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Magnetic-field-resilient superconducting circuits enable sensing applications and hybrid quantum com-
puting architectures involving spin or topological qubits and electromechanical elements, as well as
studying flux noise and quasiparticle loss. We investigate the effect of in-plane magnetic fieldsup to 1 T
on the spectrum and coherence times of thin-film three-dimensional aluminum transmons. Using a copper
cavity, unaffected by strong magnetic fields, we can probe solely the effect of magnetic fields on the trans-
mons. We present data on a single-junction and a superconducting-quantum-interference-device (SQUID)
transmon that are cooled down in the same cavity. As expected, the transmon frequencies decrease with
increasing field, due to suppression of the superconducting gap and a geometric Fraunhofer-like contribu-
tion. Nevertheless, the thin-film transmons show strong magnetic field resilience: both transmons display
microsecond coherence up to at least 0.65 T, and T} remains above 1 us over the entire measurable range.
SQUID spectroscopy is feasible up to 1 T, the limit of our magnet. We conclude that thin-film aluminum
Josephson junctions are suitable hardware for superconducting circuits in the high-magnetic-field regime.
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I. INTRODUCTION

Josephson junctions (JJs) based on aluminum and its
oxide (Al/AlO,/Al) have three key properties that have
made them the workhorse of circuit QED (cQED) [1].
They are routinely fabricated to high quality; their Joseph-
son energy E; can be estimated from the room-temperature
resistance [2]; and E; can be controlled with high yield
to specifications [3] using standard electron beam lithogra-
phy, and even tuned postfabrication [4,5]. These properties
have enabled various advances in quantum engineering,
for example the scaling up of quantum processors to more
than 50 qubits [6] and the fabrication of sophisticated
Josephson parametric amplifiers [7]. The cQED frame-
work allows one to elucidate the quantum mechanical
interactions of various systems with photons, enabling us
to understand those systems from a new perspective. As
standard JJ circuits continue to advance, cQED is also
being applied to more exotic systems such as nonconven-
tional JJs, mechanical elements, magnons, quantum dots,
spin qubits, and Majorana zero modes [8].
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When cQED methods are to be applied to phenomena
or systems requiring strong magnetic fields, the mag-
netic field compatibility of the components used in cQED
becomes an issue. So far, this issue has been explored as
the need arose. One component that is particularly use-
ful is the superconducting quantum interference device
(SQUID): two JJs in parallel form a SQUID. SQUIDs are
an important tool in, e.g., metrology [9], and a key build-
ing block in many cQED quantum computing architectures
[10-12]. Compatibility of a SQUID with high magnetic
fields enables, e.g., the study of spin ensembles or even
single spins. In this context, SQUIDs based on constric-
tion junctions have demonstrated operation up to 6 T [13].
There is currently a lot of interest in using SQUIDs in
external magnetic fields to couple mechanical oscillators to
superconducting circuits [14—20]. Magnetic fields are also
arequirement for integrating many spin-qubit architectures
with cQED [21,22], and for many Majorana-zero-mode
realizations [23,24], where cQED methods could be used
for readout [25]. To couple to quantum dots and topolog-
ical qubits, magnetic-field-resilient superconducting res-
onators have been realized [26—28]. But the exploration of
superconducting qubits in magnetic fields has so far largely
relied on semiconductor nanowire JJs [29-31], graphene
JJs [32], or JJs based on granular aluminum [33], with
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qubits based on carbon-nanotube JJs likely to follow soon
[15,34]. A notable exception was presented in Ref. [35],
which explored a standard single-junction Al/AlO,/Al
transmon in a magnetic field, but the findings suggest that
coherence times are already severely limited at an in-plane
field of 20 mT. So far, qubit designs based on non-standard
JJs have reached higher magnetic fields, but have not con-
sistently achieved the reliability, quality, and targeting of
E; that Al/AlO, /Al-JJ qubits routinely achieve.

In this paper, we explore the magnetic field depen-
dence of the Josephson energy E; and the coherence of
transmon qubits [36] with standard Al/AlO,/Al JJs in a
three-dimensional (3D) copper cavity [37,38]. The 3D cop-
per cavity is essentially unaffected by the magnetic field
and thus allows us to explore the magnetic field depen-
dence of the transmons without additional complications.
Planar superconducting resonators are themselves vulnera-
ble to magnetic fields, which proved to be a limiting factor
in Ref. [35]. We first show the spectrum as a function of
the out-of-plane magnetic field and demonstrate how the
limitations imposed on qubit coherence by vortices require
precise alignment. With the use of a vector magnet, we can
align the magnetic field axis with the sample plane to high
precision. Thus, we can measure the transmon spectrum
and coherence as a function of the exact in-plane magnetic
field. We track the transition frequencies of the transmons
over a range of approximately 1-7 GHz in in-plane mag-
netic fields of up to 1 T. Based on the spectrum, we try
to understand the geometric effects and the magnetic field
dependence of the superconducting gap. One of the trans-
mons has a SQUID loop; therefore, we can investigate
combining very sensitive SQUIDs with large magnetic
fields. Overall, even the SQUID transmon maintains suf-
ficient coherence for many of the applications mentioned
above. Thus, we show that Al/AlO,./Al JJs can be operated
in high magnetic fields to give coherent qubits match-
ing the demonstrated field compatibility of nonstandard
superconductor—normal-metal-superconductor JJs [31].

II. EXPERIMENTAL SETUP

In Fig. 1, we display the 3D copper cavity containing
the two transmons, the transmon geometries, and a sketch
relating the JJ geometry to the magnetic field axes. The
cavity design is based on Ref. [39]. There is one asym-
metric SQUID transmon and one single-JJ transmon; each
has its own merits. On the one hand, the SQUID transmon
is sensitive to microtesla out-of-plane fields B, , allow-
ing precise alignment of the magnetic field parallel to the
device plane. It is also tunable, meaning measurements
can cover a wide frequency range, allowing us to esti-
mate frequency effects in a similar magnetic field. On
the other hand, the single-JJ transmon is less sensitive to
flux noise and to magnetic field misalignment, and thus
it serves as a control device for the SQUID transmon. As
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FIG. 1. (a) 3D copper cavity with two transmons, referred to
as the single-Josephson-junction transmon and the SQUID trans-
mon. (b) Top view of the transmons, with enlargement of the
junction region for both the single-JJ and the SQUID device.
(c) Sketch of a Dolan-bridge JJ, relating the magnetic field
coordinate system (By,1,B) 2,8 ) to the JJ geometry.

shown in Fig. 1(b), the 3D transmons have long narrow
leads to the JJ, making them vortex resilient, even though
the large capacitor pads do not have intentional vortex-
trapping sites. Having no magnetic shields, we opted for
a small SQUID loop area of 3.4 um?.

The JJs are made to a standard Dolan-bridge design [40]
with double-shadow evaporation, but for field compati-
bility we choose a thickness of only 10 nm for the first
aluminum layer and 18 nm for the second layer. The JJs
presented are made in the same fabrication run; scanning
electron micrographs of the junction region can be found
in Appendix A. The design leads to large spurious JJs [see
Fig. 1(c)] between the two superconducting films, which
could complicate the in-plane magnetic field dependence
[35]. For more detailed information on the device and on
the experimental setup, see Ref. [41].

II1. OUT-OF-PLANE MAGNETIC FIELD
DEPENDENCE

For every in-plane magnetic field for which results are
shown in this paper, we sweep the out-of-plane mag-
netic field, B, . In contrast to Ref. [42], where vortex-
quasiparticle interplay is explored, we do not perform
field cooling; rather, we change the magnetic field with
the sample remaining at the base temperature, as in Ref.
[43]. The out-of-plane-field data sets for different in-plane
fields are qualitatively similar, even at the highest fields
at which all quantities can be measured. As an example,
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FIG. 2. Out-of-plane magnetic field dependences of the two
transmons, shown here for B; = 0.17 T. (a) First and second
transmon transitions fo; and fy, /2. The SQUID transmon changes
with the out-of-plane magnetic field B, that threads the SQUID
loop. As its constituent JJs are asymmetric, the frequencies oscil-
late between top and bottom limits, the sweet spots. (b) Energy
relaxation time 7). High 7; is found in a B, interval from
—0.7mT to —0.25 mT, deviating from the nominal B; = 0 based
on the SQUID alignment procedure. (c) Ramsey dephasing time
T;. At the sweet spots, the SQUID frequency is less sensitive to
flux noise, and T3 is enhanced. (d) Echo dephasing time 75, In
the interval of high 71, T§°h° is generally not limited by 27 for
either transmon.

Fig. 2(a) shows two-tone spectroscopy peaks of the trans-
mon frequencies for a B, range of approximately 1 mT
at By = 0.17 T (a data set for B; =0 T can be found
in Ref. [41]). We always measure both the first and the
second excitation energies of the transmons, fo; and fy, /2,
to be able to estimate £, and the charging energy Ec.
[29,35]. While the frequency of the single-JJ transmon
changes by only approximately 10 MHz over this range
in B, , the SQUID-transmon frequency oscillates between
top and bottom limits, the sweet spots. The sweet spots
are determined by the sum and difference of the E;’s of
the constituent JJs. Models for the B, dependence of the
spectrum for both transmons can be found in Appendix E.

We also measure the relaxation time 7 and the Ram-
sey and Hahn-echo dephasing times 75 and 75" of the
transmons for different values of B, at a fixed B);. One
can see in Figs. 2(b)-2(d) that both transmons show higher
coherence at a finite B, (around B, ~ 0.4 mT). The B, =

0 point is based on aligning the parallel magnetic field
based on the SQUID oscillations (Appendix B). There-
fore we have to sweep B, at every value of the in-plane
magnetic field and map out the value at which 7; is max-
imized; we call this By and consider it to be an offset in
the perpendicular-field dependence. The offset By seems to
follow a roughly linear trend as a function of B ;. This is
an interesting observation, likely related to vortex physics,
but we do not have a concrete understanding at this point
(for more details, see Appendix C).

Apart from the existence of By, to understand the effect
of B, on T}, we consider loss due to superconducting vor-
tices coupling to the transmon current (see Appendix D for
details) and the Purcell limit imposed by the cavity (see
Appendix G). For the single-JJ transmon, the frequency
remains practically constant when B, is swept, and thus
the change in 7} is likely to be due to vortices. The loss
scales linearly with B, — By sufficiently far away from the
maximum 77, but the onset of vortex loss is not linear. For
the SQUID transmon, we consistently find 77 to be lower
at the top sweet spot than at the bottom sweet spot. Look-
ing at the frequency dependence of 77, we find that for high
frequencies it is Purcell limited (see Appendix G). The By
values for a given B ; are similar for both transmons (see
also Appendix B).

The dephasing times for both transmons do not reach
2T in the high-T) interval. Close to the cavity resonance
frequency, photon shot noise from the cavity is a limit-
ing factor on 75 (see Appendix G). Compared with the
single-JJ transmon, the SQUID transmon shows a drasti-
cally reduced T3, with a clear sweet-spot enhancement. For
TS0 the sweet-spot enhancement is less clear. Thus, the
SQUID-transmon data point to slow noise in B, , limiting
T; but not T§°h°.

IV. IN-PLANE MAGNETIC FIELD DEPENDENCE
OF THE SPECTRUM

Next we consider the in-plane magnetic field depen-
dences of the two transmons. Here we focus on the data
obtained for the B direction. For every value of the in-
plane-field B, we sweep B, to perform a full set of
measurements, as explained in Sec. III. First, we show how
the transmon spectra evolve in a parallel magnetic field.
As one can see in Fig. 3(b), both transmons decrease in
frequency at higher magnetic fields. As the magnetic field
increases, the difference between the SQUID’s top and bot-
tom sweet-spot frequencies [Fig. 3(a)], indicating that the
E;’s of the two constituent JJs evolve differently. For high
By ,1, we observe large charge-parity splitting due to the
decreasing E;/E¢ ratio. Thus, the two parity branches of
fo1 are plotted for B ; = 0.88 T.

Having measured fy; and fy,/2 for both transmons, we
can estimate E; (and E¢) as described in Appendix E.
For the high-field low-E;/Ec-ratio regions, charge-parity
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TABLE I.  Parameters of the three JJs. To determine Bg,, the
in-plane field at which a superconducting flux quantum threads
the JJ, we fit Eq. (1) to the data in Figs. 3(c) and 3(d), assuming
the same GL critical field Bﬁm = 1.03 T for all JIs. Then By,
should be inversely proportional to the junction finger width /,,

as determined by SEM imaging.
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FIG. 3. Spectroscopy for in-plane magnetic fields. (a) Exam-

ples of the flux dependence of the SQUID transmon frequency:
for every By,1, we sweep B, to tune the SQUID transmon.
We measure fy; and fop/2. With increasing By [the color scale
corresponds to that in (b)], both frequencies decrease, and even-
tually the fj,/2 transition can no longer be measured. For high
By1, for is split into curves for even and odd charge parity,
shown for B ; = 0.88 T. (b) Transitions f; for SQUID transmon
and fo;,f02/2 for single-JJ transmon versus in-plane magnetic
field By,1. (c) Extracted Josephson energy E; for the single-JJ
transmon. We correct for several different systematic errors; for
details, see Appendix E. A simple Ginzburg-Landau theory for
the superconducting gap provides neither qualitative nor quan-
titative agreement. By combining the GL theory with the flux
penetration into an extended junction, Eq. (1), we obtain bet-
ter agreement (dotted line). (d) Josephson energies E; for the
two Josephson junctions forming the asymmetric SQUID trans-
mon. The E;; of the larger junction is consistent with a second
Fraunhofer lobe emerging for By ; > 0.9 T.

splitting is used to estimate E;. The resulting £, as a
function of By is shown in Figs. 3(c) and 3(d) for the
single-JJ and the SQUID transmon, respectively. A naive
estimate based on the Ginzburg-Landau (GL) theory for
the superconducting gap provides neither qualitative nor
quantitative agreement for the in-plane field dependence of
E; [Fig. 3(c)]. We therefore combine the GL theory with
a Fraunhofer term describing the flux penetration into an
extended junction,

E;(B)) =Ejo

where Eo denotes the Josephson energy at zero field, Bﬁm

the in-plane Ginzburg-Landau critical field, and Bg, the
in-plane field at which one superconducting flux quantum
(= h/2e) threads the JJ. Bg,, is inversely proportional to the
in-plane cross section of the junction, defined by its finger
width /, [see Fig. 1(c)] and the constant insulator thick-
ness. As the JJs differ in finger width, each JJ has a different
Bg,,. Assuming the same critical field Bﬁrit = 1.03 T for all
three junctions, we find that the independently measured
junction dimensions are consistent with the estimated Bg,
(Table I). Taking the values for /; and Bg,, we can cal-
culate the height of the in-plane cross section threaded by
B) 1, which amounts to a plausible 10 nm. In particular, for
the asymmetric SQUID transmon, this model fits the dis-
tinctive behavior of the individual JJs forming the SQUID
loop [Fig. 3(d)]: the larger JJ shows a rapid decrease in £,
followed by a slight upturn for B ; > 0.9 T that is con-
sistent with the emergence of a second Fraunhofer lobe.
The smaller 1J, in turn, is less affected by flux penetra-
tion, and its £y decreases slowly and monotonically. While
full BCS modeling of the superconducting gap for the thin
films could further improve the fits, it is clear that the junc-
tion geometry plays a role for conventional AlI/AlO, /Al
JJs also and should be considered when targeting them for
operation in high magnetic fields. The overall JJ footprint
should be small, and it should especially be narrow in the
axis parallel to the magnetic field.

In Fig. 3(b), there is a gap in the SQUID data between
0.4 and 0.5 T, and the single-JJ data are more noisy in this
area. In this region, no clear SQUID oscillations can be
observed when B, is swept. Measurements of the cavity
frequency as a function of B, are not reproducible, and the
cavity frequency is stable only for several minutes, making
qubit spectroscopy of both qubits challenging. However,
the data points that could be gathered for the single-JJ
transmon are generally consistent with the data outside this
region. This instability can also be observed when we mea-
sure in the B, direction, but it arises even at low fields
around 20 mT. It is for this reason that we focus on the
By, direction here. Details of these instabilities for B
and B, can be found in Ref. [41]. We suspect that spu-
rious JJs inherent in our simple fabrication procedure are
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responsible; it would be beneficial to avoid them when
exploring large magnetic fields [35].

Eventually, our measurements become limited by the
decreasing signal-to-noise ratio as the dispersive shifts of
the transmons become small. Therefore, we do not mea-
sure the single-JJ transmon at magnetic fields above 0.69
T. However, we can measure characteristic SQUID oscilla-
tions over the entire field range of 1 T that is available to us,
as the distinctive frequency modulation helps to identify
the SQUID-transmon transitions. Unfortunately, because
the values of By, for the SQUID junctions are above or
close to Bﬁm, the upturn in £, for B); > 0.9 T is relatively
weak.

V. IN-PLANE MAGNETIC FIELD DEPENDENCE
OF THE COHERENCE TIMES

Now we turn from the energy spectrum of the transmons
to the coherence as a function of B ;. At each value of
B) 1, data sets such as the one shown in Fig. 2 are taken. To
eliminate the B, dependence, Figs. 4(a) and 4(b) show the
highest 5% of all Ty, T3, and T§°h° measured at each By ;.
As seen in Fig. 2, the values of B, for the maximum 77,
T3, and T3 do not necessarily coincide.

We observe microsecond values of 77 over the entire
B range measurable in the time domain. While 7; for
the single-JJ transmon is essentially constant up to 0.4 T,
Ty for the SQUID transmon shows a slight improvement,

with a maximum 7' of more than 30 us for B ; = 0.34 T.
At that point, the perpendicular field offset By for the max-
imum 7 coincides with the bottom sweet spot, and, as we
noted earlier (see Sec. III), at the bottom sweet spot, T
is usually longer than that at the top sweet spot. A slight
improvement in 77 is also expected because the Purcell
effect is reduced at higher fields and lower frequencies
(see Appendix G). In the instability region between 0.4
and 0.5 T, the few data points for the single-JJ transmon
(and one data point for the SQUID device) suggest a reduc-
tion in 7. While 7 for the single-JJ transmon stabilizes
at a slightly lower 2—4 us after the instability region, the
dependence of 7 for the SQUID transmon at high fields is
less clear. We do not understand the sudden drop in 7 for
the SQUID transmon, nor the gradual improvement in 7
that follows. From B ; > 0.65 T onwards, we are unable
to perform time-domain measurements at the bottom sweet
spot, as the frequency becomes too low. Before that, our
data represent the maximum 7 across the entire SQUID
oscillation; at the highest fields, we lose the lowest fre-
quencies. Quasiparticle-induced decay does not seem to
limit our transmons even for the highest magnetic fields,
where the superconducting gap is smallest. For details, see
Appendix G, where we compare our estimate of the clos-
ing of the superconducting gap (Sec. I[V) with the qubit
lifetimes at high B ;.

We now discuss qubit dephasing. While, in general,
microsecond coherence is maintained up to at least 0.7 T,
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FIG. 4. Transmon qubit coherence as a function of By ;. B, is varied at each By |, and we show the highest 5% of all 7}, 7§°h°, and
T; for (a) the single-JJ and (b) the SQUID transmon at each B ;. The dashed lines indicate the mean of the high-coherence data at
each field. Microsecond coherence is maintained up to at least 0.7 T, with 7 above 1 us over the entire measurable range. (c),(d) Pure
echo dephasing rates I‘;Ch" = 1/T5h° — 1/(2Ty) versus parallel magnetic field By ;. For low magnetic fields (high frequencies), ijh‘) is
limited by photon shot noise. For high magnetic fields, the transmons approach the low-E; /E¢ limit, and the charge dispersion fy; (ny =
0) —fo1(ng = 0.5) increases, eventually limiting the coherence. (¢) Pure Ramsey dephasing rate I'; as a function of the SQUID
frequency sensitivity |dfo1/dB . |. For every in-plane magnetic field B);, we observe a linear dependence I'y = a |dfo1/dB. | + b. The
inset shows the slope a as a function of By ;, which suggests that the noise in B, increases linearly with B} ;. The observed noise
level and trend are independent of the current source connected to the B ; magnet coil (the current sources are denoted “Oxford” and
“Keithley” in the legend). We believe that this noise is caused by mechanical vibrations (see text).
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it is clear that T§°h° is not 77 limited. To better understand
the limiting factors, we calculate the pure dephasing rate
I'y =1/T, —1/(2T;) for both Ramsey and echo exper-
iments. Figures 4(c) and 4(d) show F;Ch" as a function
of B);. Here we no longer restrict the discussion to the
top 5% of the measured coherence times. Both devices
show a qualitatively and quantitatively consistent trend:
for in-plane magnetic fields up to 0.4 T, F;Ch" shows a
slight decrease, meaning improved coherence. We attribute
this effect partially to photon shot noise in the cavity
(see Appendix G), which limits the transmons less as
their frequency decreases with increasing field (dashed
line). The data suggest an effective cavity temperature
of 76 mK, which is far above the dilution-refrigerator
base temperature of approximately 10 mK. This could
likely be improved by better shielding and filtering. For
fields above 0.52 T, we observe increasing qubit dephas-
ing, likely due to charge noise. The transmons approach
the low-£; /Ec limit, and the charge dispersion fy; (n, =
0) — fo1(ng = 0.5) increases (dashed lines). Here n, is the
charge offset entering the Cooper-pair-box Hamiltonian
(see Appendix E). With increasing charge dispersion, the
transmons become proportionally more sensitive to charge
noise [36].

As previously noted, the SQUID 75 shows a strong
sweet-spot enhancement; we can therefore characterize the
noise in B, as a function of By| by performing a sensitivity
analysis (see Appendix F). Here, the pure Ramsey dephas-
ing I'y is analyzed as a function of the SQUID frequency
sensitivity |dfy,/dB, | [Fig. 4(e)]. For every in-plane mag-
netic field B);, we observe a linear dependence I'; =
aldfy1/dB 1| + b. The inset shows the slope a as a func-
tion of B 1, which suggests that the noise in B increases
linearly with By ;. The observed noise level and trend are
independent of the current source powering the B ; mag-
net coil; we compare an Oxford Instruments Mercury iPS
source with a low-noise Keithley current source (which
cannot reach the currents required for higher fields). This
suggests that the noise is not due to the current source for
the B); magnet. A possible explanation could be vibra-
tions in the setup that convert B to B,. Vibrations are
usually low frequency, and the noise in B, would increase
proportionally to By ;. I'y would be sensitive to this kind
of low-frequency noise. We attempted to confirm this the-
ory by measuring while turning off the pulse-tube cooler,
which is likely the main source of vibrations in the dilution
refrigerator, but turning it off leads to flux jumps, and we
cannot recalibrate in the time the refrigerator stays cold.

A similar analysis is performed for the T‘;Cho measure-
ments, but l“f;fhf’ as a function of |dfy; /dB. | is essentially
flat, likely because it is limited mainly by photon shot
noise or other noise sources that are not B, dependent (see
Appendix G). Because of the asymmetry of the SQUID,
|dfo1/dB. | has an upper limit [44]; for a more symmetric
SQUID, one could increase |dfy;/dB,| until flux noise

became a dominant noise source. The asymmetry is use-
ful for extracting the magnetic field dependence of the
individual JJs, but for studying flux noise, a symmetric
SQUID would be beneficial. The fact that I‘f;fh" does not
show a strong B ; dependence is consistent with noise due
to mechanical vibrations limiting I'}, because mechanical
vibrations are expected to be of low frequency and the
noise can be largely echoed away. A similar situation is
reported in Ref. [45].

VI. CONCLUSION

The present results show that for many applications
in magnetic fields up to 0.4 T, the standard Al-AlO,-Al
JJs can be a viable option. In this regime, 77 and T§°h°
remain largely unaffected in our transmons, but accurate
in-plane alignment of the magnetic field is paramount
for preserving coherence. We use thin aluminum films to
increase the in-plane critical field and narrow leads to min-
imize vortex losses. For higher fields, the coherence times
are reduced compared with the low-field levels, but the
standard AI/AlO,/Al transmon can be operated in mag-
netic fields up to 1 T, a value comparable to that for
semiconductor nanowire transmons [31], while exhibit-
ing better coherence times. For the Bj; direction, the
frequency dependence of the transmon is found to be rea-
sonably well described by a simple model that considers a
Fraunhofer-like geometrical contribution and the gap clos-
ing according to the Ginzburg-Landau theory. In addition,
we show that the operation of a SQUID transmon is pos-
sible in high in-plane fields, although vibrations of the
magnet relative to the sample and noise from the magnet
current sources could become a limiting factor. These chal-
lenges seem solvable with better vibrational damping of
the dilution refrigerator and the use of persistent-current
magnets. However, between 0.4 and 0.5 T, regular SQUID
oscillations cannot be observed, and the cavity frequency
is unstable. We speculate that this is due to spurious JJs
inherent in the Dolan-bridge fabrication process.

With thinner films and possibly a shift to a JJ fabrica-
tion process that minimizes spurious JJs, such as the use
of Manhattan-style JJs [46] or JJs that are made in two
lithography steps [47], it would be possible to make an
Al-AlO,-Al 1J transmon that can work above 1 T. If the
target magnetic field is known in advance and the film
properties are largely characterized, one can account for
the reduction in E; due to suppression of the supercon-
ducting gap. Then, the advantages of Al-AlO,-Al JJs of
high quality, reasonable yield, and targeting will remain
available even in experiments that require high magnetic
fields. In future, it would be interesting to look into charge-
parity dynamics and thermal excitation in transmons at
higher fields [48]. Strong in-plane magnetic fields present
an additional tuning knob in cQED, which could help in
understanding the physics of the coupling of quasiparticles
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to a transmon. We also believe that, with slight improve-
ments in the setup, it would be possible to measure the
effect of magnetic fields on flux noise and shed light on the
nature of the spin ensembles that are believed to cause this
noise [49].
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APPENDIX A: DEVICE FABRICATION,
GEOMETRY, AND FILM THICKNESS

The two transmon devices are standard 3D transmons
with a Dolan-bridge JJ [40]. They are fabricated in a single
electron-beam-lithography step and with double-shadow
evaporation using a Plassys MEB 550S evaporator. The
aluminum has 5N purity. To be able to mix and match,
many transmons with varying JJ parameters are fabricated
in the same run on a large sapphire piece and then diced.
Thus, the two transmons in these experiments, while on
two disconnected sapphire pieces, should have very similar
properties of the aluminum film and the junctions. The JJ
geometry of both transmons, with all relevant dimensions,
can be seen in SEM images (Fig. 5). Because the taking
of the SEM images alters or destroys the JJs, the actual
devices are imaged after measurements are completed. In
a junction test prior to the fabrication of the devices, the
relative spread of the room-temperature resistances is on
the order of 4%. We believe this to be largely due to the
lithography rather than to film roughness or a nonuniform
oxide layer. In the test, 79 out of 96 JJs are working, but we
are limited by trying to make small JJs in order to obtain a
large SQUID asymmetry. The reliability of our fabrication
process is also confirmed by the fact that the critical cur-
rent densities of the three junctions studied (proportional
to the ratio of the £,’s in Table I over the junction areas
obtained from Fig. 5) are approximately the same.

Crucially, the film thicknesses for the two evaporations
are nominally 10 and 18 nm for the bottom and top layers,
respectively. Reducing the film thickness further should be

(@) SQUID

FIG. 5. False-color SEM images of (a) the SQUID loop of the
SQUID transmon and (b) the single JJ of the single-JJ trans-
mon. The bottom aluminum layer is overlaid with a turquoise
layer, while the top layer is overlaid with a violet layer, leaving
the overlap region colored blue. Measurements of the different
dimensions are indicated (some taken from other images with
greater resolution).

possible using the same evaporator. For previous devices
with film thicknesses of 15 nm (bottom layer) and 30 nm
(top layer), the in-plane critical field is on the order of
250-300 mT. In contrast, Al films of thickness d ~ 7 nm
can remain superconducting up to 3 T [50]. As shown
there, for this thickness the orbital effect of the parallel
field and the Zeeman splitting contribute approximately
equally to suppressing superconductivity. It is only for
thicker films that one can use the relation [51]

. 24\
B(ﬁrlt — Bc ,

7 (AT)

where B, is the thermodynamic critical field and A is the
(effective) penetration depth, which qualitatively explains
the increase in critical field with decreasing thickness.
Nonetheless, using the low-temperature value of the criti-
cal field for aluminum (B, = 10 mT), estimating the mean
free path £ to be of the order of the thickness, and using A ~
Ar/€0/¢, with the London penetration depth A, = 16 nm
and the coherence length & = 1600 nm, we obtain from
Eq. (A1) an estimate Bﬁrit ~ 1 T for the film of thickness
d = 10 nm in our devices. For comparison, the same pro-
cedure for d = 15 and 30 nm gives Bﬁrit ~0.5and 0.2 T,
compatible with our measurements.

We note that the numerical results for the order parame-
ter presented in Ref. [50] can be well approximated, not too
close to the parallel critical field, by the Ginzburg-Landau
formula
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(A2)

although with a (fitted) critical field larger than the one
obtained numerically. While this justifies the phenomeno-
logical use of Eq. (A2) in analyzing the data, a further
complication arises in our devices due to a proximity effect
between two films of different thickness; however, mod-
eling of this effect is beyond the scope of the present
work.

APPENDIX B: ALIGNMENT OF MAGNETIC AXES
WITH SAMPLE

Here we illustrate the alignment procedure for aligning
our magnet axes precisely with the in-plane direction of
our sample. We use the SQUID-oscillation offset as a sig-
nal to construct the two in-plane axes B); and B, from
the physical magnet axes By, B,,B.. In our case, B, for
the magnet corresponds roughly to B . The current source
connected to the B, coil has a finer resolution and lower
noise than the one connected to the B, and B. coils. We
therefore use only the B, coil to correct the extra out-of-
plane field caused by B, and B., and not vice versa. This is
a simple rotation that we apply in software before setting
the values.

To determine the alignment, we make a two-
dimensional map of the cavity frequency as a function of
By and B, (or B.). These measurements are fast, and we
can scan the B, field for several values of B, with few vis-
ible jumps. The linear change in the offset of the SQUID
oscillations along the B, axis with changing B, is due to
an additional out-of-plane component of B,.. Then a linear
fit is performed to find the misalignment, which is then
corrected by an additional B, field as a function of B,.
The resulting axis is our By ;. An aligned data set can be
seen in Fig. 6(a), a color plot of the cavity resonance fre-
quency normalized line by line versus B, and By ;. The
stable offset of the oscillations over a large range of By
suggests that we align our magnetic field axis to better than
0.05°. We determine the initial misalignment to be —0.61°
between the B, and By axes. For very low fields, there
is usually a small deviation, which we attribute to small
residual ferromagnetism in the vicinity of our sample being
magnetized. A more concrete example, with misaligned
and aligned data for the B, direction, can be found in Ref.
[41].

APPENDIX C: UNUSUAL B; DEPENDENCE OF T;
AND THE MAXIMUM QUBIT FREQUENCY

The alignment of the magnet axes on the SQUID oscil-
lations seems natural and gives a straightforward linear
alignment procedure. While one would expect 7 and the
qubit frequency (meaning the superconducting gap) to be
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FIG. 6. (a) Cavity frequency (normalized line by line for con-

trast) as a function of B, and B); (color plot). We observe
clear SQUID oscillations in the cavity frequency, with a stable
period for a large range of magnetic field. Occasional jumps can
change the flux offset of the oscillations. The region between the
two dashed white lines shows no stable SQUID oscillations. For
perfect alignment, the oscillation offset should be constant for
different values of By ;. The orange dashed lines, corresponding
to different angular misalignments, are given as a guide to the
eye. We conclude that our alignment should be within £0.05°
with respect to the plane of the SQUID. The cyan line indicates
the (B, By,1) values corresponding to the maximum T; of the
single-JJ transmon. The maximum 7 values follow an axis at an
angle of approximately —0.15° with respect to the sample plane.
The inset additionally shows the (B, By,1) values corresponding
to the estimated maximum frequency of the single-JJ transmon
(magenta), which follows an axis that is at an angle of approx-
imately 0.8° with respect to the sample plane. (b),(c) Example
data sets for T as a function of B, for the single-JJ and the
SQUID transmon, respectively, for different values of By ;.

maximum at the nominal B; = 0 (which depends on the
alignment), we observe that they take their maximum val-
ues at finite values of B ; furthermore, these values are
different for the maximum 77 and the maximum qubit
frequency.

When looking at the B corresponding to the largest T
at a given B); for both transmons [Figs. 6(b) and 6(c)],
we see that it deviates increasingly from B, = 0. In the
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following, we focus on the data for the single-JJ-transmon
Ti, because these show more clear peaks, as there is no
additional frequency dependence that complicates the pic-
ture. We designate the B, corresponding to the optimal T
as By. By changes linearly with B) 1, such that we can esti-
mate the angle with respect to the sample plane, which is
roughly —0.15° [data labeled 7;™*™™ in Fig. 6(a)]. The
dependence of 7} on B, is likely due to vortex creation,
which takes place largely in the large capacitor pads. We
show in Appendix D that, apart from this offset, it appears
that the data are consistent with the vortex hypothesis. Ini-
tially, we believed that there could be hysteresis in the
vortex system, which could lead to an offset in By. So,
when changing By, we try to scan B, back and forth,
approaching the estimated B, = 0 mT point, a procedure
laid out in Ref. [52]. However, this procedure does not
make a big difference. Some data on the hysteresis in B
at B); = 0 can be found in Ref [41], and while we see
hysteresis in the SQUID offset and in the 7} data, it is
not necessarily identical. Ultimately, we find that By seems
to be stable for upward and downward scans in B ;, and
therefore it appears that hysteresis does not fully explain
the effect. This effect could be investigated in more detail,
e.g., we do not explore the negative direction in B ;, but
this is beyond the scope of the present work.

Peculiarly, the B, value corresponding to the maxi-
mum frequency of the single-JJ transmon seems also to
deviate linearly from B; = 0 at different values of By,
corresponding to an angle of 0.8° with respect to the in-
plane direction [see inset of Fig. 6(a)]. Two example data
sets for the frequency of the single-JJ transmon as a func-
tion of magnetic field are discussed in Appendix E. If one
assumes that only E; is field dependent, the maximum
frequency corresponds to the maximum superconducting
gap immediately at the JJ. Possibly due to flux focus-
ing in the vicinity of the JJ, which has a step in the B ;
direction, there is an additional angle with respect to the
sample plane. While the differences in angle between the
SQUID, the vortex system, and the maximum frequency of
the single-JJ transmon are small in absolute terms, they are
clearly distinguishable in our data.

APPENDIX D: VORTEX LOSS IN OUT-OF-PLANE
MAGNETIC FIELDS

In Fig. 4, we plot the best T as a function of By ;; how-
ever, reaching the longest possible 77 depends crucially
on finding the appropriate B, value for a given By, as
we discuss in Appendix C, pointing to the possible role of
vortices. Indeed, as shown both for resonators [53] and for
transmons [43], the loss is proportional to the number of
vortices; above a certain threshold field By,, this number
increases linearly with B, . However, vortices can already
enter the large transmon capacitor pads at fields smaller
than By, [53,54], leading to a more gradual onset of vortex
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FIG. 7. Single-JJ-transmon relaxation rate I’ = 1/7; vs B| —

B, for various Bj;. The data are fitted using a phenomenolog-
ical hyperbolic model [Eq. (D1)]. The inset shows the fitted
asymptotic slope p of Eq. (D1). Interestingly, for By; > 0.5 T
the slope shows a significant drop for high B ;. We can model
this decrease in p (dashed pink line), which we attribute mainly
to the decreasing qubit frequency.

dissipation. To phenomenologically capture this behavior,
we fit the vortex contribution to dissipation I', with the

formula
r, = ,/pzfgf_ +q¢%*—q,

where p and ¢ are fitting parameters, which we discuss
below, and B, = B, — By, with the offset By being the
value of the perpendicular field where 7 is largest for a
given B (see Appendix C). We show in Fig. 7 the total
relaxation rate ' = 1/7) as a function of B, — By for sev-
eral values of the parallel field; note that I' =Ty + [,
includes also the nonvortex contribution I'y. Data over a
wider range of perpendicular field, showing more clearly a
regime of linear dependence of I', on B, are reported in
Ref. [41].

In fitting the data in Fig. 7, we fix ¢ = 1.3 us™', while
we treat p as a parallel field-dependent quantity. The inset
in Fig. 7 presents the value of p as a function of By ;; the
coefficient p is the slope in the linear regime of ', vs B} .
As discussed in Ref. [53], the value of the slope is affected
by the so-called flux-flow viscosity n and the presence of
pinning centers that can lead to vortex creep. Considering
the model for the flow resistivity presented in Ref. [53] (see
also [55]), we can write

1 FG By)/fa€)

’ ZPOJW F(fO)/fare)

where, by construction, pg is the slope at zero parallel
field, f (B)) is the transmon frequency as a function of

(D1)

1

(D2)
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the parallel field, f; is the depinning frequency, marking
the crossover from an elastic to a viscous response of the
vortices, and 0 < € < 1 is the dimensionless creep param-
eter. For aluminum, the latter two quantities take the values
fi =4 GHz and € = 0.15 [53]. The function F is defined
as

€ + x?

F(x,é) = m

(D3)

Finally, the factor in the middle of Eq. (D2) arises as fol-
lows: the loss is inversely proportional to the viscosity
n, and the latter is proportional to the upper critical field
B, = ®¢/(2mE?), where £ ~ \/hD/A is the coherence
length in a disordered superconductor, with D being the
diffusion constant (physically, the loss increases with the
square of the coherence length because the latter deter-
mines the radius of the vortex core). Therefore, we expect
p o« 1/A(By), a factor that we estimate using Eq. (A2).
The curve in the inset of Fig. 7 is plotted using Eq.
(D2), with the qubit frequency obtained from the data in
Fig. 3(b) and Bﬁfif = 1.03 T, see the caption of Table I.

Hence pg = 5 s~ mT~! is the only free parameter, which
is fixed by fitting the data for B < 0.4 T; for compari-
son, accounting for their different frequencies through the
function F in Eq. (D3), the two qubits measured in Ref.
[43] have pg = 0.5 and 1.2 us~! mT~!. The curve captures
the experimental drop of the slope with the parallel field,
implying that the decrease in dissipation at low frequency
due to pinning has a stronger effect than the increase due to
the expansion of the vortex cores. Based on this result, we
expect that by introducing pinning sites or vortex-trapping
holes in the pads, the qubit can be made more robust to out-
of-plane fields and less sensitive to misalignment, although
care must be taken not to increase dielectric losses [56].
Returning now to Eq. (D1), the parameter ¢ can be
related to the threshold field by By, ~ ¢/p; however, this
identification is meaningful only at zero parallel field, since
at higher fields (and hence lower frequencies) p is sup-
pressed due to pinning. In this way, we estimate By, ~
q/po ~ 0.26 mT, which is similar to the value at which
a decrease in 77 starts in Ref. [43]. In that case, this value
is related to the lower critical field for vortex entry into
a region of the capacitor pads, close to the JJs, of lat-
eral size approximately 10 um. However, this explanation
is not applicable to our device, since there are no fea-
tures with comparable dimensions, and we expect vortex
entry in the pads already at a few millitesla. We specu-
late that By, could be related to the number of vortices
exceeding the number of pinning sites. We do not expect
vortices to enter the thin leads to the JJs in our device,
because the lead width w = 410 nm is only a few times the
coherence length & ~ 0.85,/&y¢ ~ 108 nm (see Appendix
A). In fact, an order-of-magnitude estimate of the field
B, for vortex entry into the leads applicable in the case

w> £is B, = ®g/w? ~ 10 mT [54]. Although the condi-
tion w 3> £ is not satisfied, this value suggests that vortices
are not present in the leads in the few-millitesla range of
perpendicular fields explored in this paper.

APPENDIX E: ESTIMATION OF E; AND Ec FROM
SPECTROSCOPY DATA

In Fig. 3, we show E; as a function of B ;. Here we
want to elaborate on how we estimate £; and E¢ from
the measured transmon spectrum. We also consider sys-
tematic errors, such as additional dependence on B, and
cavity dressing.

E; and E¢ can be extracted from fy; and f,/2 by fitting
the measured transitions to a numerical Cooper-pair box
Hamiltonian in the charge basis

k
H =4Ec Y (n— ng)|n) (n|
n=—k
1

k
SEr 3 A 1+ In+ Dn), (ED)

n=—k

_l’_

with charge states |n), where n stands for the difference
in the number of Cooper pairs between the two islands. A
voltage gate or environmental noise can introduce a charge
offset ng. k is the truncation in the charge basis; we usually
truncate at k = 20, and thus include 41 states. That way,
we obtain accurate results in both the transmon regime and
the low-E;/E¢ regime, where fy; ~ +/8E;Ec — E¢ stops
being a good approximation. Every pair of fy; and fo,/2
measurements then gives a value for £; and E¢. The data
are shown in Fig. 8.

The data show a clear correlation between E; and E¢
because the participation of the cavity capacitance depends
on the impedance matching between the cavity and trans-
mon mode and therefore on £;. The coupling between the
cavity and the transmons is also not constant but depends
on E; and E¢. The dependence looks very similar for both
transmons, and we can assume a linear dependence of E¢
on E;. The outliers in the data set can be due to a number
of effects: bad peak fits (e.g., picking a wrong photon-
number peak), flux or 7, jumps between the fy; and fy/2
measurements, or hysteresis in the magnetic field.
Throughout the experiment, we use continuous-wave spec-
troscopy. The powers are constantly adapted as the qubit-
cavity detuning changes, trying to maintain a balance
between visibility and minimizing the shifts due to the
readout tone and the ac Stark shift.

Both the single-JJ- and the SQUID-transmon transitions
vary with B, . Furthermore, our large spectroscopy data set
has outliers. As we sweep a small range in B, for every
By 1, we can identify and reject outliers easily. To obtain a
robust estimate of £;(B),1), we do not extract all individ-
ual values for E; from all pairs of fy; and f;,/2, but rather
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FIG. 8. E¢ for(a) single-JJ and (b) SQUID transmon as a func-

tion of ;. These data are extracted from pairwise spectroscopic
measurements of fy; and fo,/2. For every pair, we fit the transi-
tions to a numerical Cooper-pair box Hamiltonian, giving values
for E; and E¢ (see text). We find a clear correlation of E¢ and
E;: 65% of all SQUID data and 80% of all single-JJ-qubit data
gather around a linear trend to within 10 MHz. The outliers can
be due to a number of effects: bad peak fits (e.g., picking a wrong
photon-number peak), or flux or n, jumps between the fy; and
fo2/2 measurements. By fitting a linear dependence, we can infer
Ec from E;.

fit a model to all transitions measured at a given B ; as a
function of B, . In the following, we give the models that
we use for the B, dependence for the two transmons.

For the single-JJ transmon, the dependence on the out-
of-plane field is dominated by a suppression of the super-
conducting gap. As in the case of the in-plane magnetic
field, we model this dependence using the Ginzburg-
Landau dependence of the gap on the field [51],

2
B1 ) . (E2)

E;(B1) < A(BL) = A(0),/1 — < crit
BJ_

Using the same form as in Eq. (A2) seems appropriate
since, as discussed at the end of Appendix D, we do not
expect vortices to play a role in the leads to the JJ, at least
up to B; ~ 10 mT, which covers the range of perpendicu-
lar fields in our measurements. Note that the critical field
Bt of the junction leads should not be confused with the
upper critical field B,, of the much wider pads introduced
in Appendix D.

When an in-plane and an out-of-plane magnetic field are
simultaneously applied, the effective BS(B) ) is reduced.
In the Ginzburg-Landau theory for thin films, for any angle
6 with respect to the film plane, the critical field B (9) lies

between Bt and B‘l:lfif and satisfies [51]

. . 2
‘Bcrlt(e) sin @ ‘ N (Bcrlt(e) COSQ> -1 (E3)

crit crit
BL BH,I

Example data for the single-JJ-transmon transitions as a
function of B, can be found in Fig. 9. We perform spec-
troscopy over a range of approximately 10 mT in B, at
B)1 =0T and at B); = 0.58 T. At other fields, we gen-
erally measure a smaller range of approximately 2 mT in
B, around the high-coherence interval, because we want
mainly to make the case that high coherence can be main-
tained. But the frequency maximum as a function of B, for
the single-JJ transmon increasingly deviates from the max-
imum coherence time (see Appendix C). In Fig. 9(b), the
transmon frequency in the high-coherence interval around
—1.5 mT is about 150 MHz lower than the maximum fre-
quency that we measure. To account for this, we try to
estimate the maximum Ej at every B by fitting all of
the data available at different B, for each given B ;. In
the fit, we fix B and Bﬁfif and use Eq. (E3) to extract the

effective BY(B);) for each By ;. The free parameters are
the maximum E;, E¢, and the offset in B . For the highest
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FIG. 9. Single-JJ-transmon fy; and f,/2 as a function of B
for By =0 T (a) and for B); = 0.58 T (b). The data for (a)
are taken in a previous cooldown in a different but nominally
identical dilution refrigerator. We use these data to estimate Bt
using a fit of a simple Ginzburg-Landau model. The effective BS™
is lower in (b), as the superconductivity is also suppressed by the
in-plane field.
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fields, this suggests a correction of approximately +10%
to E;. Note that when we model the magnetic field depen-
dence of the transmon frequencies, we consider the field
dependence of E; and therefore that of the superconduct-
ing gap right at the JJ. In fact, Eq. (E2) accounts for the
gap suppression due to the perpendicular component of
the field. This mechanism would result in the first term of
Eq. (E3) being a square, like the second term, rather than
an absolute value; the absolute value originates from the
effect of vortices [51]. As we discuss, it is unclear what
ultimately determines the perpendicular critical field in the
leads, and hence which formulation is the correct one. In
the measured range of parallel field, the two approaches
give effective values of Bt differing by at most 25%, and
so we opt to use the well-known Eq. (E3). In future exper-
iments, this could be easily explored by measuring larger
ranges of B, for each By ;.

For the SQUID transmon, the effective £, depends on
B, and on the two individual Josephson energies E;; and
Ej, according to

JTBL 2
E;(B)) = E,,E\/o@J + (1 — af) cos (—) ,
Ba,,squiD

(E4)

where E; 5 = Ej| 4+ Ejy, the JJ asymmetry parameter is
ayy = |Ej1 — Ej2|/(Ejy + Ej2), and the out-of-plane field
Bo,squip corresponds to a flux quantum through the
SQUID loop. Intuitively, the Josephson energies at the top
(bottom) sweet spot correspond to the sum (difference)
of the individual E;’s. Neglecting the suppression of the
superconducting gap with B that we note for the single-JJ
transmon above, one can fit this dependence to a SQUID
oscillation and get a result for E;; and Ej,. In the fitting
model, we use the linear relation of £; and E. extracted
earlier (see Fig. 8). The suppression of the superconducting
gap with B, can be neglected because of the large differ-
ence between B ~ 30 mT and Bg, squip ~ 0.43 mT. We
also observe that the sweet-spot frequencies do not vary as
strongly with B as the frequency of the single-JJ transmon
does.

Close to the cavity frequency, the anharmonicity of
the transmon is modified by hybridization with the cav-
ity. To estimate this effect and correct for it, we fit a
two-qutrit-one-cavity Hamiltonian of the form

H=Hy+ Hcoupling + qu- (ES)
Here, H, is the uncoupled Hamiltonian for two qutrits and
a resonator,

Hy = hw.a'a
+ wor111)1{1]1 + wo2,112)1(2]1

+ wo1211)2(1]2 + ®02212)2(2]2, (E6)

where w, = 27f. is the cavity angular frequency, and @ and
a' are creation and annihilation operators. Houpling then
models the qutrit-cavity interaction in the rotating-wave
approximation, but avoiding the dispersive approximation:

Heoupling = hg1 [(|0)1(1|1 + ﬁ|1)1(2|1) a-+ c.c.]

+ 1o [ (100211 + V211221 ) a + .|
(E7)

Here, g; and g, denote the coupling strengths between
the respective qutrit and the cavity. Finally, H,, should
be a direct qubit-qubit interaction. However, we measure
the qubit-qubit avoided crossings at several fields and can
bound the interaction to below 1 MHz. For the fit, we use
only data away from the avoided crossing and neglect this

term. Having a data set of dressed transitions ., w;; ,

o272, oi?, and w? /2, we fit the respective energy

levels of Eq. (ES) to these transitions [see Fig. 10(a)].
Approximating the bare cavity frequency by its high-
power limit, f, = 8.107 GHz, we obtain the cavity-qutrit
couplings and bare qutrit frequencies. The couplings g
show a slight frequency dependence, which is expected as
the transmon dipole moment is dependent on E; and E¢
[36]. In the range of the fit, we can make the approximation
g12/2m = 57 MHz + 0.01f;;, meaning that g; , /27 ranges
from 100 to 130 MHz. By refitting the estimated depen-
dence of the bare SQUID frequency on B , we obtain more
accurate values for E; and E¢ of the transmon. The bare
and dressed values of E¢ and E; are compared in Figs.
10(b) and 10(c). The downward correction of E; is less
than 3%. With increasing field, the correction becomes
even smaller, as the qubit frequencies and consequently the
hybridization with the cavity mode decrease. The E; pre-
sented in the main text is based on the bare levels when the
transmon frequencies are close to that of the cavity.

For the highest fields, charge-parity splitting becomes
a dominant effect in the transmon spectrum, as the £;/E¢
ratio becomes small. In spectroscopy, we observe peaks for
the odd- and even-parity subspaces, and the charge offset
ng changes randomly. Example data sets and fits for single-
JJ and SQUID qubits are shown in Figs. 11(a) and 11(b).
The Hamiltonian remains the same as in Eq. (E1), but we
evaluate it for n, = 0 and n, = 0.5 to have the two parity
branches. The populations of those two states and the exact
value of n, are random, and drift. In order to extract E;
and E¢ in this regime, we fit transitions obtained from the
charge-parity-split Hamiltonian to bound the experimental
data.

APPENDIX F: SENSITIVITY ANALYSIS OF NOISE
INB,;

Any noisy parameter that tunes the transmon frequency
reduces the coherence of the transmon. The frequency of
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FIG. 10. Estimating bare transmon parameters. (a) By fitting
a two-qutrit—one-cavity Hamiltonian to the measured frequen-
cies, we can estimate the bare transmon frequencies. Closer to
the cavity resonance frequency (f. = 8.1 GHz), the hybridization
is stronger, leading to a larger correction. (b) The Ec-E; corre-
lation, as described in Fig. 8, gives a slightly altered linear trend
for the E¢ obtained from the bare frequencies. (¢) By refitting
the estimated bare SQUID flux arches, we obtain a downward
correction of E; by 3%. With increasing field, the correction
becomes smaller, as the qubit frequencies and consequently the
hybridization with the cavity mode decrease.

the SQUID transmon and therefore its coherence are sensi-
tive to noise in the perpendicular magnetic field component
B, . This noise can be on-chip flux noise or setup-related,
e.g., noise in the current source powering the magnet coils
or vibrations of the sample with respect to the vector mag-
net. The sensitivity |dfy;/dB,| determines the extent to
which noise in B, reduces the transmon coherence. To
calculate the sensitivity, we fit the flux dependence of the
SQUID frequency using Eq. (E4). For every frequency, we
calculate |dfy,/dB | from the fitted curve [Fig. 12(a)]. We
can then plot |dfy; /dB. | as a function of the SQUID trans-
mon frequency fy; [Fig. 12(b)]. The main parameters that
contribute to |dfy;/dB, | as a function of frequency are the
SQUID period Bg,squip and the top and bottom sweet-
spot frequencies (as well as E¢ to a lesser degree). The
sensitivity is given in units of GHz/®, because the fitted
model also contains the periodicity in B, , and thus we can
rescale the x axis in units of @.

To quantify the transmon coherence, we calculate the
pure dephasing time,

1.0
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FIG. 11. Example data for extracting £; and E¢ from charge-
parity splitting for (a) the single-JJ and (b) the SQUID transmon.
Only the maximum splitting between the peaks needs to be esti-
mated, as any value in between can be observed for a different
ng in the Hamiltonian. The changes in n, that modulate the split-
ting happen on a timescale slower than the measurements, and
therefore one can observe the opening and closing of the charge-
parity splitting. For the single-JJ example, we can also observe
fo2/2; for the SQUID example, we are in a regime where we can
no longer observe f;,/2 and have to rely solely on fy;.

1 1
n =T ED
to separate the contributions of the dephasing rate and the
lifetime. Having measured 7y, 7%, and 75" as a function of
B over at least one period of the SQUID, we can plot I'y
against |dfy; /dB.|. Figures 12(c) and 12(d) illustrate the
case for I'y, and Figs. 12(e) and 12(f) the case for F;Ch".
We observe a linear dependence on the sensitivity

dfor

b
dBl+’

where a describes slow noise that scales with B, and the
offset b accounts for flux-independent noise contributions.
As illustrated in the four examples in Figs. 12(c)-12(f),
we generally find such a linear trend for the Ramsey data,
but not for the echo experiments, where we can see a clear
difference between the high-frequency and low-frequency
branches of the sensitivity. Therefore, it is only for T'y
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FIG. 12. (a) fo; of the SQUID qubit versus the out-of-plane

field B, for an example flux oscillation of the SQUID at an
in-plane field B; = 0.01 T. The tangent line indicates the sen-
sitivity at that point. (b) Out-of-plane field sensitivity |dfy /dB_ |
as a function of frequency for the complete in-plane-field data
set. The data in all figures are color coded to show the low-
frequency and high-frequency sensitivity branches. (c),(d) Pure
Ramsey dephasing rates of the SQUID qubit as a function of
|df()1/dBJ_| at B“J =0.01 T and BH,I =0.12T. (e),(f) Pure echo
dephasing rates of the SQUID qubit as a function of |dfy; /dB_ |
at Bj,; = 0.01 T and B);; = 0.12 T. (g),(h) Pure echo dephasing
rates of the SQUID qubit after subtracting our estimate of the
photon shot noise as a function of |dfy;/dB,| at B;; =0.01 T
and B||,1 =0.12T.

that we can extract the noise parameters a and b for each
in-plane magnetic field and analyze them as a function of
By .1. The results for a are shown and discussed in Sec. V.
Compared with the Ramsey experiments, F;Ch" should
be more robust against low-frequency noise and give
insights into faster noise such as on-chip flux noise, as
opposed to slow setup-related vibrational noise. However,
as shown in Appendix G, the echo dephasing rates are par-
tially limited by photon shot noise in the cavity, which is

strongly frequency dependent. Assuming this photon-shot-
noise contribution, we subtract it as a frequency-dependent
background. With this background subtraction, the gap
between the upper and lower sensitivity branches (which
differ in frequency) is reduced, as seen in Figs. 12(g)
and 12(h). For the Ramsey data, the two branches of
the sensitivity are consistent with the same linear trend
to begin with, because the noise in B, limits I'j more

strongly. However, the photon-shot-noise-subtracted "¢
becomes relatively flat, and so there is likely another B -
independent noise source limiting F;"ho. There is also no

strong change in I‘f;Ch" as a function of By ; until we reach
fields where the values also become more charge sensitive.
Thus our data cannot give information about the char-
acteristic 1/f -like flux noise that is ubiquitous in cQED
[49,57]. If this noise originates from local paramagnetic
fluctuators, it is expected to depend on the applied mag-
netic field [45], and therefore repeating this experiment
with improved coherence times could give insights into
this.

APPENDIX G: ADDITIONAL RELEVANT LIMITS
ON COHERENCE

Here, we present our understanding of additional rele-
vant limits on the relaxation time and coherence of the
transmons in the present work. While the qubits do not
reach the current state of the art in terms of coherence
time, this is likely largely due to insufficient shielding and
filtering (see Ref. [41]). We discuss the Purcell and quasi-
particle limits on 77 and show evidence that T‘;Cho is limited
by photon shot noise. In the main text, we already discuss
mechanical vibrations as a likely culprit limiting 7 at high
By 1. Vortex loss is discussed in Appendix D. We do not
discuss the limits imposed on qubit dephasing by charge
noise and quasiparticle dynamics in more detail in this
paper, but they might be different from those for transmons
with thicker aluminum films.

1. Limits on T}

An important factor to consider in the qubit energy
relaxation is the frequency. Figure 13 shows all mea-
sured 77 values as a function of frequency for both qubits.
There are several frequency-dependent mechanisms lim-
iting 7). The Purcell effect imposes a limit based on the
coupling to the readout cavity, 7,7l = §2/(g%k), where
8 = for — f. is the detuning between the qubit and the cav-
ity mode, g is the qubit-cavity coupling, and « is the cavity
linewidth. Instead of «, the quality factor Qi = 27f./k
is often quoted. We find Oy =~ 5800 at low fields, but at
By1 = 0.5 T we find QO ~ 3800. Surprisingly, the mea-
sured f, and Qi together with our estimates for g give a
Purcell limit that some of our measured 7 values exceed.
Over a larger range, transmons limited by dielectric loss
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FIG. 13. T; versus transmon fy; for every in-plane magnetic

field for both (a) the single-JJ and (b) the SQUID transmon.
Purcell decay to the cavity mode limits both qubits at high fre-
quencies. For similar frequencies but different values of B ;, the
single-JJ and SQUID transmons show very different features,
e.g., a dip and a peak around 5.0 GHz. The observed lifetimes
do not follow a frequency-dependent loss model, contrary to
Ref. [29].

often exhibit an overall trend in 7} that roughly follows the
form T\ = Q,/27fy, where Qy, is a background quality
factor [58]. We cannot observe such a trend convincingly,
but include it in Fig. 13 as a guide to the eye, setting
Op = 3.5 x 10°.

As the magnetic field suppresses the superconducting
gap, it is important to consider quasiparticle-induced relax-
ation. To estimate this effect, the superconducting gap
needs to be estimated in absolute terms. As discussed in
Sec. IV, we estimate the in-plane critical field to be Bﬁrit =
1.03 T. Assuming a Ginzburg-Landau closing of the super-
conducting gap [Eq. (A2)], we find the gap to be reduced
by only approximately 50% at Bj; = 0.88 T. The data
taken during the cooldown suggest 7., ~ 1.2 K, which
we can use to estimate the gap at zero magnetic field via
Ay = 1.764 kpT.it [51,59]. With these values, we can cal-
culate an estimate for the quasiparticle-induced relaxation

rate [60]
8EjEcxy [2A
rp=2——"[— Gl
qp f(‘)] hfb > ( )
where
. kgTg A
Xgp =4/ 27 A exp (— kBTR) (G2)

is the normalized quasiparticle density, assuming a
thermal-equilibrium temperature Tx. Here, 4 is the Planck
constant and kg is the Boltzmann constant. The remaining
free parameter is the quasiparticle bath temperature Tx. At
0.88 T, we measure a 77 of 2.4 us for the SQUID transmon,
which has a frequency of 1.8 GHz. With these values, we
can roughly bound 7% to be less than or equal to 90 mK.
More importantly, we do not observe any sharp decrease in
T, with B ; that would signal this loss mechanism becom-
ing dominant [29]. This suggests that, up to the highest
field that we measure, 77 is not significantly limited by
quasiparticles.

2. Limits on 7,

Turning to the echo coherence times T§°h°, we now esti-
mate the limit imposed by photon shot noise in the cavity.
As can be seen in Fig. 4, F(‘;Ch" decreases slightly with B) |
for B); < 400 mT. Looking at F;Cho as a function of the
qubit frequency (Fig. 14) is more revealing in this context.
A dependence on the qubit frequency is expected using
a model for photon shot noise [38,61]. In the dispersive
limit, the qubit-cavity interaction is reduced to a term of the
form xa'ac,. Accordingly, the qubit frequency depends on
the cavity photon number a'a via the dispersive shift x,
which for a transmon is given by

1

_ 2
X_gatr[8(5+01tr)

1
— , G3
(6 —2f01)(8 _atr_zf()l):| (@)

where oy, = f12 — fo1 1S the negative transmon anharmonic-
ity. Thus, thermal fluctuations in the cavity photon number
lead to a dephasing rate

hoton __ K 2ix\’ 8ixnm
pphoton — ~Re 1+ —=) + -1
2 K K

The thermal cavity photon number ny, = [exp(hf./kpTecav)
—1]7" is given by Bose-Einstein statistics. The only free
parameter is the cavity temperature Tc,,. As the photon-
shot-noise limit on T§°h° depends mainly on the transmon
frequency, we show F;Ch" versus fy; for both transmons
in Fig. 14. Using T,y = 76 mK, we can approximately
reproduce the smallest I'"° we measured for the single-JJ
transmon. This data point is admittedly an outlier, but the
underlying measurements of both 7} and 75" have good
signal-to-noise ratios and fits; however, T; could have fluc-
tuated. In that case, the photon shot noise would likely
be more severe. Even with this low estimate, at qubit fre-
quencies above 5 GHz, photon shot noise is a significant
contribution to 75°.

(G4)
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FIG. 14. (a) Pure echo dephasing rate of the single-JJ trans-

mon against the transmon transition frequency. The black circles
model photon shot noise with 7,,, = 76 mK. (b) Similar to (a),
but for the SQUID transmon.
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