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Decoherence in superconducting qubits is dominated by defects that reside at amorphous interfaces.
Interaction with discrete defects results in dropouts that complicate qubit operation and lead to non-
Gaussian tails in the distribution of qubit energy relaxation time 7 that degrade system performance.
Spectral diffusion of defects over time leads to fluctuations in 77, posing a challenge for calibration. In this
work, we measure the energy relaxation of flux-tunable transmons over a range of operating frequencies.
We vary qubit geometry to change the interface participation ratio by more than an order of magnitude. Our
results are consistent with loss dominated by discrete interfacial defects. Moreover, we are able to localize
the dominant defects to within 500 nm of the qubit junctions, where residues from liftoff are present. These
results motivate alternative approaches to qubit junction fabrication that avoid the residues intrinsic to the

liftoff process.

DOI: 10.1103/4ssz-6¢tb

I. INTRODUCTION

State-of-the-art superconducting qubits achieve entan-
gling gate infidelity approaching 10~3 [1-3], limited by
energy relaxation from coupling to two-level state (TLS)
defects that reside at amorphous interfaces [4—8]. In the
continuum limit, coupling of resonant defects to electric
fields in the qubit can be modeled as a nonzero loss tan-
gent tan §. At the same time, interaction of the qubit with
single TLS results in discrete “dropouts” in the qubit spec-
trum characterized by strong suppression of qubit energy
relaxation time 7. For fixed-frequency qubits, strong cou-
pling to individual defects renders some fraction of the
qubits unusable, reducing the yield of large-scale quantum
processors [9]. For frequency-tunable qubits, the need to
navigate around TLS dropouts makes processor calibration
extremely challenging, especially as the TLS fluctuates in
time [10—14]. Continued progress in the development of
multiqubit arrays that aspire to fault tolerance will require a
deep understanding of qubit-TLS physics and suppression
of the density of strongly coupled defects.
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In this paper, we examine the frequency- and time-
dependent coupling of superconducting transmon qubits
to individual dielectric TLS defects. We use the technique
of swap spectroscopy to map out the spectrum of strongly
coupled defects over a wide range of qubit operating fre-
quency [15]. In addition, we monitor fluctuations of the
defect bath over time. We study qubit-TLS coupling over
a range of qubit geometry, and we find scaling consistent
with a high density of TLS defects that reside at device
interfaces. Strong coupling to discrete TLS leads to a broad
distribution of qubit energy relaxation times; the low-T
tails of the distribution are known to limit performance
of large-scale processors [16]. We find that optimized
processing and qubit geometry yield tight distributions,
compatible with high-performance multiqubit processors.
In particular, it is critical to minimize the participation ratio
of structures fabricated with additive liftoff processing,
which leaves lossy residues that suppress qubit 7.

II. EXPERIMENT

We probe energy relaxation in 12 aluminum-on-silicon
devices with six different geometries; see Figs. 1(a)
and 1(b). All qubits are single-ended charge-insensitive
transmons with flux-tunable compound Al/AlO, /Al junc-
tions to allow in situ tuning of the Josephson energy E;.
The qubit island is realized as a circular patch with radius
r; embedded in a cavity in the ground plane of the cir-
cuit with radius 7,. In order to probe sensitivity of qubit
energy relaxation to interfacial defects, we vary the gap

Published by the American Physical Society
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FIG. 1. Optical micrograph of single-ended long-liftoff trans-

mon qubits with circular island and gap Ar to ground equal to
(a) 5pm and (b) 100 wm. (c) Integrated substrate-air (SA) inter-
face participation psa Vs separation r — r; from the qubit island.
(d) Calculated 7; due to TLS as a function of Ar for fixed
E./h = 270 MHz, assuming defect density o = 2/GHz/pum? at
the SA interface and maximum TLS dipole moment pp,x = 5
Debye. For fixed op2,,, qubit energy relaxation time scales
approximately as T; oc A0,

Ar = r, — r; from qubit island to ground while maintain-
ing a fixed qubit charging energy E¢/h ~ 270 MHz. For all
devices, the maximum qubit operating frequency is in the
range 5.4-5.6 GHz, corresponding to a ratio of Josephson
energy to charging energy E,;/Ec around 60. We expect
loss from defects at the substrate-air (SA) interface in the
gap between qubit island and ground to scale linearly with
the SA participation ratio, defined as the ratio of electric-
field energy stored in the SA interface to total electric-field
energy in the device. In Fig. 1(c) we plot the integrated
SA participation ratio for gap sizes of 5 and 100 pm. As
electric field scales roughly as Ar~! and the number of
defects is linear in Ar for fixed defect density, we expect
qubit relaxation time to increase roughly linearly with gap
Ar from qubit island to ground. A detailed calculation pre-
dicts the scaling T; o< Ar*%; see Fig. 1(d) and Appendix D.
Here, we study qubits with gap sizes of 5, 20, and 100 wm.

For each gap variant, we examine two different junc-
tion lead geometries. Half of the devices are “long-liftoff”
qubits, in which the entirety of the junction lead is formed
in the double-angle evaporation and liftoff step used to
create the Josephson junction. The other half are “short-
liftoff” qubits, where most of the lead is defined during
the initial optical lithography and etch step that creates the
qubit island and ground plane. For these devices, the liftoff
portion of the junction leads is only 2 wm long, indepen-
dent of gap size. See Fig. 6 in Appendix A for details. All
measurements are performed in a dilution refrigerator at
mixing chamber temperatures of 10—15 mK.

To probe variations in qubit relaxation rate versus qubit
operating frequency, we use swap spectroscopy [15]; see
Fig. 2(a). Here, we bias the qubit to the flux-insensitive
upper sweet spot and apply a w-pulse to prepare the qubit
[1) state. We then apply a flux pulse to rapidly tune the
qubit to a different operating point where it idles for a
variable time before returning to the upper sweet spot for
measurement. To account for slow drifts in qubit frequency
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FIG. 2. (a)Flux dispersion of a 100-pm-gap short-liftoff qubit.
The timing diagram of the swap sequence is shown in the
inset. (b) Measured I'; vs operating frequency for short-liftoff
qubits with gaps of 5 and 100 wm. The inset shows example fits
obtained using Eq. (1).
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due to changes in the local magnetic flux environment, we
perform qubit spectroscopy at multiple bias points before
each swap scan and feed back to stabilize the qubit oper-
ating point; these measurements are described in detail in
Appendix B. For an idle point corresponding to qubit oper-
ating frequency f* that is near the resonant frequency f; of
a TLS defect, interaction of the qubit with the TLS leads
to population decay and enhanced qubit energy relaxation
rate [';. In the relevant incoherent limit of qubit-TLS cou-
pling much less than the defect relaxation rate g < I'y, the
relaxation rate of the qubit is obtained from Fermi’s golden
rule, where we use a normalized Lorentzian lineshape to
model the TLS defect [17]:

2g°Tq
[ aniy

(1)

Iy =

In Fig. 2(b), we show representative linecuts of I'; as
a function of qubit operating frequency. Qubit relaxation
rate varies strongly with operating point, with excursions
around the mean of order 20%. Strongly coupled defects
appear as peaks in the data. These peaks are fit with Eq. (1)
to yield both qubit-TLS coupling g and TLS relaxation
rate I',.

The pattern of qubit relaxation rate versus frequency
constitutes a defect “fingerprint” that reflects the instanta-
neous distribution in frequency of TLS defects that couple
strongly to zero-point fields in the qubit. However, these
defects also fluctuate in time. We study temporal fluctua-
tions in qubit 7 by repeating the swap experiment many

(a)

Ar =5 pum, Iong

Ar = 20 pm Iong

times over the course of a full day. In Fig. 3, we show swap
data for the six qubit geometries considered here. Each plot
comprises 24 h of repeated swap scans, a duration that cap-
tures TLS frequency fluctuations occurring on timescales
of minutes to hours. In all plots, the frequency resolution
is 1 MHz and the timing resolution is 20 min. The gap
from qubit island to ground increases from left to right;
the upper panels correspond to long-liftoff qubits, while the
lower panels correspond to short-liftoff qubits. The tempo-
ral variation of 7' at a fixed operating frequency results
from spectral diffusion of TLS defects due to interaction
of high-frequency TLS with a bath of low-frequency ther-
mal fluctuators (TFs) [11,12]. In this picture, TF fluctuate
on timescales set by phonon excitation and relaxation rates
[18,19]. Strong coupling of TLS to a single dominant TF
gives rise to telegraph noise in the TLS frequency. In the
continuum limit of coupling to many TF, spectral diffusion
emerges. Qualitative analysis of the data in Fig. 3 sug-
gests that both phenomena are present. We present a more
detailed analysis of TLS spectral diffusion in Appendix E.

In Fig. 4, we plot cumulative distributions of 7; for
each device geometry; each trace represents data taken
across the band from 4.0-4.5 GHz over 24 h for two qubits
with identical geometry. For qubits with larger gap Ar
from island to ground we see longer 7} times. For a fixed
gap, the median 7 times are generally higher for short-
liftoff’ qubits than for long-liftoff qubits; the long-liftoff
100-pwm-gap qubits show especially pronounced low-T}
tails. Both of these effects are well-modeled by assuming
an enhanced density of defects at the edges of the junction
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Repeated swap spectroscopy scans for the six device geometries. Qubit gap Ar increases from left to right; the top row

corresponds to long-liftoff qubits, while the bottom row corresponds to short-liftoff qubits. The extracted mean relaxation times with
standard deviation are (a) 32 & 7 s, (b) 45 + 12 s, (c) 84 £ 23 s, (d) 95 £ 26 s, (e) 85 £ 24 ws, and (f) 132 £ 34 us.
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FIG. 4. Integrated 7) histograms for all 12 devices measured,

with data from nominally identical qubits combined into a sin-
gle trace. Each curve contains around 80000 7 measurements
acquired over the 24-h experiment. The black dotted line passes
through the median 7) of each dataset. The distribution of the
short-liftoff 100-pum-gap qubits is well-modeled by a Gaussian
(dashed black line).

leads; see Appendix C for details. The mitigation of such
dropouts is critical for the design of robust error-corrected
quantum processors [16]; while the surface code is tol-
erant to dropouts at the 1% level [20,21], it is expected
that fidelity of the system as a whole will be limited by
the worst-performing qubits for a higher density of T
dropouts.

From our fits to the dominant 7} dropouts, we extract
distributions of TLS-qubit coupling strengths g and TLS
relaxation rate I'y; details of the analysis are presented in
Appendix B. We find coupling strengths g/27m extending
to 0.3 MHz, with defect relaxation rate I'; in the range
2-30 s~ !. These coupling strengths and rates are consis-
tent with previous reports in the literature [15,22]. The
upper range of measured coupling g is compatible with
defects at the edges of the junction leads within 500 nm
of the junction itself; see Appendix C below for full anal-
ysis. For defects inside the tunnel barrier itself, where the
zero-point electric fields are of order kV/m, we expect cou-
pling strengths g /27 of order tens of MHz. Such dominant
defects are statistically avoided due to the small junction
area (nominally 0.04 pm?).

II1. MODELING

To model the data, we consider a bath of TLS defects
that couple to the zero-point electric fields E in the qubit
via an electric dipole moment p. The energy of this
interaction is expressed as Aig = E - p. We use the stan-
dard tunneling model to describe the TLS defects [18].
Here, states |L) and |R) are associated with distinct spa-
tial charge configurations that differ in energy by A and
are coupled by a tunneling matrix element A(; the defect
dipole moment arises from charge tunneling between
these configurations. The defect energy eigenstates can

be written as |g) = cos (8/2) |L) + sin (6/2) |R) and |e) =
sin (8/2) |L) — cos (8/2) |R), where we have introduced
the TLS angle 8 = arctan(A /Ay). The defect energies are

€ = £,/ A? + A}. The defect dipole moment has magni-
tude p = pmax sinf, and the coupling of the TLS to the
qubit is given by hg = Ep cosn, where E is the magni-
tude of the local electric field and # is the real-space angle
between E and p.

The standard tunneling model assumes a defect density
of states that is independent of A and proportional to 1/Ay.
Performing the average over TLS real-space angles n, we
find a distribution of dipole moments given by [5]

dN J1—p2/p2
oA p /pmax,

dpde - p

)

for p < pmax and zero otherwise; here, o is the TLS den-
sity with respect to energy and area A. Averaging over this
distribution, we find a mean-square defect dipole moment
(P?) = Piax/3-

For typical relative permittivities of aluminum oxide
(9.8) and silicon dioxide (3.8), we expect the substrate-
air loss to dominate the metal-air interface loss by an
order of magnitude [23]. Moreover, we assume the dilute
hydrofluoric acid etch performed immediately prior to
metal deposition eliminates the disordered native oxide at
the metal-substrate interface (see Appendix A). For this
reason, we focus on loss from TLS defects at the substrate-
air interface in the gap between qubit island and ground.
The electric field in the gap E(r) is well approximated by
that of a coplanar transmission line [24]:

14 7o

E(r) = - .
K(’”i/’”o)\/|(,.2_,.l2)(r2_r(27)|

€)

Here, K'(r;/r,) is the complementary modulus to the
elliptic integral of the first kind K (k) such that K'(k) =
K(~/1 —k?). This expression agrees well with numeri-
cally calculated fields for our circular qubit geometry; see
Appendix C. For separation from the gap edge |r - r,«,o| <
ri, 7o, We expect the electric field to scale as E(r)
\r — r,-70|71/ 2, so that a cumulative histogram of (27/g)?
will be linear for small (27r/g)?, corresponding to dom-
inant TLS defects residing at the edges of the gap from
qubit island to ground. We introduce the notation & =
(27 /g)?. We can show

dN 2 e 1 r
—_— = —0
dEnf ~ 3h TP Ky 2 2

4)

where Af is the frequency band of interest and V,, =

V hawo1 /2C is the zero-point voltage of the qubit mode
with self-capacitance C. Similarly, in the continuum limit,
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a calculation from Fermi’s golden rule yields a TLS
contribution to the qubit relaxation rate given by

8_77301?2 2 d ”i (5)
3h UMK (rifre) 12 — 12

I' =

where « is a geometric factor of order 10 that depends log-
arithmically on qubit geometry and the cutoff of the TLS
distribution at the metal edges; see Appendix D. Compari-
son between Egs. (4) and (5) reveals a connection between
the statistics of strongly coupled TLS and the baseline
relaxation rate away from dominant 7; dropouts:

dN T
dEAf  4mla’

(6)

In Fig. 5(a), we plot cumulative histograms of extracted
£ = (2m/g)? for selected devices; the full dataset may be
found in Appendix B. Data from nominally identical qubits
are combined, and the vertical axis is normalized to a 1-
GHz band. As expected, we find shallower slopes in the
distributions for larger-gap qubits. Additionally, we find
that the distributions for the short-liftoff devices exhibit
two distinct slopes, as seen especially clearly for the 100-
pm-gap devices. The steeper slope is well described by
Eq. (4) with a defect density 0 = 2/GHz/pum? and pyax =
5 Debye (dashed line); previous experiments have found
comparable values [5,15]. The shallower slope extending
to lower (277/g)? (i.e., stronger coupling) represents a pop-
ulation of defects located very near the junction at the
edges of the junction leads, where the zero-point electric
fields are strongest.

We perform Monte Carlo simulations of a transmon
qubit coupled to a bath of TLS that reside at the SA inter-
face and at the edges of the junction leads. We use Eq. (2)
to generate the proper distribution of qubit-TLS coupling
for defects in the gap. To model defects at the junction
leads, we use a linear density per unit energy A and the
approximate field distribution at the edge of the leads [23]

Em =LV -
) = S )

where x is the distance from the junction and 7 is the
width of the leads; see Appendix C for details. Figure 5(b)
shows Monte Carlo simulation results plotted as a cumu-
lative histogram of (27r/g)? for the same geometries as
in Fig. 5(a). For the 100-wm-gap short lead devices, the
filled circles include both gap and lead defects, while the
blue “+” symbols represent the lead defects alone. We
assume defects in the gap are distributed with uniform
density 0 = 2/GHz/pm? and we take values of A in the
range 0.4-0.7/GHz/pum to yield distributions that match
the measured data. Our modeling shows that the dominant
lead defects corresponding to (27/g)* < 3 x 108 GHz ™2
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FIG. 5. Cumulative histograms of (27/g)? for (a) measured

data and (b) Monte Carlo simulations. The green, pink, and dark
blue dashed lines are generated using Eq. (4) with ppax = 5
Debye and o = 2/GHz/pum?. In (b), the simulated lead defects
for the 100-pwm short-liftoff qubits are plotted separately as the
dark blue “+” symbols. The dotted line is obtained from an
analytical expression for lead defects with linear density A =
0.4/GHz/pm. In (b), alongside Monte Carlo simulations of the
long-lead device (light blue points), we plot the sum of the ana-
lytic expressions for lead and gap defects (dashed light blue
line). From our analysis, we find that the most strongly cou-
pled defects at low (27/g)? are located within 500nm of the
Josephson junction. See Appendix C for details.

are located within 500 nm of the junction. These results
are supported by experiments from Lisenfeld ef al., which
similarly conclude that dominant TLS are localized near
the junctions [25]. We believe that these defects are intrin-
sic to the additive liftoff process used to fabricate the qubit
junctions. Moreover, these defects are responsible for the
non-Gaussian tails in our measured 7 distributions. In
Appendix C, we present detailed modeling of the statistics
of lead defects and their impact on qubit 7' distributions.

IV. SUMMARY AND OUTLOOK

In summary, we have examined the dependence of
energy relaxation time on qubit island and junction lead
geometry. The devices described here involve aluminum
base metal electrodes. However, since loss at the SA
boundary dominates relaxation, we expect our results to
apply to any superconducting qubits fabricated on silicon
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substrates, including those involving niobium and tanta-
lum base metal layers. Strong coupling to individual TLS
defects suppresses qubit 77 at discrete operating frequen-
cies; the TLS fluctuate on timescales of tens of minutes.
For fixed qubit charging energy, devices with larger gap
from qubit island to ground have longer 7T} times, consis-
tent with a model of lossy defects that reside at interfaces.
Furthermore, the T distributions show low-T} tails that are
dominated by defects residing at the edges of the leads
within 500 nm of the junction. Continued improvements
in qubit coherence will require alternative approaches to
device fabrication that suppress the density of interfacial
defects and avoid additive liftoff steps that are prone to
leaving lossy organic residues.
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APPENDIX A: DEVICE FABRICATION

The qubits were fabricated on a 3-inch high-resistivity
Si wafer (>10k€2 cm). A 60-s etch in dilute (2%) HF acid
was used to remove the native silicon oxide immediately
prior to sputter deposition of the 100-nm base aluminum
layer. The qubit islands, bias leads, readout resonators, and
feedline were defined using AZ-703 positive photoresist
exposed on a Heidelberg DWL 66+ direct-write system.
The wafer was developed and etched in the same step using
AZ 300 MIF developer (2.38% TMAH concentration).
The AI-AlO,-Al junctions were fabricated using a three-
angle in situ bandaged Dolan bridge technique [27] with a
bilayer resist stack comprising MMA EL-13 and PMMA
950k A4. The resist was exposed on an Elionix 100 keV

(a) Clb (b)

FIG. 6. Optical micrographs of the 100-pm-gap qubits. (a)
100-pwm-gap qubit with short-liftoff leads. (b) 100-jum-gap qubit
with long-liftoff leads. (c) Closeup view of the junctions for the
short-liftoff qubit. The liftoff portion spans the 2-um gap from
the ground plane to the tapered leads, which are defined in the
same etch step as the qubit island.

electron-beam writer and developed for 2 min at 6 °C in
3 : 1 isopropanol:DI water. A descum ash and vapor HF
acid etch were performed immediately prior to loading
the wafer into the electron-beam evaporator. The nomi-
nal junction areas are 0.04 um?. Liftoff was performed in
heated NMP followed by sonication in isopropanol. A final
descum ash and vapor HF etch were performed after dicing
and before packaging the dies. Figure 6(a) shows an optical
micrograph of the largest-gap qubit (A7 = 100 um) with
short-liftoff leads. The area around the junctions is shown
in Fig. 6(b).

APPENDIX B: EXPERIMENTAL DETAILS

The data shown in Fig. 3 represent 24 h of repeated T
swap scans. Qubit idle points are chosen to yield 1-MHz
frequency resolution over a 500-MHz span; at each idle
point, 40 separate inversion-recovery experiments are con-
ducted with 50 averages per idle delay. Multiple qubits
on the same chip are measured in an interleaved fashion.
A single swap scan to extract T} time versus frequency
for all qubits takes around 20 min to complete. Prior to
each swap scan, we perform qubit spectroscopy at mul-
tiple bias points for each device in order to correct for
any long-term flux drifts that would cause correlated shifts
in qubit frequency that are distinct from those due to
the spectral diffusion of TLS defects. Figure 7(a) shows
an example qubit spectrum with colored boxes indicat-
ing the bias regions used to monitor long-term flux drift.
Figure 7(b) shows the frequency shifts measured on one
qubit at three different operating points over a period of

044050-6


file:wcnt.wisc.edu

STATISTICS OF STRONGLY COUPLED DEFECTS IN..

PHYS. REV. APPLIED 285, 044050 (2026)

(@)
5.5

5.0

45 |

Frequency (GHz)

401 1
-0.3 0.0 0.3

Afo1 (MHZz)

.........

......
. .
......

.,

0 5 10 15 20 25

FIG. 7. (a) Measured qubit-flux dispersion, with colored lines
indicating the three flux bias points at which repeated spec-
troscopy measurements were made in order to monitor and cor-
rect flux drift over long timescales. (b) Time series of extracted
qubit frequency shifts at the three bias points corresponding to
the colored regions in (a). Each dot is obtained from a Lorentzian
fit to the qubit spectrum.

24 h. This dataset is chosen because of the jump in qubit
frequency around hour 20. This jump was observed only in
this particular qubit; moreover, the jump magnitude scales
linearly with the qubit flux-to-frequency transfer function
dfo1/d® at the three different bias points. We thus con-
clude that the frequency jump is due to a local flux offset
in the compound Josephson junction of the qubit device, as
opposed to a sudden TLS reconfiguration as might occur,
e.g., following a gamma-ray impact [28]. For qubit bias
at an operating frequency of 4.25 GHz (center trace, blue
bounding box), the flux-to-frequency transfer function is
around 5 GHz/ ®, so that frequency fluctuations of 1 MHz
correspond to flux fluctuations of order 200 p ®y.

We extract the parameters g and I'; of strongly cou-
pled TLS by fitting prominent peaks in the frequency
sweeps of I'y, with a threshold at one standard devi-
ation from the mean; example fits are shown in the
inset of Fig. 2(b). We plot extracted g/2m and I'; for
all qubits in Figs. 8(a) (short-liftoff qubits) and 8(b)
(long-liftoff qubits). The average TLS-qubit coupling

@ 402
w
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T 10 1
<
~
10°— -
10 10
®) 492
3 ,
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T 10 1
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~
0 .
10— =
107 107"
g/2m (MHz)
FIG. 8. Extracted defect lifetime 'y vs coupling g/2mw. (a)

Short-liftoff qubits with Ar = 5 um (green), 20 pm (pink), and
100 pwm (blue). (b) Long-liftoff qubits with Ar = 5 um (green),
20 pm (pink), and 100 pm (blue).

strength decreases with increasing gap, as expected. For
the long-liftoff qubits with 100-wm gap, we see a popula-
tion of high-g TLS that we attribute to strongly coupled
defects near the junction leads. The extracted couplings
are plotted in Figs. 5(a) and 9 as integrated histograms
of (27/g)?. The defect counts for a given qubit geome-
try are calculated by collecting extracted g values from fits
to every scan of I'; versus frequency, dividing the counts
by the number of time traces, and normalizing to a 1 GHz
band.

APPENDIX C: DETAILS OF MONTE CARLO
MODELING

We perform Monte Carlo simulations to model qubit-
TLS interactions for two populations of defects: those that
live at the SA interface in the qubit gap and those at the
edges of the Josephson-junction leads. The dipole moment
p of each defect is generated from the distribution of
Eq. (2). Gap defects are randomly placed at the SA inter-
face assuming a uniform surface density and at the edges
of the junction leads with uniform linear density.

1. Calculation of electric fields

For our modeling, we use the analytical expressions of
Egs. (3) and (7) to model electric fields in the gap from
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FIG. 9. (a) Cumulative histograms of (277/g)? for all mea-

sured qubits, with data from nominally identical qubits combined
into a single trace. The legend indicates gap Ar from qubit
island to ground in microns, with qubit lead geometry shown in
parentheses. (b) Comparison of measured data and Monte Carlo
simulations at low (27/g)?; this plot combines the data from
Figs. 5(a) and 5(b) on a single set of axes.

qubit island to ground and at the edges of the junction
leads, respectively. In Fig. 10, we compare electric-field
strength calculated from the coplanar expression Eq. (3)
to that calculated numerically; we find that the integrated
participation ratio for these two cases differs by 23% for
Ar = 5pmand by 17% for Ar = 100 wm. In the next sub-
section, we compare the model of edge defects near the
junction to a model involving an enhanced surface density
of defects near the junction leads.

2. Modeling of lead defects

In our Monte Carlo simulations, we assume defects that
are distributed uniformly along the edges of the junction
leads. We use the electric-field distribution of Eq. (7),
where we take 7 = 0.3 pm to match the width of the junc-
tion leads for these devices. For the short-liftoff qubits, we
take the lead length to be 2 wm, which is the distance from
the optically defined leads to the ground plane. For the
long-liftoff qubits, we take the lead length to be Ar. We
find that A in the range from 0.4-0.7/GHz/wm provides
the best match to the experimental data.

-6
g0 \j
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r—7; (UM)
by _
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S 10
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©
()]
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10+ ~ , ~
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T —7; (M)
FIG. 10. (a) Electric-field magnitude in the gap as a function

of distance from the island » — 7; for qubit gaps of 5 jum (green)
and 100 wm (blue). The closed circles are calculated numerically,
while the lines are generated using Eq. (3). The absolute field
scale is set by the zero-point voltage on the qubit island V,, =
 hiwgy /2C, where we take wg /2w = 4.25 GHz and C = 70 fF.
(b) Integrated SA participation ratio as a function of distance
from the island » — r; for qubit gaps of 5 and 100 wm.

To compare the model of defects distributed along the
edges of the junction leads to a model of defects distributed
uniformly in the area around the junctions, we simulate
the distributions of inverse-square coupling (277/g)* for
these two cases. For the linear model, we take the E-
field distribution of Eq. (7); for the area model, we use
Ansys Maxwell 3D to calculate the electric fields for leads
with width 0.3 wm, thickness 0.1 wm, and length 2 wm.
Figure 11(a) shows the electric fields with a sample dis-
tribution of defects represented as white dots. A surface
density of defects of 3.2/GHz/um? produces a distribution
of (27/g)? that is well matched to a linear edge density
A = 0.4/GHz/pwm, as shown in Fig. 11(b). We find that
the tails in our defect distributions across all devices are fit
by linear edge density in the range A = 0.4-0.7/GHz/um,
corresponding to surface density of defects in the range
3-6/GHz/um? in the immediate vicinity of the junctions,
significantly higher than the defect density across most
of the qubit gap. The higher defect density in the junc-
tion area points to liftoff residues as a likely source; the
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FIG. 11. (a) Numerically simulated electric fields around the

junction leads, which are oriented along the x direction with the
junction at x = 0. The white dots represent TLS defects placed
randomly near the leads (here with areal density 3.2 um™2). (b)
Cumulative distribution of (27r/g)? generated using an analyt-
ical expression for 1D edge defects (dotted line) and for a 2D
model of surface defects (blue symbols). For the 1D model,
we take A = 0.4/GHz/pum, while for the 2D model we take
o = 3.2/GHz/pum?.

variation in the inferred edge density of defects is likely
due to intrinsically poor control of the metal liftoff.

3. Check on extraction of qubit-TLS coupling

In our simulations, TLS defects are placed randomly in
the gap from qubit island to ground or along the qubit
leads; coupling strength g is calculated for each defect;
and the defect is assigned a frequency from a uniform dis-
tribution. Defect lifetimes I'; are drawn from a Gaussian
distribution centered at 5us™! to match the experimental
data. We take a mean-square dipole moment of p2, /3 with
Pmax = 5 Debye; see Appendix C4 below. In Fig. 12(a),
we show an example I'; trace from one simulation run.
We fit a Lorentzian lineshape to peaks in I'; that are one
standard deviation above the mean; the fits are shown in
red. In Fig. 12(b), the generated values of coupling strength
are compared to the values extracted from fits to the gen-
erated data. This comparison acts as a check to see how

10° ~—MC data
----- fit threshold
11—
2 [ 1 |
A -1 {
— 10 1l
= MRS AR o 1 B U pw:‘{.
RS A 2
’ U th }? q“& ¢
105 — ,
40 41 42 43 44 45
Frequency (GHz)
(b)
10’
N .o "
T
Q .
(2} oo
c
>
Q ° o
o
@ fited
100_ 'f @® generated
107" 10°
g/27 (MHz)
FIG. 12. (a) Simulated qubit relaxation rate I'; from Monte

Carlo modeling. Here, peaks exceeding 1 standard deviation
from the mean are automatically fit with a Lorentzian lineshape
to extract coupling g and defect lifetime I';. The fits are shown
in red. (b) Check on extraction of coupling strength g. Blue sym-
bols are generated by Monte Carlo modeling. Red symbols are
obtained from fits to the generated data. In most cases, the fit
value differs from the generated value by a few percent.

faithfully our fitting code can extract defect parameters.
The extracted coupling strengths match the generated val-
ues to within a few percent, with a small bias toward higher
extracted g. This gives us confidence that the fits to our
experimental data are reasonable.

4. Separate determination of py,,x and o

Qubit mean I'; and the slopes in the distributions of
(27/g)? are both proportional to opl..; however, the
width of the measured 7 distributions sets another con-
straint that provides information about o and puy.x sepa-
rately. We perform Monte Carlo simulations of the 100-
pm-gap short-liftoff geometry, fixing op2, and varying
Pmax- Figure 13 shows simulated 7 distributions for three
values of pax; for pmax = 5 Debye and o = 2/GHz/um?,
the standard deviation is 37 s, which is close to the
experimental standard deviation of 34 us. For pp. = 2
Debye and 10 Debye, the standard deviations are 20 and
52 us, respectively. Figure 14 shows the measured stan-
dard deviation in 7} versus mean 7) for all six qubit
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FIG. 13. Simulated cumulative 7 distributions for the 100 pm

gap short-liftoff geometry. Here we fix the product of p2_, and
o, and vary pma.x. The number of defects sets the distribution
width. The simulated and measured data match well for pyax = 5
Debye, 0 = 2/GHz/pm?.

geometries. For a fixed qubit geometry with varying TLS
density, one can show that o7, T? /2 [29-31]. In contrast,
here we vary qubit geometry while maintaining a fixed
defect density. For a larger gap Ar from qubit island to
ground there are more defects; however, qubit 7} increases
due to weaker qubit-TLS coupling. Thus we expect a
dependence of o7, on T that is somewhat weaker than
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FIG. 14. Standard deviation in 77 vs mean 7 for all six qubit
geometries, where data from nominally identical qubits have
been combined. The data is fitted with a power law with an
exponent of 1.1.

the 3/2 power. Indeed, we find qubit 7 spread shows a
power-law dependence on Ty, namely o7, o 71!

5. Contribution of lead defects to 7} tails
In Fig. 15, we plot simulated I'; versus operating fre-
quency for (a) the 100-pwm-gap long-liftoff geometry and
(b) the 100 wm-gap short-liftoff geometry. Both lead and

0
10
"2 @ gap defects only
g ® gap + lead defects
(&)
9 -2
.g 10 1
©
g T, = 80 + 29 us
- T, =121 £30ps
Z 4 1
10 0 ' 1 ‘ 2
10 10 10
0
10
“2 @ gap defects only
8 @ gap + lead defects
o
o -2
(D) 4
R 10
E ’
% 7 7, =129+37ps
z -4 ° * Ty, =133+35ps
10 0 ' 1 ' 2
10 10 10
Ty (ps)

Monte Carlo simulations of 'y vs qubit operating frequency for qubits with gap Ar = 100 wm and (a) long-liftoff leads or

(b) short-liftoff leads. The colored symbols indicate the frequencies of lead defects, where color denotes distance x from the junction:
red forx < 0.5 pm; yellow for 0.5 < x < 1 wm; green for 1 <x < 2 pum; cyan for2 <x < 5pm; blue for 5 < x < 10 wm; and purple
for x > 10 pm. (c),(d) Simulated 7; distributions for (long-liftoff, short-liftoff) qubits, respectively. The black traces are generated
from a bath of gap defects alone, while the colored traces take into account both gap and lead defects. The addition of lead defects

results in non-Gaussian tails in the 7 distributions.
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gap defects are considered. For both devices, we take
gap defect density 2/GHz/pm?. For the short-liftoff qubit,
we take lead defects with density 0.4/GHz/pwm for the
2-pm liftoff portion of the leads and we take defect den-
sity 0.25/GHz/pm for the optically defined tapered por-
tion of the leads, corresponding to the surface density
2/GHz/pm? (see Appendix C2 above). For the tapered
leads, we again use Eq. (7) to calculate the edge fields,
but we take the effective trace width 7 to be dependent
on distance from the junction to account for the taper.
For the long-liftoff qubit, we take lead defect density
0.6/GHz/pwm. Overlaid on the plot of I';, we indicate
the frequencies of lead defects using colored symbols; see
figure caption for details. Figures 15(c) and 15(d) shows
simulated 7 distributions for the same devices. These
plots were generated by averaging 30 separate realizations
of defect disorder. Here, the black traces take into account
defects in the gap alone, while the colored traces include
both gap and lead defects. The distributions generated from
gap defects alone are close to Gaussian; however, when
lead defects are added, the distributions shift to shorter
T, with long tails extending to 7' of order a few ws. The
lead defects that dominate 7' dropouts are located within
500 nm of the junction.

APPENDIX D: ANALYTIC EXPRESSION FOR T’y
DUE TO SA DEFECTS

The qubit relaxation rate I'; can be expressed using
Fermi’s golden rule as

420

h

I = / (p*) E*(r) rdr, (D1)

i

where we use the mean-square dipole moment (p?) =

(fm“pzf(p)dp = pﬁm/S, where f(p) is given by Eq. (2).
We take E(7) given by Eq. (3) and introduce a small cutoff
8 to avoid the logarithmic divergence at the metal edges,
yielding

s LR e
= ——O0 .
TR T K s (2= 02— )
(D2)
Performing the integral, we find
83 o r
o= o2 2 °o__ D3
Ty oy

with & = log (13 — 12)/ (8+/2717,).

We use this expression to calculate qubit 7} as a func-
tion of gap Ar in Fig. 1(d). For gap size Ar ranging
from 1 to 300 wm, we choose appropriate r; and r, values
to maintain a constant charging energy £./h = 270 MHz.
To determine these values, we note that the capacitance

C = €?/2E, of a circular island in a ground plane may be
calculated by mapping from the self-inductance of the dual
structure, a flat circular washer [32]. Analytic expressions
for the self-inductance of a flat circular washer are worked
out in the literature, e.g., by Brojeny and Clem [33]. We
can thus create a lookup table to map from Ar to r;, r, and
then from Eq. (D3) to I';.

APPENDIX E: CUMULATIVE DISTRIBUTION OF
(2 /g)? FOR LEAD DEFECTS

We consider defects uniformly distributed along the
junction leads with density A per unit energy per unit
length. Similarly, we use Eq. (7) to model electric fields
E(x) at the edges of the leads a distance x from the junc-
tion, and we take the average defect dipole moment <p2> =

p2../3. We introduce the notation £ = (277/g)?. We have

dN dx
= hAf,\£, (E1)
with
fw= o
VT PrnER )

7 4x
= 12h% In? (—) . (E2)

px%lax V%p r

Integrating over the leads, we find

<&) = %x; [exp (VZPpma" \/E) - 1} . (E3)

2307

This expression is used to generate the dotted trace in
Fig. 11(b).

N (&

APPENDIX F: TLS SPECTRAL DIFFUSION

We track the resonant frequency of eight defects over
time to characterize TLS spectral diffusion. Figure 16
shows repeated swap data from two qubits with Ar =
100 wm and (a) short-liftoff leads and (b) long-liftoff leads.
For each scan, we track the resonant frequency of sev-
eral defects (black dots). In general, the TLS dynamics
are diffusive, consistent with coupling to a bath of TF.
In some cases, TLS diffusion is accompanied by a large
linear drift, which we speculate could be due to strain
relaxation in the sample. After subtracting out any linear
drift, we extract TLS diffusivity from a fit to the rela-
tion oy, (1) = 2D+/t. An average over eight defects yields
a diffusivity D = 2.2 + 0.1 MHz/hr'/2. This agrees well
with the diffusivity D = 2.5 & 0.1 MHz/hr'/? reported by
Klimov et al. [12].

044050-11



S. WEEDEN et al.

PHYS. REV. APPLIED 285, 044050 (2026)

@) o4 prgmm e
LA S 200
201, ’ | ki H
il W
= 16 ookl bl z
~ 4 ‘uﬂ < 2]
® 12<{¢x Jffl s ey 100 2
1= b "t =
= o i
SEL e il
i A o
N A el
40 41 42 43 44 45
®) 24 g ;
| f | 200
20 1R G ke
3 |
| i1
£ 16 g f‘ LAd n
o " 2
= ’ H §
i r"" | e
4 i i “ 0
0 Ll | L i
40 41 42 43 44 45
Qubit frequency (GHz)

FIG. 16. Repeated swap spectroscopy scans for qubits with
Ar = 100 wm and (a) short-liftoff leads and (b) long-liftoff leads.
Four defects are chosen from each dataset and their resonant
frequencies (black dots) are tracked over time to extract TLS
diffusivity.
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