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Readout failures in superconducting qubits due to two-level system defects in tunnel junctions
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Material defects give rise to parasitic two-level systems (TLS) that present a major source of decoherence in
superconducting qubits. Here, we study a strongly coupled TLS that resides in the tunnel barrier of transmon
qubit. We use multiphoton spectroscopy and TLS strain tuning to explore the rich spectrum of the interacting
three-partite system consisting of TLS, qubit, and its readout resonator. This reveals a strong effective resonant
coupling between the TLS and the qubit’s readout resonator, which dresses the resonator states and results in
a resonance frequency shift that spoils the readout signal. Our finding presents yet another way how material
defects can interfere with qubit operation and hinder the realization of solid-state quantum processors.

DOL: 10.1103/ypm5-1h8d

I. INTRODUCTION

Superconducting microcircuits are the most promising
platform to realize solid-state quantum computers. However,
their progress toward large and universally useful processors
is severely hampered by decoherence [1], of which the main
part originates in elusive material defects that form parasitic
two-level tunneling systems (TLS) [2]. Such defects occur,
e.g., in amorphous oxides and at disordered interfaces, and
possess an electric dipole moment by which they couple to
oscillating fields in qubits and resonators [3]. TLS that are
resonant with the qubit enhance energy relaxation, and their
fluctuating resonance frequencies cause qubit instability and
dephasing [4,5]. Loss also occurs when driven qubits are
brought into resonance with a TLS by the ac-Stark shift [6],
and via Landau-Zener transitions when the qubit is tuned
through TLS resonances.

The detrimental impact of a TLS increases with its cou-
pling strength to the qubit. TLS that are residing in the tunnel
barrier of a qubit’s Josephson junctions are most strongly cou-
pled and give rise to avoided level crossings, which can render
the qubit unusable. Such qubit dropouts present a significant
challenge to realize error correction in large-scale quantum
processors [7]. In driven qubits or resonators, energy can
leak even to far off-resonance TLS via unwanted multiphoton
transitions [8,9].

Here, we identify another source of readout error that
occurs when a strongly coupled TLS in a qubit junction is
in resonance with the readout resonator. This gives rise to a
qubit-mediated effective TLS-resonator interaction that cre-
ates an avoided level crossing in the resonator spectrum and
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causes resonance frequency shifts that spoil the readout signal.
The effective coupling between the TLS and the resonator
occurs via virtual qubit excitations. This is similar to the
recent observation of a TLS in a coupler element of a quantum
processor that interacted with two spatially distant qubits [10].

In our experiment, we use spectroscopy to directly ob-
serve the avoided level crossing in the resonator spectrum
that emerges from its qubit-mediated virtual resonant coupling
to a TLS in the qubit. This is possible by tuning the TLS
resonance frequency via mechanical strain that is applied to
the qubit chip [11,12]. Moreover, spectroscopy at higher drive
powers reveals a rich landscape of multiphoton transitions in
the spectrum of the qubit-resonator-TLS system. These data
agree well with numerical simulations, which, however, did
not allow us to reproduce all observed features.

Our results demonstrate that the qubit-mediated coupling
between TLS and resonators can lead to failure or degradation
of qubit readout. For driven qubits, we show that this mech-
anism gives rise to a multitude of unwanted transitions by
which quantum information can leak to environmental states.

II. METHOD

We studied a tunable transmon qubit fabricated from alu-
minum on a silicon substrate, following the design of Barends
et al. [13]. The qubit is capacitively coupled to a readout
resonator as sketched in the circuit schematic of Fig. 1(a) to
realize conventional dispersive readout [14]. The sample was
fabricated as described in Refs. [4,15] by D. P. Lozano in the
group of J. Bylander at Chalmers University, using a process
that avoids unwanted stray junctions [16]. Table I summarizes
the qubit parameters, and more details on the setup are given
in Appendix A.

While TLS defects have long been known to limit qubit
coherence, their microscopic origins are still unresolved.
However, they can be described by a charge that can tunnel
between the two minima of a generic double-well potential.
The charge displacement creates an electric dipole moment
by which TLS couple to the oscillating electric fields of the
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FIG. 1. (a) Schematic of the transmon qubit circuit. A measurement of the transmitted signal |S;;| at the resonator frequency is used for
qubit readout. (b) Potentials of the resonator, qubit, and TLS, indicating their discrete eigenstates, mutual interactions g, and g,, the qubit’s
detuning to resonator and TLS §, and the qubit-mediated effective resonator-TLS interaction g.g. (¢) Pump-and-probe qubit spectroscopy
observing both one-photon |0) — |1) and two-photon |0) — |2) transitions (horizontal traces). The color scale encodes the transmitted signal
amplitude |S,;| at the readout resonator frequency. A sweep of the mechanical strain reveals avoided level crossings in both transitions due
to a strongly coupled TLS. The fit (dashed lines) provides the TLS’s gap energy A, strain coupling strength, and its coupling electric dipole
moment. The insets illustrate how the strain affects the asymmetry of the TLS’s double-well potential. (d) Close-up into one anticrossing (left
panel), and the cross section along the white dashed line (middle panel). The red arrow indicates the parasitic readout signal that occurs when
the TLS is tuned into resonance with the readout resonator. The right panel shows the peak positions (circles) and a fit to numerically calculated
single-photon (black) and two-photon (red) transitions. The inset illustrates the energy level diagram and transitions of the qubit-TLS system

at resonance.

qubit mode. The TLS’s potential is described by its tunnel-
ing energy Ao and its asymmetry energy ¢ as illustrated in
Fig. 1(c).

Our setup allows us to tune TLS resonance frequencies
via an applied mechanical strain that is generated by a piezo
stack that exerts force on the backside of the qubit chip. The
resulting mechanical strain & is of order 1076 per applied volt
on the piezo [11], and linearly modifies the asymmetry en-
ergy ¢ = y x & of the TLS’s double-well potential at typical
strengths [3] of order y &~ 1eV. This tunes the TLS resonance
frequency along the hyperbola fr s = (A} + &%)/ /h and al-
lows one to fully characterize TLS properties by tracking their
response with qubit energy relaxation spectroscopy. In the
past, we used this method inter alia to study TLS densities
in Josephson junctions [12] and near qubit electrodes [17],
to reveal mutual TLS interactions [18], and to characterize
the decoherence of TLS due to interactions with phonons and
thermally fluctuating TLS [19].

III. RESULTS

Here, we study a strongly coupled TLS with qubit spec-
troscopy by applying a microwave pulse of varying drive
frequency fy and fixed duration 20 pus that is much longer than
the qubit 7} time to reach a steady state. Any population of ex-
cited qubit states is then detected from the dispersive shift [14]
of the readout resonator that is proportional to the transmitted
amplitude |S,;| of a successive readout pulse at the resonator
frequency fis. In our measurements, the qubit is kept at a
fixed frequency, while the TLS is strain-tuned through the
qubit resonance to observe avoided level crossings in their
spectrum. To also observe multiphoton transitions to higher
excited qubit states, the power of the qubit spectroscopy pulse
is increased [20]. More details on experimental procedures are
given in Appendix C.

Figure 1(c) shows avoided level crossings in both the
qubit’s single-photon |0) — |1) transition (here at 6.2 GHz)

TABLE I. Parameters of the studied qubit circuit and the TLS.

Name Value Description

Sq.max 7.32 GHz Maximum qubit frequency
E./h 228 MHz Qubit charging energy

Ajy 200 nm x 220 nm JJ area

Jres ~6.625 GHz Resonator frequency

&qr 34 MHz Resonator-qubit coupling strength
y 212MHz/Vpiczo TLS strain-coupling strength
Ay h x 5.838 GHz TLS gap energy

p 0.36eA TLS dipole moment component
8x 21.7 MHz Transversal coupling TLS-qubit
g, <1 MHz (not measurable) Longitudinal coupling TLS-qubit
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FIG. 2. (a) Spectroscopy of the qubit-resonator-TLS system at enhanced drive power to observe multiphoton transitions involving higher
excited states. The right inset shows the cross section at the white dashed line. Due to the high drive power, the qubit’s |0) — |1) resonant
peak at 7.3 GHz is significantly power broadened. The tilted transitions involve TLS states whose extrapolations intersect at the resonator
frequency, illustrating that the readout failure (red arrow) occurs when the TLS is resonant with the resonator at 6.63 GHz. The left inset
shows a direct measurement of the resonator anticrossing without an applied drive tone. (b) Transitions between eigenstates of the nondriven
system as calculated with QUTIP. The line color indicates the number of involved photons. (c¢) Simulation of the full time evolution of the
system, including the driving pulse, energy relaxation, and six energy levels in both qubit and resonator. The color encodes the qubit excitation
probability (1 — P(]0))) after reaching a steady state. Blue arrows indicate a closer fit to higher-order transitions compared to panel (b) (blue

arrows).

and two-photon |0) — |2) transition (here at 6.08 GHz). Such
data are fitted with the help of the QUTIP software package
[21,22] to obtain the TLS’s parameters (see Table I) and to
identify the number of involved photons in the transition.

Figure 1(d) shows a close-up onto the left qubit-TLS an-
ticrossing when the qubit was tuned to 7.32 GHz. Notably,
in such measurements we observed a strong readout signal
appearing at a certain strain value independent of applied drive
frequency [red arrow in Fig. 1(d)]. As detailed in the follow-
ing, this is the signature of the readout failure that occurs when
the TLS is tuned into resonance with the resonator where an
effective strong resonant coupling between TLS and readout
resonator is mediated via virtually excited qubit states. This
coupling results in an avoided level crossing in the resonator
spectrum, which superimposes the dispersive resonator shift
due to its coupling to the qubit that serves as the qubit readout
signal.

To obtain further insights into the interacting qubit-
resonator-TLS system, we increase the spectroscopy drive
power and extend the investigated frequency range. This re-
veals a rich spectrum of multiphoton transitions involving
various higher excited states as shown in Fig. 2(a). The origin
of these transitions is clarified with a QUTIP calculation of
the system’s eigenenergies shown in Fig. 2(b). The line color
indicates the number of photons involved in a transition. For
example, from energy conservation we find that the red and
horizontal two-photon trace at 6.955 GHz corresponds to the
simultaneous excitation of the qubit (at 7.3 GHz) and the
resonator (at 6.61 GHz).

Transitions that involve the TLS appear tilted due to the
TLS’s strain tunability, while the tilt angle decreases with the
photon number. For example, at the transition marked by a
star in Fig. 2(b), three photons of energy & x 6.7 GHz are

absorbed, of which two photons end up in the resonator and
one photon excites the TLS that has a resonance frequency of
6.88 GHz at the corresponding strain value.

When the tilted TLS transitions are extrapolated, they in-
tersect at the resonator frequency where they cause an avoided
level crossing [see inset in Fig. 2(b)]. We directly confirm the
emergence of the avoided level crossing by strain-dependent
resonator spectroscopy without driving the qubit [see inset of
Fig. 2(a)]. The resulting shift of the resonator frequency is the
origin of the parasitic readout signal [red arrows in Figs. 1(d)
and 2(a)] and the cause of qubit readout failure. The data in
Fig. 2(a) thus simultaneously track the strain-dependent TLS
frequency and confirm that the parasitic signal appears when
the TLS is resonant with the resonator.

A closer comparison between the data in Fig. 2(a) and
the QUTIP calculation of eigenvalues shown in Fig. 2(b) re-
veals discrepancies in higher-order transitions. For example,
the three-photon transition at ~7.03 GHz [marked by a blue
arrow in Fig. 2(a)] is measured at higher frequency than the
eigenvalue solution predicts [light blue arrow in Fig. 2(b)].
To take into account possible ac-Stark shifts due to the strong
driving, we simulated the full time evolution of the system
including energy relaxation and the driving pulse by itera-
tively solving the Lindblad master equation with QUTIP. The
resulting qubit expectation value is plotted in Fig. 2(c) and
achieves a close fit to the data (details on the simulation and
measurements are given in Appendixes B and C). Due to
the inefficient iterative master equation simulation in a large
Hilbert space spanned by six qubit states, six resonator states,
and two TLS states, this simulation approach required a com-
putation time of about 60 days on a 60-CPU cluster. However,
various higher-order transitions are still only resolved in the
experiment.
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FIG. 3. (a) Anticrossings between the readout resonator and the strain-tuned TLS, measured when the qubit was tuned to the indicated
resonance frequencies. The effective resonator-TLS coupling strength g.i is estimated from a fit (green line) and corresponds to half the
distance between the two peaks at resonance as shown in the inset. (b) TLS-resonator coupling strength g vs the detuning § = fy — fres
between qubit and resonator. The solid line shows the expectation from the qubit-mediated interaction, g = g.g,/3, for independently

measured g, and g,.

A characteristic of the coupling mediated by virtually ex-
cited qubit states is [10] that the effective interaction strength
between resonator and TLS is given by ger = g X g:/6,
where g, is the coupling strength of the resonator to the qubit,
g, is the transversal qubit-TLS coupling strength, and § =
Jfq — fres = fq — frLs is the detuning between qubit and res-
onator while § > g,, g.. This is confirmed by spectroscopic
measurements of the resonator-TLS anticrossing when the
(undriven) qubit is tuned to different resonance frequencies as
shown in Fig. 3(a). Up to the largest investigated detuning § =
500 MHz, the observed ges exceeded 1.5 MHz. Figure 3(b)
shows an excellent agreement between the observed and ex-
pected g.sr, Where the latter is calculated using independently
determined qubit-resonator and qubit-TLS coupling strengths
(see Appendix C for details).

When the qubit-TLS coupling g, is comparable to the
qubit-resonator coupling g, (typically, g, ~ 50-100 MHz),
the interaction with the TLS detunes the resonator by a sim-
ilar amount as the dispersive shift y = g2/8 that serves as
the qubit readout signal [14]. Coupling strengths of g, =
1040 MHz are frequently observed for TLS in tunnel barriers
of qubit junctions, where they occur at densities between 100
and 8000 TLS/(GHz pm3) [2,17,23-26] in the 2-nm-thick
tunnel barrier having typical areas of 200 nm x 200 nm. In
the studied sample, we have also detected a second TLS that
caused similar readout failure (see Appendix C).

The energy relaxation time 7; of the here investigated sam-
ple was very short (77 & 1-2 us), while other qubits on the
same chip showed 7} times of up to 28 ps. This is explained
by the strongly coupled junction-TLS, whose detuning to the
qubitis & = |(frus — fql S 1 GHz in a wide part of the inves-
tigated strain-tuning range. An estimation for the qubit 7} time
due to the coupling to this TLS is [13]

o Amed
where '} & 25 s is the assumed qubit 7; time if it would
not be cdupled to the TLS (as observed in the other qubits
on the chip), and I' = 'y s /2 + Tomes + 1,q/2 + T2 q 18
the sum of qubit and TLS relaxation and dephasing rates.
Using typical TLS values [12,13,18,27-29] of I'jrLs &
' tLs ~ 1/100 ns, the measured qubit-TLS coupling strength
gx &~ 22MHz, and detunings of § = 1-2GHz results in

qubit 7 times between 1.0 and 3.7 us, which agrees with
observations.

To probe for TLS-related readout degradation when me-
chanical strain tuning is not available, conventional resonator
spectroscopy (as in Fig. 3) can be used to reveal a split reso-
nance due to the virtually coupled TLS. As an alternative to
applied mechanical strain, TLS can also be tuned by a dc elec-
tric field [12]. However, the E field only tunes TLS that are
located in vicinity of the qubit electrodes that typically interact
much more weakly (factor ~1/100) with the qubit than TLS
in tunnel barriers. This reduces the effective TLS-resonator
coupling g accordingly and would not result in a clearly
visible anticrossing or similarly severe readout failures. Also,
thermal cycling of the qubit sample redistributes the TLS
spectrum [18], which may serve as a test for a TLS-related
origin of readout degradation.

The qubit-TLS coupling is usually modeled as a trans-
verse (exchange) interaction where the TLS’s dipole moment
couples to the qubit charge. Alternatively, TLS might also
modify the critical current of the junction [5,30] and thus
the qubit energy, corresponding to a longitudinal coupling.
Since Cooper-pair tunneling is presumably dominated by a
few channels that connect the thinnest parts of the tunnel
barrier, the state of a charged TLS can affect the transparency
of a channel and thus the critical current as illustrated in Fig. 4
In this case, the TLS might also be formed by charge traps,
e.g., creating an Andreev-level fluctuator [3,31,32]. The effect
of such coupling is a small shift of the two-photon transi-
tion frequency in the resonantly coupled qubit-TLS system
[33]. Figure 5 shows a QUTIP calculation of the qubit-TLS
anticrossing for various values of their longitudinal coupling
strength g.. The detuning of the two-photon line in the center
of the anticrossing scales as § f = g,/2 (see inset of Fig. 5).
The minimum detectable g, in this experiment can be esti-
mated from the full width at half maximum of the two-photon
transition as shown in Fig. 1(d), which is about ~3 MHz.

We have fitted our spectroscopy data including g, as a free
parameter, which did not result in any detectable longitudinal
coupling for the studied TLS at an estimated detection thresh-
old of about g, £ 3 MHz (see Appendixes B and C for details).
This is similar to previous results obtained on flux [34] and
phase qubits [35,36].
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FIG. 4. Model of a Josephson junction with superconducting
electrodes (blue) separated by a thin tunnel barrier (gray). The left
part illustrates an atomic TLS that couples to the qubit charge via
its electric dipole moment. The right part describes TLS coupling to
the junction’s critical current, where due to the electrode’s roughness
most of the supercurrent is carried by a few tunnel channels (dashed
lines). A charged TLS may open or block a current channel and
modify the junction’s critical current.

IV. DISCUSSION AND CONCLUSION

We have revealed a mechanism by which a TLS defect
in the tunnel barrier of Josephson junctions can give rise
to qubit readout failure. Spectroscopy of strain-dependent
transitions in the qubit-resonator-TLS system confirms that
this problem emerges from an effective strong resonant TLS-
resonator interaction that is mediated via virtual qubit states.
Using multiphoton spectroscopy, we map out the plethora of
higher-order transitions that emerge from this interaction, and
analyze them with the help of numerical simulations.

The parasitic TLS-resonator interaction results in a detun-
ing of the resonator frequency that, for strongly coupled TLS
in qubit junctions, is of similar size as the dispersive shift that
is used for qubit readout and thus spoils the measurement. In
addition, the resonator may inherit excess energy relaxation
from its interaction with TLS that have typical quality factors
below 5000 [12,19]. Also, TLS resonance frequencies are
unstable [24,37] due to their interaction with neighboring ther-
mal TLS and trapped charges [38—40], and due to local strain

7.4
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FIG. 5. Shift of the two-photon transition (colored lines) through
the main qubit-TLS anticrossing (black lines) for various longitudi-
nal TLS-qubit coupling strengths g,. Inset: Simulated frequency shift
8 f at qubit-TLS resonance vs g, (points), and aplotof 6 f = 0.5 x g,
(dashed line).

changes caused, e.g., by ionizing radiation impacts [41]. This
can give rise to excess resonator phase noise and temporal
fluctuations of readout fidelity.

These issues occur whenever a strongly coupled junction-
TLS is in resonance with the readout resonator. This has the
same probability as the case that a qubit is inoperable due to
strongly coupled junction-TLS, which occur at spectral den-
sities of ~(0.1-2 TLS per GHz for typically used small-area
junctions [24,26]. For quantum processors, this may explain
excessive readout errors observed in some qubits [42].

This problem is relevant to quantum processors and the
large variety of qubit implementations that utilize dispersive
readout. It can also play a detrimental role in bosonic or
cat qubits [43] where quantum information is encoded in
superpositions of resonator states. Our results thus show yet
another mechanism by which TLS hamper the functionality
of superconducting qubits, and further motivate systematic
studies to understand how defects can be avoided in qubit
fabrication.
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APPENDIX A: EXPERIMENTAL SETUP

Figure 6 illustrates the experimental setup with standard
components for dispersive qubit readout and qubit flux bias-
ing. Mechanical strain is applied via a piezo stack actuator,
which pushes on the chip backside. The resulting mechanical
strain is of order 10~ per applied volt on the piezo [11].

The qubit sample was fabricated from aluminum on silicon
in the group of J. Bylander at Chalmers University. As shown
in Fig. 7, the qubit consists of a cross-shaped island [13] that
is connected by two Josephson junctions to the surrounding
ground plane. The Manhattan-style junctions have areas of
about 200 nm x 220 nm. The qubit frequency is tuned via
an on-chip flux line.
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FIG. 6. Schematic of the experimental setup.

All measurements were done at a sample temperature of
25-30 mK.

APPENDIX B: MODELS

Qubit. We follow Koch et al. [14] and start from the trans-
mon qubit Hamiltonian

Hy = 4Ec i — Ej cos(¢),

with the qubit charge and phase operators 7 and ¢. The cosine
is approximated for the transmon regime ¢ < 1, and the qubit
is modeled as an anharmonic (Duffing) oscillator by dropping
higher-order and fast-rotating terms:

Hp = (g + 4/2)q'q + ay/2 x (¢'q)*,

where wp = 27 X fy is the qubit resonance frequency and
ag is its anharmonicity. The qubit transition frequency fqy
depends on the flux @4 threading its dc-SQUID and can be
approximated by [14]

hfq(®q) = /8ECE;(®q) — Ec,

where Ec = €*/2Cioy = —a, is the qubit’s charging energy,
Ciot 1s the combined junction and qubit island capacitance, e

is the electron charge, and

hl, .
E; = % cos( @y Dy)? + d? sin(w Py / Po)?
e

is the flux-dependent Josephson energy assuming two slightly
different junctions with a total critical current I, ¢y = h/2e is
the flux quantum, /4 is Planck’s constant, and the asymmetry of
the junction’s Josephson energies is described by d = %

The readout resonator is represented by a harmonic 0s-
cillator and its interaction with the qubit is described by the

exchange coupling

Hp = wg % rTr,

Hiy,r = hgqr x (q +61T) x (r+ rT)y

where wg = 27 X fies is the resonator frequency and g, is the
qubit-resonator coupling strength.

The TLS is implemented as a pure two-level system, using
harmonic ladder operators and restricting the Hamiltonian to
two dimensions:

Hris = wris X 2.

The qubit-TLS coupling is usually described as a transversal
(exchange) interaction where the TLS dipole moment couples
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FIG. 7. Scanning electron microscopy of the qubit sample. The
cross-shaped qubit capacitor is connected to the surrounding ground
plane by a de-SQUID consisting of two Manhattan-style tunnel junc-
tions connected in parallel (insets).

to the qubit charge:
Hix = hge X (q+4") x (¢t +17).

Alternatively, TLS might also modify the critical current of
the junction [30] and thus the qubit energy. However, experi-
mental insights into the occurrence and role of critical-current
fluctuators in qubits have so far remained elusive.

Via the coupling to the qubit’s critical current, the TLS may
modify the qubit energy, which would result in a longitudinal
coupling:

Hu, = g2 x (q'q) x (t'1).

TLS-qubit coupling. The exchange coupling strength g, be-
tween qubit and TLS is given by the projection of the TLS
electric dipole moment onto the ac electric field from the qubit
mode:

where F is the electric field inside the capacitor that is induced
by the qubit plasma oscillation and p = p| Ag/(fiwrys) is the
projection of the TLS’s dipole moment p onto F, multiplied
by the TLS’s matrix element (Ag/fiwrLs), i.e., the effective
coupling.

For TLS in the tunnel barriers, p can be measured by
determining g, from qubit-TLS swap oscillations or from
anticrossings in qubit spectroscopy, where the electric field
strength |F'| = Viys/t in the junction is Vi = /fiw, /2C at
an estimated barrier thickness of &~ 2 nm.

QUTIP simulations. We fit the acquired spectroscopy data
with the help of the QUTIP package [21,22]. For this, we
first extract the positions of resonant peaks [see, e.g., circles
in Fig. 1(d)]. In a least-squares fitting routine, the system’s
eigenvalues are calculated using the qutip.eigenvalue()
function, and the energies of high-frequency transitions are
divided by integer factors to enable fitting to the experimen-
tally observed multiphoton transitions. The model parameters
are then optimized until the deviation between measured and
simulated peak positions reached a minimum. This results in
the solid lines shown in Figs. 1(c), 1(d), 2(b), and 8. In the
simulations, the Hilbert space is restricted to six qubit states,
six resonator states, and the two TLS states.

6.63-

6.62- i'SZ”

frequency (GHz)

applied flux

FIG. 8. Resonator spectroscopy, showing its anticrossing with
the flux-tuned qubit. The fit (cyan line) provides a qubit-resonator
coupling of g, = 34 MHz and the resonator frequency fis =
6.6255 GHz.

Time-resolved simulation. The comparison between the
data in Fig. 2(a) and the eigenvalue fit shown in Fig. 2(b)
reveals discrepancies in higher-order transitions. To take into
account ac-Stark shifts, we also simulate the full time evolu-
tion of the system. For this, the microwave spectroscopy is
modeled by adding a drive term to the qubit, and QUTIP’s
mesolve () function is used to iteratively solve the Lindblad
master equation at consecutive time steps until Rabi oscilla-
tions subside and the system reached a stationary state. This
also accounts for decoherence, for which corresponding col-
lapse operators are applied whose amplitude is adjusted to the
observed qubit and resonator quality factors.

The time-resolved simulation indeed shows shifts in
higher-order transitions that are similar to the observed data.
However, due to the intense CPU-time requirements simu-
lating interacting multilevel quantum systems, and mostly
because of our inefficient simulation method to find the steady
state of the system, this approach failed to systematically fit
the effects of the ac-Stark shift to the data.

APPENDIX C: SAMPLE CHARACTERIZATION

The parameters of the system are listed in Table 1 and are
obtained as follows.

Qubit readout. To detect the qubit level population, we
measure the transmission S, at the resonance frequency of the
readout resonator. For small qubit-resonator coupling strength
gqr and sufficiently large detuning [8] = |fq — fres| > &qr> an
excitation in the qubit will change the resonator frequency

by the dispersive shift [14] x = —%, and this results in a
detectable change of the transmission signal Sy;.

Qubit capacitance. The total qubit capacitance is cal-
culated from the anharmonicity observed by higher-power
spectroscopy such as shown in Fig. 1(d). We estimate it by
fitting multiphoton qubit spectroscopy data to QUTIP simula-
tions as shown in Fig. 1(d), which results in Co,y = e?)2E. =
85 fF for E. = 228 MHz.

Qubit-resonator coupling strength. We sweep the applied
qubit flux and readout frequency to observe anticrossings in
the resonator spectrum (see Fig. 8). The data are then fit-
ted with QUTIP to the model excluding the TLS with the
free parameters fy, fres, &q.r» junction asymmetry d, and a
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FIG. 9. (a) Raw data of Fig. 1(c), plotted at higher contrast. Black and red lines are the fits to one- and two-photon transitions of TLS 1 as
discussed in the main text. The blue line is a linear fit to the faintly visible trace of TLS 2. Both TLS cause readout failure (red arrows). (b)
Detected resonance frequencies (points) and QUTIP simulation for TLS 1 with best-fitting parameters (solid lines).

flux-scaling factor. This results in a qubit-resonator coupling
strength g, , ~ 34 MHz and a large junction asymmetry of
d =~ 0.67.

Qubit-TLS coupling strength. The exchange coupling
strength g, between qubit and TLS is measured by sweeping
the TLS through the qubit resonance via the applied mechan-
ical strain, and fitting the anticrossing to a QUTIP simulation
as shown, e.g., in Fig. 1(d). The free parameters of the fit
were fq, og, fris, fres, & ¥, and Vp, where V; is the piezo
voltage corresponding to the TLS’s symmetry point ¢ = 0.
Fits to different datasets acquired at several drive powers
[e.g., data shown in Figs. 1(c), 1(d), and 2(a)] and qubit
resonance frequencies (see Fig. 3) provide consistent values of
gx &~ 22 MHz. This corresponds to a parallel TLS dipole mo-
ment component of p = hg./|F| ~ 0.36eA with the electric
field strength in the tunnel barrier |F| = ,/fiw,/2Cy/t and
t & 2nm.

Critical-current coupling. To check whether the TLS cou-
ples to the juntion’s critical current, we repeated above fits
and included the longitudinal TLS-qubit coupling strength g,
as a free fit parameter. The effect of such coupling is a small

shift of the two-photon transition frequency in the resonantly
coupled qubit-TLS system. In similar previous analyses using
flux and phase qubits [34-36], no evidence for nonzero g, was
found. In the here-studied transmon qubit, this effect is pre-
sumably amplified due to its smaller junction size. However,
the fits resulted in values g, < 1 MHz that are smaller than the
fit uncertainty, so that we found no evidence for a longitudinal
coupling in the investigated TLS.

Observation of a second junction-TLS. We observed a fur-
ther example of qubit readout failures due to junction-TLS
in the investigated sample and strain range. In Fig. 9(a), we
plot the raw data as shown in Fig. 1(c) in a wider range
and at higher contrast. Besides the readout failure at a piezo
voltage of V,, = 55 V, another one can be seen at V, = 69 V.
Closer inspection of the data in Fig. 9(a) and the extracted
fit positions shown in Fig. 9(b) reveals a faint TLS trace,
whose linear extrapolation (blue line) matches the resonator
frequency when the readout failure is observed. This second
TLS spoiled qubit readout in a broader strain range but did not
display a pronounced anticrossing with the qubit, which may
be explained by its higher decoherence rate.
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