼ 50 mK is not due to quasiparticle
generation by thermal phonons, as our model helps us
understand. Instead, the “quasielastic” tunneling rate 	ii

qp
rapidly increases above this temperature as the quasipar-
ticle energy distributions in the bottom and top electrodes
broaden, yielding more available quasiparticles for tunnel-
ing at constant energy. Additionally, 	10

qp increases with
temperature due to an increasing excited-state popula-
tion p1. With the same model parameters, we consistently
describe the magnetic field and temperature dependencies
of the measured parity-switching times. The model thus
helps to identify the relevant tunneling mechanisms and
provides insight into how they contribute to the total parity
switching rate: 	01

qp and 	10
qp dominantly capture the low-

field behavior, 	PAPS the high field behavior, and 	ii
qp the

temperature dependence.
Our results suggest that Al/AlOx/Al JJ circuits are a

viable option for parity readout of topological qubits [27]
and that the required magnetic fields do not necessarily
cause quasiparticle tunneling to limit the coherence of
Al/AlOx/Al JJ circuits. The model we developed can help
choose appropriate film thicknesses and junction geome-
tries to approach operation up to 1 T. Moreover, magnetic
fields can help in understanding and optimizing gap engi-
neering, as they provide a way to in situ change the
superconducting gap without heating the sample. In sam-
ples with large gap asymmetry, the difference in critical
fields will be more pronounced; hence, magnetic fields will
strongly change the gap difference elucidating its impact
on quasiparticle dynamics.
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The setup was controlled based on QCoDeS drivers
and logging [63], while the measurements were run using
Quantify-core and the time-domain experiments were
defined and compiled to hardware using Quantify-scheduler
[64,65]. In the data analysis, we used qutip for model-
ing a qutrit Lindblad equation [66] and hmmlearn for
fitting a Gaussian hidden-Markov model to analyze the
parity-switching datasets [67].

Datasets and analysis in the form of Jupyter notebooks
that create the figures of this manuscript are available on
Zenodo [68].
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APPENDIX A: EXPERIMENTAL SETUP

The transmon is mounted in a 3D copper cavity, which
is loaded into a bottom-loading dilution refrigerator (Triton
500, Oxford Instruments) with a nominal base temperature

of approximately 7 mK. Inside the loading puck, the cav-
ity was wrapped in Eccosorb LS-26 foam to improve the
radiation shielding. This might be necessary because the
outside of the puck sees the still plate environment, which
is at about 1 K.

A detailed wiring diagram of the experiment can be
found in Fig. 6. An Eccosorb filter on the input line fil-
ters high-frequency radiation. However, the output line
remained unfiltered to avoid signal loss. Consequently,
potential high-energy photons coming from the LNF-
LNC4_8C HEMT amplifier at the 4 K plate may leak back
into the cavity to generate quasiparticles. Likely filtering
of the output line is currently the easiest way to reduce the
Cooper-pair-breaking radiation in the setup.

To voltage bias the device we use a bias tee at one of the
cavity pins. The voltage is applied relative to the ground
of the dilution refrigerator, which is connected to the cop-
per cavity, while the transmon islands are both floating.
The cavity pin couples asymmetrically to the two islands
enabling efficient charge bias (see Appendix E).

The temperature control is done via a PID loop using the
Lakeshore resistance bridge of the dilution refrigerator. We
took care to always stabilize for about 10 min at every tem-
perature to make sure the transmon reaches equilibrium.
All temperature readings are based on the mixing chamber
RuOx thermometer. To check the thermalization, we also
looked at the transmon temperature based on ground-state
occupancy measurements with the transmon nominally in
the ground state (for details see Supplemental Material
[49]). At the base temperature the transmon temperature
is about 50 mK.

The transmon is controlled with standard DRAG pulses
[69,70]. Predominantly the gate times for π and π/2 pulses
were 20 ns. The pulse amplitude is optimized based on
Rabi sequences, the frequency based on Ramsey sequences
(including beating) and the DRAG parameter is optimized
based on an XY sequence [71]. While the transmon con-
trol pulses and continuous-wave tones were routed to
the input port of the cavity, we measured the cavity in
reflection via the circulator. The transmon readout was
performed without a parametric amplifier. Nonetheless,
typical assignment fidelities of >90 % could be achieved
for the qubit subspace with readout durations around 1 μs.

APPENDIX B: DEVICE FABRICATION,
GEOMETRY, AND FILM THICKNESS

The 3D transmon used in this experiment was fab-
ricated in the same batch and with the same capacitor
geometry as the device in Ref. [23]. The aluminum film
thickness plays a crucial role in making the transmon mag-
netic field resilient, but in the thin-film limit, it also has a
strong effect on the magnitude of the superconducting gap
[37,47,48,72]. In Ref. [23], the nominal film thicknesses
for the two aluminum layers according to the Plassys MEB

044063-10

https://github.com/QCoDeS/Qcodes
https://gitlab.com/quantify-os/quantify-core
https://gitlab.com/quantify-os/quantify-scheduler
https://github.com/qutip/qutip
https://github.com/hmmlearn/hmmlearn


QUASIPARTICLE EFFECTS IN MAGNETIC-FIELD-RESILIENT... PHYS. REV. APPLIED 22, 044063 (2024)

copper
powder 

filter

vector magnet
anchored at 4K

lo
ad

in
g 

pu
ck

Ec
co

so
rb

 f
oa

m

3D
 c

av
ity

LNF
LNC4_8C

4820
A-T

M
A

x
2dc

block

eccosorb filter

bias tee

10 mK

100 mK

4 K

puck anchored at mixing chamber

ratsni uq
x

3
S

A1080040
G-Y

C
Q

ZI HDAWG

DAC
TRIGOUT

ZI UHFQA

DAC
TRIGIN

ADC

VNA

OUT INspectrum
analyzer

marki 
IQ4509

2 
x 

m
ar

ki
  
M

M
IQ

02
18

H
X
PC

marki 
IQ4509

4 x R&S SGS100A
1 x R&S SGU100A

6 dB

6 dB

m
in

ic
ir
cu

its
Z
V
E-

3W
-8

3+

spectroscopy
time domain

cryostat

6 dB

f01 f12 fr

20 dB

20 dB

20 dB

ZX85-12G-S+

RC filter

voltage source
Keithley 2450

E5071C ENAUSB-SA124B

FIG. 6. Wiring diagram of the experiment with the setup for spectroscopy using a two-port Vector Network Analyzer (VNA) and
an additional microwave source and the time-domain setup using analog-to-digital converters (ADCs), digital-to-analog converters
(DACs), and mixers. The transmon is inside a 3D copper cavity that is in the puck of the bottom loading dilution refrigerator.

550S evaporator used for the film deposition were reported
to be 10 nm and 18 nm. The deposition rate was 0.2 nm s−1.
Between the two evaporations, the JJ barrier is formed by
oxidation in 1 mbar of pure oxygen in a static setting for
6 min. After the second layer, another oxidation step was
added to grow the initial oxide in a more controlled way
with 1 mbar of oxygen for 10 min.

To measure the film thicknesses and JJ geometry, we
perform atomic force microscope imaging of the SQUID
region of the device (Fig. 7). The height profile [see Figs.
7(c)–7(e)] shows three characteristic thicknesses at t1 =
15.5 nm for the bottom layer, t2 = 21.4 nm for the top
layer, and t3 = 31.8 nm for the double layer. Since these
measurements include either one or two additional oxide
layers, we estimate the thicknesses tB and tT of the bottom
and top superconducting electrodes using the following
equations:

t1 = tB + text
AlOx, (B1)

t2 = tT + text
AlOx, (B2)

t3 = tB + tT + text
AlOx + tint

AlOx, (B3)

where tint
AlOx and text

AlOx are the thicknesses of the inter-
electrode and external AlOx insulating barriers, respec-
tively. We assume that, due to the exposure to ambient
air and temperature, the oxide layers adding to t1 and t2
are the same, regardless of the extra-oxidation step that
the bottom layer has faced during fabrication. Assuming

that the thickness of the interlayer barrier is approxi-
mately tint

AlOx ≈ 1 nm, we obtain tB ≈ 9.4 nm, tT ≈ 15.3 nm
and an outer insulating oxide layer of text

AlOx ≈ 6.1 nm.
Notably, the gaps estimated with the phenomenological
model �B,T ≈ �bulk

Al + a/tB,T (with a = 600 µeV/nm and
�bulk

Al ≈ 180 µeV, see Ref. [37] and references therein) are
�B = 59 GHz · h and �T = 53 GHz · h; these values differ
by less than 2 % (and their difference by less than 10 %)
from the gaps estimated in fitting the measured parity-
switching and T1 times. Figure 7 also clearly shows that the
aluminum film is polycrystalline with typical grain sizes
on the order of 50 nm and film thickness variations on the
order of up to 2 nm.

Additional information on the device stability, coher-
ence times, and transmon temperature is provided in the
Supplemental Material [49].

APPENDIX C: JOSEPHSON HARMONICS

The measurements of the frequencies fij and their parity
splittings δfij of the three lowest logical transmon states
unexpectedly cannot be described by the standard Cooper-
pair box Hamiltonian

H = 4EC

∑
n

(n − ng)
2 |n〉 〈n|

− 1
2

EJ

∑
n

(|n〉 〈n + 1| + |n + 1〉 〈n|) , (C1)

044063-11



J. KRAUSE et al. PHYS. REV. APPLIED 22, 044063 (2024)

Pe
rc
en

ta
ge

(a)

(c)

(d)

(e)

(b)

FIG. 7. Atomic force microscope image showing in (c) the
SQUID region of the transmon with the dimensions of the
SQUID loop. The height is color coded. Panels (a), (b) are mag-
nified images of the JJs and include their lateral dimensions.
Aluminum grains with a typical size of 50 nm are visible. (d)
Height profiles along the lines indicated in (c). (e) Histogram of
the heights in the image with indicated peaks. The three peaks at
larger heights correspond to the bottom aluminum layer, the top
layer, and the regions where they overlap.

when trying to fit them simultaneously. Here |n〉 represents
the charge-basis state with excess charge 2en. Related
observations by other groups have been combined with our
data from this device into a joint publication that reports
evidence of deviations from the sinusoidal current-phase
relationship for conventional Al/AlOx/Al JJs [52]. A more

accurate description of the spectrum requires introduc-
ing higher harmonics EJ,2 cos(2φ), EJ,3 cos(3φ),. . . into the
Hamiltonian. In the charge basis, the modified transmon
Hamiltonian reads

H = 4EC

∑
n

(n − ng)
2 |n〉 〈n|

− 1
2

∞∑
m=1

∑
n

EJ,m (|n〉 〈n + m| + |n + m〉 〈n|) (C2)

where the index m identifies the order of the Josephson
harmonic. Here we generalize this approach to a SQUID
transmon with two junctions a and b; then Eq. (C2)
becomes

H = 4EC

∑
n

(n − ng)
2 |n〉 〈n|

− 1
2

∞∑
m=1

(
EJa,m + EJb,meimφ

)∑
n

|n〉 〈n + m|

− 1
2

∞∑
m=1

(
EJa,m + EJb,me−imφ

)∑
n

|n + m〉 〈n| , (C3)

where the phase factors multiplying EJb,m account for the
(reduced) flux φ piercing the SQUID.

To start with, we fit Eq. (C3) to the zero-field data
of Fig. 2, including both the perpendicular flux scan for
B‖ = 0 and the fij and δfij obtained in voltage-gate scans
at bottom sweet spots of the flux arc. We assume that
JJs a and b have the same harmonics ratios EJa,m/EJa,1 =
EJb,m/EJb,1 ≡ cm. The voltage-gate scans of f01, f02/2, f12,
and f03 dominantly determine the Josephson energy at the
bottom sweet spot, EJ(φ = 0.5) = EJa,1 − EJb,1, and the
harmonics ratios at the bottom sweet spot,

EJa,m + (−1)mEJb,m

EJa,1 − EJb,1
=
{

cm for m odd
cm/αJJ for m even.

(C4)

The flux scan in turn determines the SQUID asymmetry
αJJ. As a result, we find the zero-field Josephson ener-
gies EJa(0)/h = 19.47 GHz, EJb(0)/h = 5.97 GHz (cor-
responding to αJJ(0) = 0.53), and the charging energy
EC/h = 327.5 MHz. We find that the higher harmonics
decay rapidly with the index m, estimating c2 = −0.9%
and c3 = 0.03%. To avoid overfitting, we set the harmon-
ics of order m ≥ 4 to zero.

We note that our methodology is somewhat different
from that employed in Ref. [52]: there, extensive scans
of the sets

{
EJ,m

}
of harmonics compatible with the data

are performed and the interaction of the transmon with
the readout resonator or cavity is taken into account; here
we instead just perform a fit to the data using a limited
number of harmonics and do not include the effect of the
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cavity. Thus, we find slightly different results based on the
same data. For instance, for the charging energy we obtain
a value about 1% lower than the estimate in Ref. [52].
As for the values of the Josephson harmonics, our esti-
mates become smaller with increasing order m compared
with those in that reference (by factors of order 1.4 and 13
for c2 and c3, respectively, when comparing to the model
truncated to four rather than three harmonics).

Hereafter, we drop the label 1 to denote the first Joseph-
son harmonic, i.e., EJ ≡ EJ,1, and EJa(b) ≡ EJa(b),1, for
notational simplicity.

APPENDIX D: ESTIMATING FRAUNHOFER AND
CRITICAL FIELDS

The experimental data analysis of Appendix C yields
the zero-field Josephson energies EJa(0) and EJb(0) of the
SQUID, and their harmonics. The Josephson energies vary
as a function of the magnetic field. In this Appendix, we
discuss a theoretical model for this dependence to quan-
tify the relative contributions of (i) field suppression of
the superconducting gaps �B and �T, (ii) Fraunhofer-like
modulation of the Josephson energy, quantified in terms
of two characteristic fields B�0,a and B�0,b for JJa and JJb,
respectively. We model the field evolution of EJa(B‖) and
EJb(B‖) by the following expression, also used in Ref. [23]:

EJa(b)(B‖) = EJa(b)(0)

√
1 −

(
B‖
Bc

)2 ∣∣∣∣sinc
(

B‖
B�0,a(b)

)∣∣∣∣ ,
(D1)

where sinc(x) ≡ sin(πx)/(πx). The factor in the abso-
lute value in the right-hand side of Eq. (D1) accounts
for the Fraunhofer modulation of the Josephson energy
for a rectangular junction [73]. Even though thin alu-
minum films with different thicknesses and gaps display
unequal critical fields (BB

c �= BT
c ) [45], we find that a sin-

gle effective critical field Bc can be used to capture the
impact of the gaps’ suppression on EJ; the square root in
the right-hand side of Eq. (D1) models the gap suppres-
sion with a Ginzburg-Landau-type formula �(B‖)/�(0) =√

1 − (B‖/Bc)2 [50] (see Ref. [74] for the applicabil-
ity of this approach). The Josephson energy of a JJ
with asymmetric gaps is proportional to the harmonic
mean of the two gaps, i.e., EJ ∝ �B�T/(�T + �B), so
at the leading order in B‖ � BB

c , BT
c , Eq. (D1) approxi-

mates the expression obtained retaining separately BB
c , BT

c ,
if we set B−2

c = [�T(0)(BB
c )−2 + �B(0)(BT

c )
−2]/[�B(0) +

�T(0)]. The validity of this approach is also supported by
the analysis of the cavity frequency shown below.

To start with, we estimate the Fraunhofer fields for
the two JJs. While we could not systematically measure
the transmon spectrum for B‖ > 0.41 T, we did measure
the cavity resonance frequency fcav up to 1 T, the limit of
our magnet. Sweeping B⊥ by a few hundreds of μT for

every B‖, we could clearly observe the SQUID oscilla-
tions in fcav mediated by the dispersive shift up to 0.9 T
[see Figs. 8(a) and 8(b)]. Around B‖ � 0.8 T the oscillation
collapses, before reviving again for fields 0.82 T ≤ B‖ ≤
0.9 T. We attribute this behavior to one superconducting
flux quantum [�0 = h/(2e)] threading the larger of the two
JJs, turning the SQUID effectively into a single-JJ trans-
mon [right arrow in panel (c) of Fig. 8]. Therefore, we
estimate B�0,a = 0.8 T. Moreover, we observe a local min-
imum in fcav around 0.7 T. As indicated by the left arrow
in panel (c) of Fig. 8 this minimum corresponds to the
condition EJa = EJb, where the SQUID is symmetric. The
resulting near-complete suppression of EJ for half a flux
quantum through the SQUID leads to a reduction of the
dispersive shift so that fcav approaches the bare cavity fre-
quency. The intersection of EJa and EJb depends only on the
zero-field Josephson energies EJa(0) and EJb(0), and on the
characteristic Fraunhofer fields B�0,a and B�0,b, the latter
being the only remaining unknown at this point. Requir-
ing EJa(0.7 T) = EJb(0.7 T) we estimate B�0,b = 1.12 T.
As shown in Fig. 8(d) the estimated Fraunhofer fields B�0
of JJa and JJb are inversely proportional to the laterally
penetrated junction width l2, with a proportionality con-
stant that agrees well with that for other devices from the
same fabrication batch and that were measured in two-tone
spectroscopy up to 1 T [23].

To determine the effective critical field Bc we substi-
tute Eq. (D1) into the Hamiltonian that includes the higher
Josephson harmonics, Eq. (C3), and fit the spectroscopic
data for the qubit transitions and parity-frequency split-
tings in Figs. 2(b) and 2(c) [also reproduced in Figs. 9(a)
and 9(b)]. For the higher harmonics, as in Appendix C
we keep only those with m = 2 and 3, and assume their
ratios cm to be independent of parallel field (see end of this
Appendix about this assumption). Using this procedure,
we estimate Bc = 1.85 T. The actual Bc is likely lower,
given that we fit a Ginzburg-Landau dependence and for
thin films at low temperatures one expects a faster sup-
pression of � close to the critical field [74]. Indeed, we
do not observe SQUID oscillations in fcav for B‖ ≥ 0.92 T,
and the critical field estimated for similar devices is about
1 T [23]. We also note that the fitted value of the critical
field might in part account for the field-dependent effects,
not included in the model, that we discuss at the end of
this Appendix; in this context, one can regard Bc as an
effective critical field that makes possible a more accu-
rate modeling of the spectroscopic data. Figure 9 shows
the fit including the residuals. As in Appendix C, the
voltage-gate scans of f01, f02/2, f12, and f03 dominantly
determine the Josephson energy at the bottom sweet spot,
EJ(B‖, � = 0.5) = EJa(B‖) − EJb(B‖). Fitting the remain-
ing perpendicular flux scans for fields B‖ > 0, we can
further determine αJJ(B‖), and hence the data points for EJa
and EJb shown in the inset of Fig. 2(a) [also in Fig. 8(c)].
We find their field dependence to be well described by
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(a)

(b)

(c) (d)

a

b

a
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FIG. 8. Estimation of the Fraunhofer modulation of the
Josephson energy. (a),(b) Measurements of the resonance fre-
quency fcav of the cavity for different values of the out-of-plane
(B⊥) and in-plane (B‖) magnetic field plotted against (a) B‖ and
(b) B⊥ for selected values of B‖. The cavity is coupled to the
transmon; the periodic oscillations of the transmon frequency
with B⊥ (due to the SQUID geometry) translate to oscillations
in fcav via the dispersive shift. Due to the Fraunhofer effect, the
oscillation vanishes at B�0,a = 0.8 T (see the text for the explana-
tion). (c) The estimated Josephson energies EJa and EJb of the two
JJs intersect at B‖ � 0.7 T, corresponding to the minimum fcav in
(a). That way we can estimate B�0,b = 1.12 T. (d) The estimated
B�0,a , B�0,b are inversely proportional to the JJ width l2 that is
penetrated by B‖ (as expected for a rectangular junction [73])
and agree with more direct measurements performed in Ref. [23]
on other devices from the same batch.

Eq. (D1) and the fit parameters obtained in the course
of this section, showing the self-consistency of our mod-
eling. We note that, for our purposes, it is sufficient to
quantify the gap suppression in the magnetic field range
covered by measurements of the parity-switching time,
|B‖| ≤ 0.41 T � Bc. In this field range, the gaps are sup-
pressed by less than 3% compared to the zero-field values,
based on Eq. (D1) and the estimated Bc. For this reason,
we disregard the field dependence of the gaps in modeling
the parity-switching rates.

In closing this Appendix, we note that the assumption
that the ratios EJ,m/EJ,1 are independent of parallel field
[implying EJ,m ∝ sinc(B‖/B�0)] is strictly speaking incor-
rect, since for rectangular junctions the argument [73]
leading to the sinc modulation in Eq. (D1) gives EJ,m ∝
sinc(mB‖/B�0). Similarly, a contribution to the second
harmonic arising from an inductance in series to the junc-
tion would change as [sinc(B‖/B�0)]

2 (at leading order in
the ratio between Josephson and inductive energies, see the

(a) (c)

(d)

(e)

(f)

(g)

(h)

(b)

FIG. 9. Transmon transition frequencies fij (a) and parity-
frequency splittings δfij (b) measured at the bottom sweet spot
as a function of B‖. The data is obtained from voltage-gate scans
like the ones shown in Fig. 2. Substituting Eq. (D1) into Eq. (C3)
we estimate Bc = 1.85 T based on a fit to the data (see text). Fit
residuals (c)–(h) are relatively flat for all fij and δfij .

Supplemental Material to Ref. [52]). We disregard these
effects for simplicity since an even more accurate modeling
of the spectroscopic data is beyond the scope of the present
work. Still, we note that the different dependencies of the
junction harmonics and inductive corrections on the par-
allel field could, in principle, be used to distinguish these
two contributions.

APPENDIX E: GATING THE OFFSET VOLTAGE

In this Appendix, we show that we can control the
charge bias of the transmon by applying a dc gate voltage
Vg to the bias tee on the cavity input port. Measuring the
transmon transitions f01, f02/2, f12, and f03 as a function of
Vg , we observe clear signature of charge-parity splitting for
all the transitions (Fig. 2). This feature allows for gate tun-
ing of the transmon to a point of maximum charge-parity
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FIG. 10. (a) Ramsey measurement for the 1-2 transition as a function of Vg . The color plot gives the population of |1〉 as a function
of waiting time between the π/2 pulses and Vg . (b),(c) linecuts of (a) close the charge sweet spot and anti sweet spot. In (b), the
characteristic beating for the two parities can be clearly seen. The three-state data is fitted with a qutip [66] simulation. (d) Fourier
transform of the temporal data in (a), revealing the charge dispersion directly. Data points are frequencies extracted from the fits to
the linescans. (e) Ramsey pure dephasing time T∗

φ,12 as a function of gate voltage. While charge noise is not the dominant dephasing
process, a slight sweet-spot enhancement can be observed.

splitting, which is the ideal situation to measure the parity-
switching time.

Some of the transitions shown in Figs. 2(d)–2(f) were
measured in time domain, in a Ramsey-type measurement
(see Fig. 10 for an example measurement using a superpo-
sition of |1〉 and |2〉). Depending on Vg , the Ramsey data
shows a beating of two frequency contributions or just a
single frequency [see Figs. 10(b) and 10(c)]. A Fourier
transform of the Ramsey data [Fig. 10(d)] shows the detun-
ing of the transition energies as plotted in Figs. 2(d)–2(f);
here the microwave frequency was chosen at the mid-
point between the “even” and “odd” transition frequencies.
Accurately fitting the Ramsey data and tuning to this con-
dition is essential for the subsequent parity measurements.
The Ramsey pure-dephasing time T∗

φ,12 as a function of
Vg , Fig. 10(e), is extracted from fitting the linecuts of
Fig. 10(a) using relaxation times from a preceding mea-
surement of relaxation from the |2〉 state (see Supplemental
Material [49] for an example). It shows an enhancement at
the charge sweet spots but is not T1 limited as, e.g., flux
noise also contributes to T∗

φ,12. While Ramsey measure-
ments are sensitive to Vg , measurements of T1 and Techo

2
do not show a Vg dependence [49], suggesting that the
dominant charge noise is slow.

We have also explored scanning Vg over many periods
and see few jumps and no anomalies [49]. Generally, we
find that the Vg scans show the expected double-sinusoidal
dependence with few jumps and distortions, but we do find
that Vg shows a slight hysteresis when reversing the scan
direction. We observe drift in the charge offset at fixed Vg
that can cover a period on a timescale of 10 min [44].

APPENDIX F: PARITY-MEASUREMENT
SCHEMES

A single parity measurement is realized by a parity-
dependent gate on the transmon that flips the qubit state
for “odd” parity and leaves it unchanged for “even” par-
ity, followed by a measurement of the transmon state. The
parity-dependent gate we use is Ramsey-based [75]; its
basic scheme and illustration on the Bloch sphere can be
found in Fig. 3(a). The gate requires a careful tuneup:
the carrier frequency of the qubit-control pulses needs to
be well-centered between “even” and “odd” transmon fre-
quencies fe, fo and the voltage gate on the bias tee, Vg ,
is chosen such that |fe − fo| is maximized. Generally, for
δfij < 10 MHz, our usual 20-ns control pulses are not par-
ity selective, meaning a π/2 pulse will map both parities
onto the same point on the Bloch sphere [see Fig. 3(a)].
The microwave carrier defines a rotating frame, such that
the detuning of each parity from the carrier gives the rota-
tion frequency on the Bloch-sphere equator. The detunings
have opposite signs, and the parities precess in opposite
directions. After a waiting time tw = (2 δfij )−1, the two par-
ities will have rotated to orthogonal states on the Bloch
sphere that, with the right rotation, can be mapped to the
ground and first-excited states |0〉 and |1〉, respectively.
The same method can be used with a superposition of
|1〉 and |2〉 [see Fig. 3(b)]. As explained in Sec. III of
the main text, we explore a range of EJ/EC ratios while
sweeping B‖, such that the sequences involving higher
transitions are useful when the charge dispersion for the
0-1 transition is too small: the charge dispersion increases
roughly by a factor of 10 with the level index, while T1
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and T∗
2 decrease for the higher levels typically by less

than 50%.
In addition to the parity-selective gate, the transmon

needs to start in a known state for each run, and a good
single-shot readout fidelity for the transmon is required to
resolve the parity dynamics. We generally achieve high
single-shot fidelities > 90% that can distinguish |0〉, |1〉
and |2〉 [see Fig. 11(b)]. We let the qubit relax by waiting
5T1 between individual runs; at temperatures �50 mK, our
qubit has a residual excitation of up to 5 %. In principle,
one can also initialize by measurement [25] or just look if
the transmon state flips or stays the same compared to the
previous measurement.

We then perform the parity-mapping sequence consist-
ing of idling, parity gate, and readout N = 218 times. The
measurement results form a sequence of N points in the
IQ plane, from which the τ e

p and τ o
p are determined by fit-

ting a Gaussian hidden-Markov model (HMM) [76]. The
hidden parameter in our Markov model is the “true” par-
ity, while the measured parameters are the IQ voltages,
which have different probability distributions for the |0〉,
|1〉, and |2〉 states. Depending on the parity, there are dif-
ferent probabilities of the transmon being mapped on the
states indicated by colored arrows in Fig. 11(a), which we
call emission probabilities. Between two consecutive runs,
the hidden parity can change or stay the same with fixed
probabilities trep	ij where trep is the repetition time and 	ij
[with i, j = {“even” (e), “odd” (o)}] are the transition rates
illustrated by black arrows in Fig. 11(a). In the model, we
allow for different 	eo and 	oe, which in turn fix 	oo and
	ee. The calibration points for the |0〉, |1〉, and |2〉 states are
obtained by preparing those states followed by a measure-
ment [see Fig. 11(b)]. Each IQ histogram for the prepared
states (|0〉, |1〉, and |2〉) is well described by sums of three
Gaussian probability distributions (one of the three Gaus-
sians clearly dominates for each state, but we consider that
our calibration points are slightly mixed due to residual
excitation as well as relaxation). The means and covari-
ances of the dominant Gaussians corresponding to |0〉, |1〉,
and |2〉, respectively, fix the probability distributions of
the Gaussian HMM. The free parameters of the HMM are
the emission probabilities of the “even” and “odd” parities
(the probabilities to measure each state given a parity) as
well as 	eo and 	oe. These parameters are determined by a
likelihood fit of the HMM to the data using the hmmlearn
package [67].

As outcomes of the HMM fit, we get the assigned par-
ities for each run and the transition probabilities, from
which τ e

p = (	eo)
−1 and τ o

p = (	oe)
−1 can be calculated

with the known repetition time of the sequence. Figures
11(c) and 11(d) show the assigned parities as a function
of time; here the assigned states are based on a Gaussian
classifier yielding the most likely state for any point in the
IQ plane [see colors in Fig. 11(b)]. We find that generally
the “even” (“odd”) parity is associated with the |0〉 (|1〉)
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FIG. 11. (a) Diagram illustrating the Gaussian mixture hid-
den Markov model. The parity state changes with certain (fixed)
probabilities between runs. Both parities have different state
probabilities, which correspond to different weights in a Gaussian
mixture for the output probabilities. (b) Histogram of calibration
points for the different prepared states directly preceding the par-
ity measurement run. The colors show the most likely state in
each region based on a Gaussian classifier. (c),(d) Assigned states
from the Gaussian classifier and assigned parities from the HMM
fit for the first 400 measurements at the beginning and the end of
the parity measurement run comprising 218 = 262144 measure-
ments. (e),(f) Histograms of the output voltages conditioned on
the assigned parity. The colors show the most likely parity in
each region based on a Gaussian classifier.

state. The histograms of the IQ data selected on the “even”
and “odd” parity are shown in Figs. 11(e) and 11(f). The
overlap of the emission probability distributions of the two
parities is 1 − Fp with Fp being the parity-measurement
fidelity. To check the HMM methodology for consistency,
we compared it with the results for the parity-switching
time based on a fit to the power spectral density of the
assigned states (see Supplemental Material [49]).

We filter our data based on Ramsey measurements
before and after each parity measurement sequence: The
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splitting δfij between “even” and “odd” transmon frequen-
cies has to match tw = (2δfij )−1, and we reject data in
which the transmon frequencies drifted during the time of
the parity-measurement sequence. Moreover, we ensured
that tw is small compared to T∗

2 and T1.

APPENDIX G: MODELING THE
CONTRIBUTIONS TO THE PARITY-SWITCHING

TIME

We discussed the theoretical model for the parity-
switching time in Sec. IV A of the main text. Here, we
present explicit expressions for the rates associated with
PAPS and NUPS contributions in Eqs. (2)–(6). The parity-
switching time measurements have been performed at the
lower sweet spot of the split-transmon device (� = �0/2),
where the gap difference is larger than the qubit energy
transition, i.e., fδ� > f01 (denoted as case II in Ref. [37])
with fδ� = (�B − �T)/h. In this situation, quasiparticles
accumulate in the lower-gap electrode at energies close to
its gap due to relaxation (via phonon emission) and sup-
pressed tunneling into the higher-gap electrode (because
of the energy difference fδ� − f01 > 0), see Ref. [37].

As in the reference, we describe the quasiparticle
dynamics in each superconducting electrode via rate equa-
tions for their density, see also Appendix E of Ref. [35]
and Sec. III.D of the Supplemental Material to Ref. [36].
The equations are written in terms of the dimensionless
quantities xB and xT, obtained normalizing the quasipar-
ticle density in electrode α = {B, T} by the Cooper pair
density nα

Cp = 2ν0�α (with ν0 ≈ 0.73 × 1047J−1m−3 the
single spin density of states of aluminum at the Fermi level
and �α the superconducting gap),

dxB

dt
= gB − sBxB − rBx2

B + δ	̄TxT − δ	̄BxB, (G1)

dxT

dt
= gT − sTxT − rTx2

T − 	̄TxT + 	̄BxB, (G2)

where δ = �T/�B. In the right-hand sides of Eqs. (G1)
and (G2), gα , α = {T, B}, describe quasiparticle gener-
ation, and the terms proportional to sα and rα account
for quasiparticle trapping and recombination, respectively;
for the recombination rate, we use the values rT = rB =
1/(160 ns) [37,59]. Finally, the terms proportional to

	̄α = (1 − p1)
(
	̄α

00 + 	̄α
01

)+ p1
(
	̄α

11 + 	̄α
10

)
(G3)

account for the tunneling of quasiparticles initially located
in electrode α (α = {T, B}) into the other electrode, where
p1 is the occupation probability of the excited state of the
qubit. Note that in writing the first factor on the right-hand
side in the form (1 − p1) = p0 we implicitly assume that
the occupations of higher levels can be ignored; it was
estimated in the Supplemental Material to Ref. [36] that

for high p1 taking the occupation of second excited state
into consideration could lead to corrections of the order of
several percent, so we neglect this possibility here. In our
notation for NUPS [see, for instance, Eqs. (4)–(6) in the
main text], 	̃α

ij xα represents the quasiparticle-tunneling-
induced transition rate for the qubit from the initial logical
state i to the final state j (i, j = {0, 1}). The barred rates
	̄ij are obtained dividing 	̃ij by the Cooper-pair number
in the low-gap electrode, i.e., 	̄α = 	̃α/(nT

CpVT), where
VT � 3400 µm3 is the volume of the low-gap electrode;
this normalization is at the origin of the factors δ appear-
ing in Eq. (G1). In comparing Eqs. (G1) and (G2) to the
model of Ref. [37] [see Eqs. (11)–(13) there], we note
that here the terms −sαxα in the right-hand side account
for trapping (cf. Sec. IV.D in Ref. [37]) and we addition-
ally assume quasiequilibrium quasiparticle distributions in
both electrodes, having temperature coinciding with the
phonon temperature, but allowing for different effective
chemical potentials in the two electrodes. This assump-
tion enables us to use a single equation for xT = xT< + xT>

obtained by summing Eqs. (12) and (13) of Ref. [37]
(the rates from the top electrode are defined so to obtain
	̄T

ij xT = 	̄T<
ij xT< + 	̄T>

ij xT>).
For the modeling of the parity-switching time, we are

interested in the steady-state values of the quasiparti-
cle densities in the two electrodes (dxB/dt = dxT/dt = 0).
Assuming δ	̄B + sB 
 rBxB, we can neglect recombina-
tion in the bottom electrode in Eq. (G1), and then we can
express the steady-state value of xB in terms of xT,

xB = gB/δ + [
p0
(
	̄T

00 + 	̄T
01

)+ p1
(
	̄T

11 + 	̄T
10

)]
xT

p0
(
	̄B

00 + 	̄B
01

)+ p1
(
	̄B

11 + 	̄B
10

)+ sB/δ

≈ gB/δ + (
	̄T

00 + p1	̄
T
10

)
xT

	̄B
00 + p0	̄

B
01 + p1	̄

B
10 + sB/δ

. (G4)

The approximate expression in the second line of Eq. (G4)
is obtained noticing that parity-switching rates for a trans-
mon qubit are independent of the logical state of the qubit
at the leading order in EJ/EC [37,77], i.e., 	̄α

00 ≈ 	̄α
11, and

neglecting the contribution of transitions exciting the qubit
for quasiparticles initially located in the low-gap (top)
electrode, since 	̄T

01 � 	̄T
00, 	̄T

10 (the rates are discussed in
more detail later in this Appendix). This strong inequality
also justifies neglecting terms proportional to xT in qubit’s
excitation rates [see Eq. (5) in the main text]. Substituting
Eq. (G4) into Eq. (G2), the steady-state density in the top
electrode xT is obtained by solving a quadratic equation,
yielding the result

xT =
√

s̃2 + 4g̃rT − s̃
2rT , (G5)
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where for notational convenience, we introduced an effec-
tive trapping rate s̃

s̃ = sT + sB
p0
(
	̄T

00 + 	̄T
01

)+ p1
(
	̄T

11 + 	̄T
10

)

sB + δ
[
p0
(
	̄B

00 + 	̄B
01

)+ p1
(
	̄B

11 + 	̄B
10

)]

≈ sT + sB
	̄T

00 + p1	̄
T
10

sB + δ
[
	̄B

00 + p0	̄
B
01 + p1	̄

B
10

] , (G6)

and generation rate g̃

g̃ = gT

+ gB

δ

(
1 − sB

δ
[
p0
(
	̄B

00 + 	̄B
01

)+ p1
(
	̄B

11 + 	̄B
10

)]+ sB

)

≈ gT + gB

δ

(
1 − sB

δ
[
	̄B

00 + p0	̄
B
01 + p1	̄

B
10

]+ sB

)
.

(G7)

The generation rates in the two electrodes originate from
pair breaking by high-frequency photons with rate gPAPS

and by thermal phonons,

gB/δ = gPAPS, gT = gPAPS + 2πrT kBT
�T

e−2�T/kBT (G8)

where thermal phonons generation in the high-gap (bot-
tom) electrode is neglected for consistency with the
approximation ignoring recombination there (alternatively,
once the parameters are determined from the experimen-
tal data, one can check if the thermal phonon generation
term is small compared the the photon pair-breaking one,
which independently justifies ignoring the former). The
photon-assisted generation rate is computed by dividing
the photon-assisted tunneling rates 	PAPS [37,54] by the
Cooper-pair number in the low-gap electrode,

gPAPS = 	PAPS

nT
CpVT

≈ 	
ph
00 + p0	

ph
01 + p1	

ph
10

2ν0VT�T
. (G9)

The (inverse) parity-switching time can be expressed
summing all the rates associated with quasiparticle tunnel-
ing, reading

τ−1
P = 	PAPS +

[
p0

(
	̃B

00 + 	̃B
01

)
+ p1

(
	̃B

11 + 	̃B
10

)]
xB

+
[
p0

(
	̃T

00 + 	̃T
01

)
+ p1

(
	̃T

11 + 	̃T
10

)]
xT

≈ 	PAPS +
(
	̃B

00 + p1	̃
B
10 + p0	̃

B
01

)
xB

+
(
	̃T

00 + p1	̃
T
10

)
xT

=
(

2 − sB

δ
[
	̄B

00 + p0	̄
B
01 + p1	̄

B
10

]+ sB

)

× [	PAPS + (	̃T
00 + p1	̃

T
10)xT]. (G10)

The calculation of the quasiparticle rates 	̃α
ij and 	

ph
ij

can be performed using Fermi’s Golden rule, as exten-
sively discussed in the literature, see, for instance, Refs.
[36,37,77,78]. Below, we report the results for the rates
entering τ−1

P under the assumption of quasiequilibrium dis-
tributions in the two electrodes; the detailed derivation of
the quasiparticle rates in the presence of Fraunhofer effect
will be given elsewhere. First, we consider the relaxation
and parity-switching tunneling rates for quasiparticles ini-
tially located in the top electrode:

	̃T
10 = 8E0

J�

h

√
EC

8EJ

√
2�T

πkBT
Exp

[
−h(fδ� − f01)

2kBT

]

{
γ+K0

[
h|fδ� − f01|

2kBT

]

+
(
γ−+γ+

2

) h|fδ� − f01|
2�̄

K1

[
h|fδ� − f01|

2kBT

]}
, (G11)

	̃T
00 = 8E0

J�

h

√
2�T

πkBT
Exp

[
− hfδ�

2kBT

]

{
γ−K0

[
h|fδ�|
2kBT

]
+
(
γ++γ−

2

) h|fδ�|
2�̄

K1

[
h|fδ�|
2kBT

]}
,

(G12)

where EJ and f01 are the Josephson energy and the fre-
quency of the qubit at the lower sweet spot in the presence
of the parallel field, Kn are modified Bessel functions of the
second kind, and E0

J� = EJa(B‖ = 0) + EJb(B‖ = 0). The
remaining rates are obtained from the ones given in Eqs.
(G11) and (G12) with the following substitutions:

	̃T
01 = 	̃T

10(f01 → −f01) (G13)

	̃B
10 =

√
�B

�T
	̃T

10(fδ� → −fδ�), (G14)

	̃B
00 =

√
�B

�T
Exp

[
hfδ�
kBT

]
	̃T

00, (G15)

	̃B
01 =

√
�B

�T
Exp

[−h(f01 − fδ�)

kBT

]
	̃T

10. (G16)

The transformations in Eqs. (G14) and (G15) exploit the
symmetry of the rates and are equivalent to exchanging
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the role of the two electrodes B ↔ T, while Eq. (G16) fol-
lows from the detailed balance principle. The weights in
the curly brackets of Eqs. (G11) and (G12)

γ±=2 ± (z−+αJJ,0z+)

4
(G17)

accounts for the interference effects related to the
SQUID interferometer as well as the Fraunhofer effect:
αJJ,0 = αJJ(B‖ = 0) = (EJa − EJb)/(EJa + EJb) is the split-
transmon asymmetry parameter at zero parallel field,
while z± = sinc(B‖/B�0,a) ± sinc(B‖/B�0,b). For compar-
ison, the rates for a single-junction transmon correspond
to the case αJJ,0 = 1; if we further consider zero parallel
magnetic field, we have {γ+, γ−} = {1, 0}.

We can present the photon-assisted tunneling rates 	
ph
ij

in a similar way. For simplicity, we consider monochro-
matic radiation with frequency fν > (�B + �T)/h to allow
for Cooper-pair breaking. The rates can be expressed as

	
ph
00 = 	ν

g��B

8e2

[
γ−S+

ph

(
hfν
�B

, δ
)

+ γ+S−
ph

(
hfν
�B

, δ
)]

(G18)

	
ph
10 = 	ν

g��B

8e2

√
EC

8EJ

[
γ+S+

ph

(
fν + f01

�B/h
, δ
)

+γ−S−
ph

(
fν + f01

�B/h
, δ
)]

(G19)

	
ph
01 = 	ν

g��B

8e2

√
EC

8EJ

[
γ+S+

ph

(
fν − f01

�B/h
, δ
)

+γ−S−
ph

(
fν − f01

�B/h
, δ
)]

(G20)

where g� ≈ 8gkE0
J�(�B + �T)/(2�B�T) is the total tun-

nel conductance of the SQUID in the normal state, gk =
e2/h is the conductance quantum, 	ν is the dimension-
less photon rate that accounts for the coupling strength
between transmon and pair-breaking photons, and the
photon spectral densities read [37]

S±
ph(x, z)

= θ(x − 1 − z)
∫ x−z

1
dy

y(x − y) ± z√
y2 − 1

√
(x − y)2 − z2

= θ(x − 1 − z)

⎧⎨
⎩
√

x2 − (z − 1)2E

⎡
⎣
√

x2 − (z + 1)2

x2 − (z − 1)2

⎤
⎦

−2z
1 ∓ 1√

x2 − (z − 1)2
K

⎡
⎣
√

x2 − (z + 1)2

x2 − (z − 1)2

⎤
⎦
⎫⎬
⎭ (G21)

with E and K complete elliptic integrals of the second and
first kind, respectively.

We note that all the rates, being expressed in terms of
the conductance g� , are calculated at leading order in the
tunneling transmission probability. This means, in particu-
lar, that we are ignoring effects comparable in magnitude
to those of the Josephson harmonics, which can introduce
corrections at most at the percent level, see Appendix C
and Ref. [52]. Given the limited accuracy of time-domain
measurements, this approach is sufficient for our purposes.

Finally, let us comment on the data-fitting procedure.
We base values for EJ, EC, and f01 on the fitting of the
spectroscopic data (Appendices C and D); the occupation
probability p1 are estimated based on the single-shot parity
outcomes and the measured relaxation times (see Fig. 3 and
Appendix H). We estimate the smaller gap �T based on
modeling the temperature dependence of T1 (see Appendix
I). That leaves as unknown parameters the gap difference,
the photon frequency, the trapping rates, and the dimen-
sionless photon rate. The values used in calculating the
theoretical curves in Figs. 4 and 5 are δ�/h = 5.48 GHz,
fν = 119 GHz, sB = sT = 3.39 Hz, and 	ν = 1.71 × 10−8.

APPENDIX H: MODELING THE TEMPERATURE
DEPENDENCE OF THE EXCITED-STATE

POPULATION

In our model, the parity switching time is parametrically
expressed in terms of the populations of the ground and
first excited state of the transmon (see Appendix G). The
population of the excited state of the qubit is given by

p1 = 	ee
01 + 	eo

01

	ee
01 + 	eo

01 + 	ee
10 + 	eo

10
= (

	ee
01 + 	eo

01

)
T1, (H1)

where 	ee
10, and 	ee

01 are the parity-preserving (thus not asso-
ciated with quasiparticles) qubit’ relaxation and excitation
rates, respectively. For terms changing the parity, we iden-
tity the rates adding NUPS and PAPS contributions, i.e.,
	eo

10 = 	
ph
10 + 	

qp
10/p1 and 	eo

01 = 	
ph
01 + 	

qp
01/p0 [cf. Eqs. (5)

and (6)]. In the temperature regime for the parity-switching
time measurements, the lifetime of the qubit is mainly lim-
ited by dielectric losses T1 ≈ 1/(	ee

10 + 	ee
01). Indeed, the

maximum qubit’s lifetime is of the order of 10 µs (see
Appendix I), which is more than an order of magnitude
shorter than the parity lifetime. Assuming that the parity-
preserving rates satisfy the detailed balance principle, i.e.,
	ee

01 = 	ee
10e−hf01/kBT, we can write

p1 ≈ T1	
eo
01 + exp(−hf01/kBT)

1 + exp(−hf01/kBT)
. (H2)

In the experimental protocol for determining the parity-
switching time, the qubit’s parity is mapped onto the
qubit’s logical state, with the convention e → 0 and o →
1. After the mapping, the qubit’s state is not reset to zero,
rather there is a waiting time equal to five times T1. As
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a result, the qubit’s excited-state population relaxes expo-
nentially from p1 = 0 (for even assignment) or p1 = 1
(for odd assignment) to the steady-state value p1 of Eq.
(H1). Integrating the rate equation for the qubit’s excited-
state population over the waiting time 5T1, we obtain
the average excited-state population for the two parity
assignments

pe
1 ≈ 0.8 p1, po

1 ≈ 0.2 + 0.8 p1. (H3)

The analysis of the hidden Markov model, combined
with the considerations on the parity assignment, allows us
to determine an average population of the excited state dur-
ing the measurements of the parity-switching rates [points
in Figs. 5(e) and 5(f)]. Motivated by the considerations
made above, we use the following semiphenomenological
expression

pfit
1 = a

1 + Exp[−hf01/kBT]
+ b

Exp[−hf01/kBT]
1 + Exp[−hf01/kBT]

(H4)

and we perform a two-parameter fit (a, b) to the data [solid
curves in Figs. 5(e) and 5(f)]. The parameter a quantifies
the average excited-state population at low temperatures
T � hf01/kB; for even assignment, it is in the range of a
few percent while for odd assignment is around 20% [see
the considerations leading to Eq. (H3)]. The prefactor of
the last term in Eq. (H4) turns out to be in the range of 0.8
to 1.3, in reasonable agreement with our interpretation.

APPENDIX I: TEMPERATURE DEPENDENCE OF
THE QUBIT RELAXATION TIME

As mentioned in Appendix H, the qubit relaxation time
T1 is much shorter than the parity-switching time at the
base temperature of the dilution refrigerator, suggesting
that T1 is limited by decay processes unrelated to quasi-
particle tunneling, such as dielectric losses; we model
the latter as a two-level-system bath. At low tempera-
tures, T � hf01/kB, the qubit’s relaxation time is approx-
imately the inverse of the parity-conserving relaxation
rate, T1 ≈ 1/	ee

10, see Appendix H; this quantity is an
unknown function of the parallel magnetic field. Upon
increasing the temperature T � hf01/kB, the qubit lifetime
decreases due to the non-negligible qubit excitation rate
caused by the TLS bath. Moreover, the quasiparticle den-
sity increases exponentially with the phonon temperature;
thus, the qubit’s relaxation time is eventually limited by
quasiparticle tunneling above a crossover temperature; we
assume this temperature to be sufficiently high so that devi-
ations of the quasiparticle distribution from thermal equi-
librium due to, e.g., photon pair breaking can be ignored
(see the discussion at the end of this Appendix).

As in previous works [77,78], to capture the temperature
evolution of the qubit’s relaxation time we sum the thermal

(a)

(c) (d)

(e) (d)

(b)

FIG. 12. Qubit lifetime vs temperature for different values of
the in-plane magnetic field. Points are the experimental data,
continuous curves are given by Eq. (I1) and are obtained using
�B/h = 59.48 GHz, �T/h = 54 GHz, and the spectroscopic
parameters estimated in Appendices C and D. The parity pre-
serving relaxation rate used in the plot is 	ee

10 = (a) 141 kHz, (b)
97 kHz, (c) 105 kHz, (d) 79 kHz, (e) 213 kHz, (f) 521 kHz. The
dependence of the superconducting gaps on the magnetic field
has not been included.

quasiparticle decoherence rate (T−1
1,qp) and the contribution

of the dielectric losses,

T1(T) =
{
	ee

10

[
1 + exp

(
−hf01

kBT

)]
+ T−1

1,qp(T)

}−1

. (I1)

The relaxation rate due to thermal quasiparticles alone
is

T−1
1,qp =

(
	̃B

10xth
B + 	̃T

10xth
T

)
[1 + exp(−hf01/kBT)], (I2)

where

xth
α =

√
2πkBT

�α

exp
[
− �α

kBT

]
(I3)

is the thermal quasiparticle density in the electrode α =
{T, B}. In Eq. (I2), the relaxation rate for quasiparticles tun-
neling from the top to the bottom electrode 	̃T

10 is given
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by Eq. (G11), the corresponding rate for quasiparticles ini-
tially located in the bottom electrode is simply obtained
exchanging �B ↔ �T in Eq. (G11) in agreement with Eq.
(G14). The exponential factor in the square bracket of Eq.
(I2) accounts for qubit’s excitation rates, according to the
detailed balance principle.

To check that the thermal equilibrium assumption for
quasiparticles is justified in fitting the T1 data, we proceed
as follows: we start by noticing that the thermal quasiparti-
cle contribution becomes relevant at temperature approxi-
mately 170 mK above which T1 decreases markedly faster
with temperature, see Fig. 12. At that temperature, the ther-
mal phonon generation rate is given by rα(xth

α )2, cf. the
last term in Eq. (G8); for the low-gap (top) electrode, this
rate is about 1.5 × 10−7 Hz. The thermal phonon gener-
ation rate should be compared with gPAPS of Eq. (G9),
which we estimate to be at most of order 3.7 × 10−8 Hz
(cf. Fig. 4); therefore, nonequilibrium generation by pair-
breaking photons can be ignored when analyzing the T1
data. Conversely, we conclude that in our experiment at
temperatures below about 150 mK the generation by ther-
mal phonons plays essentially no role in the temperature
dependence of τp ; in fact, in Figs. 5(a) and 5(b) we see a
steeper decline in τp beginning at that temperature.

[1] M. Kjaergaard, M. E. Schwartz, J. Braumüller, P. Krantz,
J. I.-J. Wang, S. Gustavsson, and W. D. Oliver, Supercon-
ducting qubits: Current state of play, Annu. Rev. Condens.
Matter Phys. 11, 369 (2020).

[2] C. Wang, C. Axline, Y. Y. Gao, T. Brecht, Y. Chu, L.
Frunzio, M. H. Devoret, and R. J. Schoelkopf, Surface
participation and dielectric loss in superconducting qubits,
Appl. Phys. Lett. 107, 162601 (2015).

[3] J. M. Martinis, Surface loss calculations and design of a
superconducting transmon qubit with tapered wiring, npj
Quantum Inf. 8, 26 (2022).

[4] A. D. Córcoles, J. M. Chow, J. M. Gambetta, C. Rigetti, J.
R. Rozen, G. A. Keefe, M. Beth Rothwell, M. B. Ketchen,
and M. Steffen, Protecting superconducting qubits from
radiation, Appl. Phys. Lett. 99, 181906 (2011).

[5] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Charge-insensitive qubit design derived from
the Cooper pair box, Phys. Rev. A 76, 042319 (2007).

[6] A. P. M. Place, L. V. H. Rodgers, P. Mundada, B. M.
Smitham, M. Fitzpatrick, Z. Leng, A. Premkumar, J. Bryon,
A. Vrajitoarea, S. Sussman et al., New material plat-
form for superconducting transmon qubits with coherence
times exceeding 0.3 milliseconds, Nat. Commun. 12, 1779
(2021).

[7] K. Serniak, M. Hays, G. de Lange, S. Diamond, S.
Shankar, L. D. Burkhart, L. Frunzio, M. Houzet, and M.
H. Devoret, Hot nonequilibrium quasiparticles in transmon
qubits, Phys. Rev. Lett. 121, 157701 (2018).

[8] M. McEwen, L. Faoro, K. Arya, A. Dunsworth, T. Huang,
S. Kim, B. Burkett, A. Fowler, F. Arute, J. C. Bardin et al.,

Resolving catastrophic error bursts from cosmic rays in
large arrays of superconducting qubits, Nat. Phys. 18, 107
(2022).

[9] P. M. Harrington, M. Li, M. Hays, W. Van De Pontseele,
D. Mayer, H. D. Pinckney, F. Contipelli, M. Gingras, B.
M. Niedzielski, H. Stickler, J. L. Yoder, M. E. Schwartz, J.
A. Grover, K. Serniak, W. D. Oliver, and J. A. Formaggio,
Synchronous detection of cosmic rays and correlated errors
in superconducting qubit arrays, arXiv:2402.03208.

[10] R.-P. Riwar, A. Hosseinkhani, L. D. Burkhart, Y. Y. Gao,
R. J. Schoelkopf, L. I. Glazman, and G. Catelani, Normal-
metal quasiparticle traps for superconducting qubits, Phys.
Rev. B 94, 104516 (2016).

[11] S. Gustavsson, F. Yan, G. Catelani, J. Bylander, A. Kamal,
J. Birenbaum, D. Hover, D. Rosenberg, G. Samach, A.
P. Sears, S. J. Weber, J. L. Yoder, J. Clarke, A. J. Ker-
man, F. Yoshihara, Y. Nakamura, T. P. Orlando, and W. D.
Oliver, Suppressing relaxation in superconducting qubits by
quasiparticle pumping, Science 354, 1573 (2016).

[12] L. Sun, L. DiCarlo, M. D. Reed, G. Catelani, L. S. Bishop,
D. I. Schuster, B. R. Johnson, G. A. Yang, L. Frunzio, L.
Glazman, M. H. Devoret, and R. J. Schoelkopf, Measure-
ments of quasiparticle tunneling dynamics in a band-gap-
engineered transmon qubit, Phys. Rev. Lett. 108, 230509
(2012).

[13] R.-P. Riwar and G. Catelani, Efficient quasiparticle traps
with low dissipation through gap engineering, Phys. Rev. B
100, 144514 (2019).

[14] P. Kamenov, T. DiNapoli, M. Gershenson, and S. Chakram,
Suppression of quasiparticle poisoning in transmon qubits
by gap engineering, arXiv:2309.02655.

[15] M. McEwen et al., Resisting high-energy impact events
through gap engineering in superconducting qubit arrays,
arXiv:2402.15644.

[16] F. Henriques, F. Valenti, T. Charpentier, M. Lagoin, C. Gou-
riou, M. Martínez, L. Cardani, M. Vignati, L. Grünhaupt,
D. Gusenkova, J. Ferrero, S. T. Skacel, W. Wernsdorfer, A.
V. Ustinov, G. Catelani, O. Sander, and I. M. Pop, Phonon
traps reduce the quasiparticle density in superconducting
circuits, Appl. Phys. Lett. 115, 212601 (2019).

[17] V. Iaia, J. Ku, A. Ballard, C. P. Larson, E. Yelton, C.
H. Liu, S. Patel, R. McDermott, and B. L. T. Plourde,
Phonon downconversion to suppress correlated errors in
superconducting qubits, Nat. Commun. 13, 6425 (2022).

[18] X. Pan, Y. Zhou, H. Yuan, L. Nie, W. Wei, L. Zhang,
J. Li, S. Liu, Z. H. Jiang, G. Catelani, L. Hu, F. Yan,
and D. Yu, Engineering superconducting qubits to reduce
quasiparticles and charge noise, Nat. Commun. 13, 7196
(2022).

[19] R. T. Gordon, C. E. Murray, C. Kurter, M. Sandberg, S.
A. Hall, K. Balakrishnan, R. Shelby, B. Wacaser, A. A.
Stabile, J. W. Sleight, M. Brink, M. B. Rothwell, K. P.
Rodbell, O. Dial, and M. Steffen, Environmental radia-
tion impact on lifetimes and quasiparticle tunneling rates
of fixed-frequency transmon qubits, Appl. Phys. Lett. 120,
074002 (2022).

[20] A. P. Vepsäläinen, A. H. Karamlou, J. L. Orrell, A. S.
Dogra, B. Loer, F. Vasconcelos, D. K. Kim, A. J. Melville,
B. M. Niedzielski, J. L. Yoder et al., Impact of ionizing
radiation on superconducting qubit coherence, Nature 584,
551 (2020).

044063-21

https://doi.org/10.1146/annurev-conmatphys-031119-050605
https://doi.org/10.1063/1.4934486
https://doi.org/10.1038/s41534-022-00530-6
https://doi.org/10.1063/1.3658630
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1038/s41467-021-22030-5
https://doi.org/10.1103/PhysRevLett.121.157701
https://doi.org/10.1038/s41567-021-01432-8
https://arxiv.org/abs/2402.03208
https://doi.org/10.1103/PhysRevB.94.104516
https://doi.org/10.1126/science.aah5844
https://doi.org/10.1103/PhysRevLett.108.230509
https://doi.org/10.1103/PhysRevB.100.144514
https://arxiv.org/abs/2309.02655
https://arxiv.org/abs/2402.15644
https://doi.org/10.1063/1.5124967
https://doi.org/10.1038/s41467-022-33997-0
https://doi.org/10.1038/s41467-022-34727-2
https://doi.org/10.1063/5.0078785
https://doi.org/10.1038/s41586-020-2619-8


J. KRAUSE et al. PHYS. REV. APPLIED 22, 044063 (2024)

[21] L. Cardani, F. Valenti, N. Casali, G. Catelani, T. Charpen-
tier, M. Clemenza, I. Colantoni, A. Cruciani, G. D’Imperio,
L. Gironi et al., Reducing the impact of radioactivity
on quantum circuits in a deep-underground facility, Nat.
Commun. 12, 2733 (2021).

[22] F. D. Dominicis, T. Roy, A. Mariani, M. Bal, N. Casali, I.
Colantoni, F. Crisa, A. Cruciani, F. Ferroni, D. L. Helis, L.
Pagnanini, V. Pettinacci, R. M. Pilipenko, S. Pirro, A. Puiu,
A. Romanenko, D. V. Zanten, S. Zhu, A. Grassellino, and
L. Cardani, Evaluating radiation impact on transmon qubits
in above and underground facilities, arXiv:2405.18355.

[23] J. Krause, C. Dickel, E. Vaal, M. Vielmetter, J. Feng,
R. Bounds, G. Catelani, J. M. Fink, and Y. Ando, Mag-
netic field resilience of three-dimensional transmons with
thin-film Al/AlOx/Al Josephson junctions approaching 1 T,
Phys. Rev. Appl. 17, 034032 (2022).

[24] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R.
J. Schoelkopf, Cavity quantum electrodynamics for super-
conducting electrical circuits: An architecture for quantum
computation, Phys. Rev. A 69, 062320 (2004).

[25] D. Ristè, C. C. Bultink, M. J. Tiggelman, R. N. Schouten,
K. W. Lehnert, and L. DiCarlo, Millisecond charge-parity
fluctuations and induced decoherence in a superconducting
transmon qubit, Nat. Commun. 4, 1913 (2013).

[26] F. Hassler, A. R. Akhmerov, and C. W. J. Beenakker, The
top-transmon: A hybrid superconducting qubit for parity-
protected quantum computation, New J. Phys. 13, 095004
(2011).

[27] T. Hyart, B. van Heck, I. C. Fulga, M. Burrello, A. R.
Akhmerov, and C. W. J. Beenakker, Flux-controlled quan-
tum computation with majorana fermions, Phys. Rev. B 88,
035121 (2013).

[28] F. Luthi, T. Stavenga, O. W. Enzing, A. Bruno, C. Dickel,
N. K. Langford, M. A. Rol, T. S. Jespersen, J. Nygård, P.
Krogstrup, and L. DiCarlo, Evolution of nanowire transmon
qubits and their coherence in a magnetic field, Phys. Rev.
Lett. 120, 100502 (2018).

[29] J. G. Kroll, W. Uilhoorn, K. L. van der Enden, D. de
Jong, K. Watanabe, T. Taniguchi, S. Goswami, M. C. Cas-
sidy, and L. P. Kouwenhoven, Magnetic field compatible
circuit quantum electrodynamics with graphene Josephson
junctions, Nat. Commun. 9, 4615 (2018).

[30] A. Kringhøj, T. W. Larsen, O. Erlandsson, W. Uilhoorn, J.
G. Kroll, M. Hesselberg, R. P. G. McNeil, P. Krogstrup, L.
Casparis, C. M. Marcus, and K. D. Petersson, Magnetic-
field-compatible superconducting transmon qubit, Phys.
Rev. Appl. 15, 054001 (2021).

[31] W. Uilhoorn, J. G. Kroll, A. Bargerbos, S. D. Nabi, C.-
K. Yang, P. Krogstrup, L. P. Kouwenhoven, A. Kou,
and G. de Lange, Quasiparticle trapping by orbital
effect in a hybrid superconducting-semiconducting circuit,
arXiv:2105.11038.

[32] H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G.
Catelani, A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frun-
zio, L. I. Glazman, S. M. Girvin, M. H. Devoret, and R.
J. Schoelkopf, Observation of high coherence in Joseph-
son junction qubits measured in a three-dimensional circuit
QED architecture, Phys. Rev. Lett. 107, 240501 (2011).

[33] C. Kurter, C. E. Murray, R. T. Gordon, B. B. Wymore,
M. Sandberg, R. Shelby, A. Eddins, V. P. Adiga, A. D.
K. Finck, E. Rivera et al., Quasiparticle tunneling as a

probe of Josephson junction barrier and capacitor material
in superconducting qubits, npj Quantum Inf. 8, 31 (2022).

[34] D. M. Tennant, L. A. Martinez, K. M. Beck, S. R. O’Kelley,
C. D. Wilen, R. McDermott, J. L. DuBois, and Y. J.
Rosen, Low-frequency correlated charge-noise measure-
ments across multiple energy transitions in a tantalum
transmon, PRX Quantum 3, 030307 (2022).

[35] S. Diamond, V. Fatemi, M. Hays, H. Nho, P. D. Kurilovich,
T. Connolly, V. R. Joshi, K. Serniak, L. Frunzio, L. I. Glaz-
man, and M. H. Devoret, Distinguishing parity-switching
mechanisms in a superconducting qubit, PRX Quantum 3,
040304 (2022).

[36] T. Connolly, P. D. Kurilovich, S. Diamond, H. Nho, C. G.
L. Bøttcher, L. I. Glazman, V. Fatemi, and M. H. Devoret,
Coexistence of nonequilibrium density and equilibrium
energy distribution of quasiparticles in a superconducting
qubit, Phys. Rev. Lett. 132, 217001 (2024).

[37] G. Marchegiani, L. Amico, and G. Catelani, Quasiparticles
in superconducting qubits with asymmetric junctions, PRX
Quantum 3, 040338 (2022).

[38] K. Serniak, S. Diamond, M. Hays, V. Fatemi, S. Shankar,
L. Frunzio, R. J. Schoelkopf, and M. H. Devoret, Direct
dispersive monitoring of charge parity in offset-charge-
sensitive transmons, Phys. Rev. Appl. 12, 014052 (2019).

[39] E. Ginossar and E. Grosfeld, Microwave transitions as a
signature of coherent parity mixing effects in the Majorana-
transmon qubit, Nat. Commun. 5, 4772 (2014).

[40] P. Joyez, P. Lafarge, A. Filipe, D. Esteve, and M. H.
Devoret, Observation of parity-induced suppression of
Josephson tunneling in the superconducting single electron
transistor, Phys. Rev. Lett. 72, 2458 (1994).

[41] J. Aumentado, M. W. Keller, J. M. Martinis, and M. H.
Devoret, Nonequilibrium quasiparticles and 2e periodic-
ity in single-Cooper-pair transistors, Phys. Rev. Lett. 92,
066802 (2004).

[42] R. M. Lutchyn, L. I. Glazman, and A. I. Larkin, Kinetics
of the superconducting charge qubit in the presence of a
quasiparticle, Phys. Rev. B 74, 064515 (2006).

[43] A. A. Houck, J. A. Schreier, B. R. Johnson, J. M. Chow,
J. Koch, J. M. Gambetta, D. I. Schuster, L. Frunzio, M. H.
Devoret, S. M. Girvin, and R. J. Schoelkopf, Controlling
the spontaneous emission of a superconducting transmon
qubit, Phys. Rev. Lett. 101, 080502 (2008).

[44] B. G. Christensen, C. D. Wilen, A. Opremcak, J. Nelson,
F. Schlenker, C. H. Zimonick, L. Faoro, L. B. Ioffe, Y. J.
Rosen, J. L. DuBois, B. L. T. Plourde, and R. McDermott,
Anomalous charge noise in superconducting qubits, Phys.
Rev. B 100, 140503(R) (2019).

[45] P. Fulde, High field superconductivity in thin films, Adv.
Phys. 22, 667 (1973).

[46] R. Meservey and P. Tedrow, Spin-polarized electron tunnel-
ing, Phys. Rep. 238, 173 (1994).

[47] P. Chubov, V. Eremenko, and Y. A. Pilipenko, Dependence
of the critical temperature and energy gap on the thickness
of superconducting aluminum films, Sov. Phys. JETP 28,
389 (1969).

[48] R. Meservey and P. M. Tedrow, Properties of very thin
aluminum films, J. Appl. Phys. 42, 51 (1971).

[49] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.22.044063, which pro-
vides experimental details and additional data and analysis

044063-22

https://doi.org/10.1038/s41467-021-23032-z
https://arxiv.org/abs/2405.18355
https://doi.org/10.1103/PhysRevApplied.17.034032
https://doi.org/10.1103/PhysRevA.69.062320
https://doi.org/10.1038/ncomms2936
https://doi.org/10.1088/1367-2630/13/9/095004
https://doi.org/10.1103/PhysRevB.88.035121
https://doi.org/10.1103/PhysRevLett.120.100502
https://doi.org/10.1038/s41467-018-07124-x
https://doi.org/10.1103/PhysRevApplied.15.054001
https://arxiv.org/abs/2105.11038
https://doi.org/10.1103/PhysRevLett.107.240501
https://doi.org/10.1038/s41534-022-00542-2
https://doi.org/10.1103/PRXQuantum.3.030307
https://doi.org/10.1103/PRXQuantum.3.040304
https://doi.org/10.1103/PhysRevLett.132.217001
https://doi.org/10.1103/PRXQuantum.3.040338
https://doi.org/10.1103/PhysRevApplied.12.014052
https://doi.org/10.1038/ncomms5772
https://doi.org/10.1103/PhysRevLett.72.2458
https://doi.org/10.1103/PhysRevLett.92.066802
https://doi.org/10.1103/PhysRevB.74.064515
https://doi.org/10.1103/PhysRevLett.101.080502
https://doi.org/10.1103/PhysRevB.100.140503
https://doi.org/10.1080/00018737300101369
https://doi.org/10.1016/0370-1573(94)90105-8
https://doi.org/10.1063/1.1659648
http://link.aps.org/supplemental/10.1103/PhysRevApplied.22.044063


QUASIPARTICLE EFFECTS IN MAGNETIC-FIELD-RESILIENT... PHYS. REV. APPLIED 22, 044063 (2024)

supporting the claims in the main text and where Refs.
[79–82] are cited.

[50] M. Tinkham, Introduction to Superconductivity (Dover
Publications, Mineola, NY, USA, 2004), 2nd ed.

[51] More generally, given the penetration depths λT, λB and
the film thicknesses of the two electrodes tT, tR, the effec-
tive thickness determining the characteristic Fraunhofer
field amounts to λT tanh(tT/2λT) + λB tanh(tB/2λB) +
tAlOx, where tAlOx is the thickness of the insulating oxide
barrier of the Josephson junction.

[52] D. Willsch et al., Observation of Josephson harmonics in
tunnel junctions, Nat. Phys. 20, 815 (2024).

[53] G. Catelani, Parity switching and decoherence by quasi-
particles in single-junction transmons, Phys. Rev. B 89,
094522 (2014).

[54] M. Houzet, K. Serniak, G. Catelani, M. H. Devoret, and L.
I. Glazman, Photon-assisted charge-parity jumps in a super-
conducting qubit, Phys. Rev. Lett. 123, 107704 (2019).

[55] J. Braumüller, M. Sandberg, M. R. Vissers, A. Schneider,
S. Schlör, L. Grünhaupt, H. Rotzinger, M. Marthaler, A.
Lukashenko, A. Dieter, A. V. Ustinov, M. Weides, and D. P.
Pappas, Concentric transmon qubit featuring fast tunability
and an anisotropic magnetic dipole moment, Appl. Phys.
Lett. 108, 032601 (2016).

[56] S. Majumder, T. Bera, R. Suresh, and V. Singh, A fast tun-
able 3D-transmon architecture for superconducting qubit-
based hybrid devices, J. Low Temp. Phys. 207, 210 (2022).

[57] P. B. Fischer and G. Catelani, Nonequilibrium quasiparticle
distribution in superconducting resonators: Effect of pair-
breaking photons, SciPost Phys. 17, 070 (2024).

[58] The gap suppression with temperature can be safely
neglected in this range, temperature being much smaller
than the critical temperatures of the two electrodes.

[59] C. Wang, Y. Y. Gao, I. M. Pop, U. Vool, C. Axline,
T. Brecht, R. W. Heeres, L. Frunzio, M. H. Devoret, G.
Catelani et al., Measurement and control of quasiparticle
dynamics in a superconducting qubit, Nat. Commun. 5,
5836 (2014).

[60] D. J. Van Woerkom, A. Geresdi, and L. P. Kouwenhoven,
One minute parity lifetime of a NbTiN Cooper-pair transis-
tor, Nat. Phys. 11, 547 (2015).

[61] O. Rafferty, S. Patel, C. Liu, S. Abdullah, C. Wilen, D. Har-
rison, and R. McDermott, Spurious antenna modes of the
transmon qubit, arXiv:2103.06803.

[62] C. H. Liu, D. C. Harrison, S. Patel, C. D. Wilen, O. Rafferty,
A. Shearrow, A. Ballard, V. Iaia, J. Ku, B. L. T. Plourde, and
R. McDermott, Quasiparticle poisoning of superconducting
qubits from resonant absorption of pair-breaking photons,
Phys. Rev. Lett. 132, 017001 (2024).

[63] J. H. Nielsen et al., Qcodes/qcodes: Qcodes 0.43.0 (2024).
[64] M. A. Rol, C. Attryde, J. C. van Oven, K. Loh, J. Gloude-

mans, V. Negîrneac, T. Last, and C. C. Bultink, in APS
March Meeting Abstracts (2021), Vol. 2021, p. M34–001.

[65] D. Crielaard, D. De Jong, J. Gloudemans, R. Vyas, V.
Negirneac, D. Valada, C. Sindile, C. Attryde, A. Lawrence,
T. Reynders et al., in APS March Meeting Abstracts (2022),
Vol. 2022, p. Q36–010.

[66] J. Johansson, P. Nation, and F. Nori, QuTiP 2: A Python
framework for the dynamics of open quantum systems,
Comput. Phys. Commun. 184, 1234 (2013).

[67] R. Weiss et al., hmmlearn Python package - hidden
Markov models in Python, with scikit-learn like API,
https://github.com/hmmlearn/hmmlearn.

[68] https://doi.org/10.5281/zenodo.10728469.
[69] F. Motzoi, J. M. Gambetta, P. Rebentrost, and F. K. Wil-

helm, Simple pulses for elimination of leakage in weakly
nonlinear qubits, Phys. Rev. Lett. 103, 110501 (2009).

[70] J. M. Chow, L. DiCarlo, J. M. Gambetta, F. Motzoi, L.
Frunzio, S. M. Girvin, and R. J. Schoelkopf, Optimized
driving of superconducting artificial atoms for improved
single-qubit gates, Phys. Rev. A 82, 040305(R) (2010).

[71] M. Reed, Entanglement and quantum error correction with
superconducting qubits, PhD Dissertation, Yale University,
2013.

[72] O. A. E. Cherney and J. Shewchun, Enhancement of super-
conductivity in thin aluminium films, Can. J. Phys. 47, 1101
(1969).

[73] A. Barone and G. Paternò, Physics and Applications of the
Josephson Effect (Wiley, New York, 1982).

[74] L. M. Janssen, G. Butseraen, J. Krause, A. Coissard, L.
Planat, N. Roch, G. Catelani, Y. Ando, and C. Dickel,
Magnetic-field dependence of a Josephson traveling-wave
parametric amplifier and integration into a high-field setup,
arXiv:2402.19398.

[75] D. Ristè, S. Poletto, M. Z. Huang, A. Bruno, V. Vesterinen,
O. P. Saira, and L. DiCarlo, Detecting bit-flip errors in a
logical qubit using stabilizer measurements, Nat. Commun.
6, 6983 (2015).

[76] U. Vool, I. M. Pop, K. Sliwa, B. Abdo, C. Wang, T. Brecht,
Y. Y. Gao, S. Shankar, M. Hatridge, G. Catelani, M. Mir-
rahimi, L. Frunzio, R. J. Schoelkopf, L. I. Glazman, and M.
H. Devoret, Non-Poissonian quantum jumps of a fluxonium
qubit due to quasiparticle excitations, Phys. Rev. Lett. 113,
247001 (2014).

[77] L. Glazman and G. Catelani, Bogoliubov quasiparticles
in superconducting qubits, SciPost Phys. Lect. Notes 31,
(2021).

[78] G. Catelani, R. J. Schoelkopf, M. H. Devoret, and L.
I. Glazman, Relaxation and frequency shifts induced by
quasiparticles in superconducting qubits, Phys. Rev. B 84,
064517 (2011).

[79] M. J. Peterer, S. J. Bader, X. Jin, F. Yan, A. Kamal, T. J.
Gudmundsen, P. J. Leek, T. P. Orlando, W. D. Oliver, and S.
Gustavsson, Coherence and decay of higher energy levels
of a superconducting transmon qubit, Phys. Rev. Lett. 114,
010501 (2015).

[80] A. Morvan, V. V. Ramasesh, M. S. Blok, J. M. Kreikebaum,
K. O’Brien, L. Chen, B. K. Mitchell, R. K. Naik, D. I. Santi-
ago, and I. Siddiqi, Qutrit randomized benchmarking, Phys.
Rev. Lett. 126, 210504 (2021).

[81] T. F. Mörstedt, W. S. Teixeira, A. Viitanen, H. Kivijärvi,
M. Tiiri, M. Rasola, A. M. Gunyho, S. Kundu, L. Lattier,
V. Vadimov, G. Catelani, V. Sevriuk, J. Heinsoo, J. Räbinä,
J. Ankerhold, and M. Möttönen, Rapid on-demand genera-
tion of thermal states in superconducting quantum circuits,
arXiv:2402.09594.

[82] A. Sultanov, M. Kuzmanović, A. V. Lebedev, and G. S.
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