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CONDENSED MATTER PHYSICS

Two-level systems in superconducting quantum
devices due to trapped quasiparticles

S. E. de Graaf'*, L. Faoro®3, L. B. loffe?, S. Mahashabde®, J. J. Burnett', T. Lindstrom’,

S. E. Kubatkin®, A. V. Danilov®, A. Ya. Tzalenchuk'*®

A major issue for the implementation of large-scale superconducting quantum circuits is the interaction with in-
terfacial two-level system (TLS) defects that lead to qubit parameter fluctuations and relaxation. Another major
challenge comes from nonequilibrium quasiparticles (QPs) that result in qubit relaxation and dephasing. Here, we
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reveal a previously unexplored decoherence mechanism in the form of a new type of TLS originating from trapped
QPs, which can induce qubit relaxation. Using spectral, temporal, thermal, and magnetic field mapping of TLS-
induced fluctuations in frequency tunable resonators, we identify a highly coherent subset of the general TLS
population with a low reconfiguration temperature ~300 mK and a nonuniform density of states. These properties
can be understood if the TLS are formed by QPs trapped in shallow subgap states formed by spatial fluctutations of
the superconducting order parameter. This implies that even very rare QP bursts will affect coherence over expo-

nentially long time scales.

INTRODUCTION

It is becoming increasingly evident that the most coherence-limiting
two-level systems (TLS) reside outside the qubit junctions on the
surface of metals and dielectrics surrounding them (1-5) and their
slowly fluctuating dynamics poses a serious challenge for quantum
computation (1, 5-8). A wide range of techniques has been devel-
oped to study such TLS by developing qubits and resonators into
probes of a wide range of material properties (2, 5, 9-15). At the
same time, charged surface TLS and paramagnetic impurities also
result in a stochastic and locally varying backdrop for quasiparticles
(QPs) in the superconductor itself. It is thus important to consider
the implications this backdrop has on the ever-present excess number
of nonequilibrium QPs (16-18), which must be eliminated to increase
qubit dephasing times. It is also likely that such trapped QPs con-
tribute to the number of excess QPs that are responsible for the
recently observed (16) nonequilibrium relaxation in transmons. Non-
equilibrium QPs can be generated by electromagnetic (19) and ion-
izing (20, 21) radiation and from rare high-energy cosmic particles
impinging the sample, the latter inducing correlated errors in all
qubits of a surface code architecture (22, 23). When such QPs relax
in energy and fall into traps before they can recombine, an expo-
nentially long period of excess decoherence will follow (24).

Here, we reveal the implications that a spatially fluctuating super-
conducting order parameter, A, has on trapping of these QPs.
Scanning tunneling spectroscopy studies typically find spatial vari-
ations in A of the order of 8A = 10 to 20% in moderately disordered
superconductors (25-27). 8A gets smaller in very clean supercon-
ductors; however, even in exceptionally clean films with negligible
intrinsic magnetic disorder, an ever-present surface spin density of
the order of ~5 x 10 m™ (2, 28, 29) results in both flux noise (2, 29-33)
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and spatially nonuniform gap suppression (28). In thin films, the
gap is also nonuniformly suppressed by the Altshuler-Aronov effect
due to impurity scattering (25, 34) as well as thickness variations (35),
particularly relevant for Al (36), where recent experiments also re-
veal subgap states and charge localization across multiple grains (37).
The clean, low-resistance NbN films that we chose to study in this work
are characterized by a low carrier density (38). In such materials, it
is very likely that the density of states (DOS) varies significantly, re-
sulting in gap variations.

Crucially, we find that the optimal fluctuation able to trap a QP
only has a few bound states. As a result, a trapped QP behaves sim-
ilar to “textbook” TLS, as shown in Fig. 1. We hereafter refer to this
type of QP TLS as “qTLS,” which coexist with a large number of
conventional glassy TLS. The spatial extent of the gap fluctuation sets
the frequency of the qTLS, which means that the DOS of these ob-
jects is very nonuniform (in contrast to conventional TLS in glasses).
We predict a maximum in the ¢TLS DOS around 6 to 10 GHz, the
frequency range of most qubits (transmons). Relatively shallow traps
also imply that even a modest temperature can reshuffle the QPs.
We expect the underlying qualitative physics of charge defects formed
by trapped QPs to be applicable to most materials, including super-
conductors in the dirty limit, such as Al used for qubits, but the
relevant frequency ranges may differ somewhat owing to different
material parameters.

This model is supported by a series of experimental observations
from detailed mapping of parameter fluctuations in high-Q frequency
tunable superconducting NbN resonators (39). Such resonators al-
low us to map individual TLS in energy and trace them in a broad
range of external parameters, such as magnetic or electric field (5).
Through analysis of a large number of individual TLS, we find that
(i) most qTLS are highly coherent, some with detected linewidths
down to <70 kHz, the resonator linewidth; (ii) the qTLS landscape
irreversibly reshuftles at very modest temperatures of ~300 mXK; (iii)
the qTLS DOS appears strongly suppressed at lower frequencies;
and (iv) tracking of qTLS in magnetic field reveals a qTLS energy that
scale in a way similar to the expected scaling of A. In particular, the
presence of a low-energy scale, S1 K, is inconsistent with conven-

~

tional TLS theory in which all scales are set by chemical energies (40).
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Fig. 1. qTLS formation. (A) lllustration of typical fluctuations of the order parameter A and the formation of wells with multiple bound states in which QPs can be trapped,
effectively forming a TLS (qTLS). The scale of the trap determines the qTLS frequency and escape rate. (B) qTLS are separated by large distances compared to length scales
at which fluctuations in A occur, fluctuations that may originate from impurity scattering or surface spins. The qTLS are separated by a distance from the superconductor
oxide surface where conventional TLS defects, adsorbates, etc. reside and form the usual bath of TLS. (C) Numerically evaluated typical elongated single-well fluctuation
of the order parameter capable of hosting multiple bound states for QPs, forming a qTLS. Here, & = /Ao/E &, the scaling assumes (ke&o) ™' = 0.014, Ao/E = 40, appropriate

for our NbN samples.

The low-energy scale is instead natural for TLS formed by QPs trapped
in regions of locally depressed gap. We start by outlining the main
features of the model that explains these observations.

RESULTS
To understand the emergence of qTLS from a fluctuating A = Ay +
8A(r), we consider a general model that assumes Gaussian fluctua-
tions of the gap, (SA(r)SA(r’)) =go(r - r,), where g=~3AA, &g is the
strength of fluctuations and &g is the Bardeen-Cooper-Schrieffer
coherence length. The exact origin of these fluctuations is not rele-
vant for the conclusions. The density of subgap states is determined
by rare fluctuations of the gap that reduce the QP energy sufficiently
below the gap edge in a uniform material. The key point is that such
fluctuations can create traps with a shape and depth that allow them
to effectively trap QPs. As the QPs near the gap edge move with
momenta close to the Fermi momentum prg, it follows that trapped
QPs will have similar momenta, which can point in an arbitrary
direction. This freedom results in the optimal trap being very aniso-
tropic, with a shape elongated along the direction of pg. In Fig. 1C,
we show the typical shape of such a trap obtained through numerical
simulations. In general, the probability to find a fluctuation of depth
E scales exponentially with the area A of the fluctuation, P ~ exp
(- E*A). The most likely traps thus have a small area; however, a
too small dimension along the direction of pg will prohibit the for-
mation of a bound state due to the large kinetic energy of the QP.
Therefore, optimal traps do not favor isotropic fluctuations. The wave
function of the QP oscillates quickly along the direction of pr. The
ground and excited states in the trap differ in the number of oscilla-
tions: Since the total number of oscillations is large, it is not surpris-
ing that each trap typically contains more than one bound state;
however, the number of bound states is expected to remain small
for most traps, and the qTLS considered here typically only has two
bound states inside the trap.

Because of the presence of excited bound states, a QP in
such a trap forms an effective TLS with typical energy splitting
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hogris = §|E|, where E is the energy of the trapped QP as mea-
sured from the gap edge and { = 0.7 is found from theory (see the
Supplementary Materials). One consequence of these traps is that, in
contrast to conventional TLS, the DOS of qTLS is not constant. A
large wgrLs implies very deep traps that are exponentially rare. We
find the density

) 1 ) n é(Z)Aé h_m 5/4
quLS((D)_ V(E )_ géAO exp[ gm (CAO> (1)

where n = 10. Likewise, small ogrrs are suppressed, since QPs in
shallow traps annihilate each other efficiently, leading to

Iy 3/4
2krSo /h_(l)> (2)

E2 Ao [In(Texp Ao/ > \EA0

pqris(®) < vo(E) =

Here, Teyp is a time scale that determines the steady-state density
of qTLS. In the absence of a source, the QP density will vanish log-
arithmically slow owing to the reduced likelihood of recombination
(24). In reality, there will be a steady resupply of QPs at the gap edge,
as determined by the intensity of the source (24). For long measure-
ment times (s), this provides a cutoff for the logarithm and results
in an equilibrium density of qTLS. For any experimentally relevant
scenario, the factor [ In (’Cepro/h)]z is on the order of ~1000 (see the
Supplementary Materials for details).

In this picture, the TLS is formed in a single well, in contrast to
the more conventional double-well picture. Because of the spatial
asymmetry, the transition between the lowest and first excited state
in each trap is expected to have a significant electric dipole moment,
resulting in a strong interaction with quantum devices. Although the
size of the gap fluctuation is very large (~ &), the dipole moment of
the qTLS is expected to be significantly smaller, as it is directed pre-
dominantly along the surface of the superconductor, while electric
fields are orthogonal to the surface. Taking into account the screening
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of electric fields at atomic length scales, it is natural to expect that
the characteristic dipole moment is commensurate with atomic scales.

In moderately clean NbN films, 8A constitute up to 10% of the
total gap 2A (25-27), corresponding to 8A = 2.5 K. At T = 10 mK,
tunneling out of such a local minima is exponentially suppressed;
however, at temperatures approaching fractions of 8A, there is a
finite probability that the QP escapes and either finds another
minima or recombines, resulting in a typical escape temperature
of the order of 200 to 300 mK, each event resulting in a different
TLS landscape.

The unusual shape of the traps and the presence of multiple
bound states in each trap distinguish clean superconductors from
the dirty limit (41-43). In the latter, a QP is scattered many times by
defects while moving in a particular direction inside the trap, making
the formation of elongated traps impossible. The physics of qTLS
traps is similar to the well-studied phenomena of the appearance of
states with negative energy in disordered conductors (44, 45) with
two important differences: Electrons at the bottom of the band in a
disordered conductor have much smaller momenta, and the wave
functions do not have zeros.

We now turn to experiments where our observations can be ex-
plained by this model. To be able to study individual TLS and spectral
and temporal fluctuations of superconducting resonator parameters,
we use kinetic inductance-tunable superconducting resonators with
center frequencies f; in the range 3 to 7 GHz, described in detail in
(39). The resonators are cooled down to a base temperature of 10 mK
in a well-filtered dilution refrigerator. A small dc current (<1 mA) is
applied to change the kinetic inductance and tune f;. We measure the
transmitted microwave signal, Sy;, using a vector network analyzer
and extract the resonator frequency and quality factors Q. In some of
the experiments, we also use a gate electrode mounted in the lid of
the sample enclosure (see Fig. 2A), such that we can change the TLS

energy through the applied gate voltage V: Ers = \Eé + y2 Vé (4, 5).

Here, € is the TLS minimum energy and y the TLS voltage coupling
strength.

Iteration # C
50

In Fig. 2B, we show the relative variation of the internal quality
factor 8Q; = (Q; — (Qi))/(Q;), as we tune the resonator frequency.
The measurement is continuously repeated over several days to
produce a spectral and temporal map of the variations in loss. This
reveals large drops in 8Q;: At detunings of 3.5 and 14 MHz (from
6.995 GHz), TLS dips (indicated by horizontal arrows) remain in
the same place, whereas, at other frequencies, both switching-like
behavior and drift can be observed. We then raise the temperature
of the cryostat to 300 mK, repeat the same measurement (Fig. 2C),
and return to 10 mK (Fig. 2D). We observe that a strong TLS re-
mains stable over more than 60 hours in each individual measure-
ment, but thermal cycling to a mere 300 mK makes another TLS
appear at a different frequency. This is quite remarkable, as the tem-
perature is increased to a value smaller than the energy level split-
ting of the TLS itself (7 GHz ~ 350 mK) and certainly not expected
from conventional TLS glass physics in which all scales are set by
chemical energies (40). Separate high-power measurements show
that these dips are saturable and not caused by, e.g., local variations
in background transmission. We have repeated the same experiment
but visiting multiple temperatures on the way to 300 mK (see the
Supplementary Materials for additional data and methodology), which
confirms that reconfiguration only happens near 300 mK.

Occasionally, we observe very dissipative TLS with linewidths in
excess of several megahertz in our measurement window (red arrow
in Fig. 2D). Here, we concentrate instead on the much more coher-
ent TLS that we consistently observe, the narrowest with linewidths
down to ~70 kHz (see the Supplementary Materials) limited by
the readout resonator linewidth. In Fig. 3A, we show the histogram
of linewidths of the observed TLS, which peaks at values corre-
sponding to coherence times in excess of several microseconds,
much longer than what has been reported for individually resolved
TLS in qubits (5, 14). The energy leakage caused by such highly
coherent (and strongly coupled) TLS could pose a significant chal-
lenge for quantum error correction (46). Naturally, qTLS interact
with conventional TLS and slow fluctuators that result in parameter
fluctuations.
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Fig. 2. Spectral and temporal fluctuations of the internal quality factor and spectral reconfiguration of TLS. (A) Device sketch showing the plane of the resonator
and the current biasing circuit for frequency tuning (top) and device cross section showing the geometry of the electrostatic gate used for TLS tuning. (B) Initial measurement
taken at 10 mK and average photon number (n) = 40. For each pixel, the resonator line shape is measured and fitted to extract the internal quality factor Q;. The measure-
ment is repeated as the resonator is tuned in frequency (the typical frequency resolution is ~ 50 kHz); this measurement versus detuning is then repeated over time. The
color scale shows the normalized variation 8Q; = (Q; — (Q)))/{Q;). Horizontal arrows indicate two static TLS. (C) The same measurement performed after (B) with the tem-
perature set to 300 mK. (D) The same measurement was repeated again after returning to 10 mK. The red vertical arrow indicates a broad TLS jumping into the measurement
window. Dashed boxes indicate two strong TLS. For repeated experiments, see the Supplementary Materials. (E) The time-averaged data from (B) to (D).
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Fig. 3. qTLS properties. (A) Histogram of extracted TLS linewidths [full width at half maximum (FWHM)] obtained at 10 mK across a series of cooldowns and different
resonators in the frequency range 3 to 7 GHz. (B) Theoretically expected scaling of the qTLS DOS (blue solid region) bounded by v(E) and vo(E) (see text for details). Not
to scale. (C) Number of experimentally detected strongly coupled TLS as a function of frequency. The data points are obtained by counting the number of TLS present in
a spectral and temporal map. Data taken on two different samples (circles and triangles) in seven separate cooldowns (different colors). Duplicate markers at the same
frequency are before/after thermal reconfiguration. Multiple markers from the same resonator have been offset somewhat in frequency for better visibility. Error bars
indicate miscounting the number of TLS by one, e.g., if one TLS happens to be present just outside the measurement range. The solid line is the average of observations,
bounded by the SD. The inset shows the same data plotted against the corresponding trap depth from Ao. All data are obtained at 10 mK and (N) < 100.

We now turn to the qTLS DOS. Figure 3B shows the expected
frequency dependence of the qTLS DOS, given by the bounds of
Egs. 1 and 2. This reproduces the peaked shape in the DOS of
strongly coupled qTLS that we observe in resonators with different
fo» shown in Fig. 3C; data were obtained across several cooldowns
and devices.

The quantitative agreement is also satisfactory given the uncer-
tainty in the parameters entering the equations. The expected posi-
tion for the peak in the TLS density matches the experiment for a
gap disorder 8A of a few percent. This is in agreement with scanning
tunneling microscopy data (47) for moderately clean NbN with
similar values of T, and Ioffe-Regel disorder parameter kgl.

A similar frequency dependence on the number of observed qTLS
at different frequencies was obtained by tuning the TLS energy by
an applied electrostatic field (see the Supplementary Materials). In
contrast, for conventional noninteracting TLS in amorphous mate-
rials, we expect a DOS P(E) = const (40), while for interacting TLS,
we expect a weak pseudogap given by P(E) = E" (48, 49). u = 0.2 is
typically found experimentally (3, 9), which would, for f, = 3 to 6 GHz,
only result in a ~10% variation in the TLS DOS. As expected, we
find through the temperature-dependent shift of f;, which samples
all TLS, including the more numerous conventional glassy TLS, that
the intrinsic loss tangent falls within F tan §; = 0.7 £ 0.1 x 107>, with
no observed dependence on f; (see the Supplementary Materials).

The data in Fig. 3C have not been scaled to the surface area oc-
cupied by each resonator, which would yield an even stronger non-
linear dependence (A o< fy); however, this is expected to be balanced

de Graaf et al., Sci. Adv. 2020; 6 : eabc5055 18 December 2020

by the reduced coupling strength affecting the detectability of indi-
vidual TLS at lower frequency. If we make the assumption that the
observed qTLS uniformly occupy the surface of the superconductor,
we get, for fo = 4.9 GHz, an observed density of qTLS of 0.004 GHz ™"
um’z or 1 GHz™ per (~ 3000&0)2. In our devices, the distance be-
tween electrodes in the resonator is small (2 um) (see Fig. 2A),
resulting in significant microwave electric fields away from the
immediate vicinity of metal edges. The maximum observed TLS
coupling strengths of up to 100 to 200 kHz are obtained for electric
dipoles of size py ~ 1 eA across a significant part of the device sur-
face. Near metal edges, we would expect coupling strengths exceeding
1 MHz (see the Supplementary Materials). This we do not observe,
implying instead that the qTLS are detected across most of the de-
vice surface. The above density is much smaller than the total den-
sity of TLS we extract from F tan §,. We find a surface density of
pa A ~ 50 GHz ' um™? of weakly coupled TLS, which are mainly
responsible for the background loss and noise (see the Supplementary
Materials) previously studied in detail (3, 9). These conventional TLS
coexist with the qTLS and constitute the much broader background
of loss and fluctuations. However, since the qTLS are located at the
metal surface, they interact weakly with the conventional glassy TLS
bath, which is mainly situated some distance away, e.g., in the oxide
on the superconductor and adsorbates on top, resulting in higher
qTLS coherence.

Last, to determine whether there is a link between the qTLS and
superconductivity, we measure a strongly coupled qTLS in an ap-
plied magnetic field B parallel to the superconducting film, shown
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in Fig. 4A. As expected, we observe a quadratic suppression of fy
owing to the kinetic inductance increasing as A is suppressed. At the
same time, we track the anticrossing of the qTLS and extract the
minimum qTLS energy €y(B). As shown in Fig. 4B, ¢ is also sup-
pressed in magnetic field at a scale comparable to the weak (few
percent) suppression of A. We also note that the conventional TLS
bath remains unaffected up to moderate fields (50).

DISCUSSION

High-resolution spectral mapping of individual TLS in qubits has
only been performed in the range 5 to 6 GHz (I). Below 3 GHz, the
qubit performance in other studies was limited by other loss mech-
anisms or the statistics was insufficient to demonstrate the presence
of individual, strongly coupled TLS (31, 51, 52). As far as we are aware,
only (53) hints at a lower TLS density in Al qubits below ~3 GHz,
suggesting that the mechanism responsible for the formation of
qTLS could be quite common and motivating the need to explore
lower frequencies.

To assess the applicability to other materials, we note that the
parameter g is important for the location of the DOS maximum,
whereas other parameters of the superconductor mainly affect
the prefactor. The density is expected to be within the same order
of magnitude for a range of common materials such as Nb, NbTiN,
and TiN and peaked at similar frequencies. Even for Al, the effect
of different superconductor parameters results in a relatively small
difference. However, g, is, to the best of our knowledge, not known
for thin Al films, but it is likely to be enhanced because of, e.g.,
thickness fluctuations (35, 36). This would, remarkably, make
the qTLS DOS for NbN and Al quite similar, despite the otherwise
rather different material parameters, provided that the same
mechanism is valid in the dirty limit. In the dirty limit and at edges
of the superconductor, the details of the theory developed here
are not directly applicable. However, we expect that the general
mechanism could still apply albeit the optimal shape of fluctua-
tions is likely to be different, resulting in different prefactors to the
qTLS DOS.

We now turn to the implications that these qTLS states have for
a range of superconducting technologies and for the coherence of
qubits. A typical sample of ~1 cm” size is hit by a high-energy cosmic
ray once in every ~10 s, creating a shower of phonons that quickly
relax to low frequencies where their relaxation time becomes very
long. These phonons produce QPs well above A, which, in turn, relax
to the gap edge, and most of these excess QPs quickly recombine.
However, when the remaining QPs at these energies become very
sparse, their relaxation time is exponentially long. Eventually, the
QPs that have relaxed to the gap edge fall into the traps discussed
here, where they remain for exponentially long time scales at low
temperatures. Such localization of QPs prevents their recombination
and equilibration (24). At low temperatures, this trapping (and de-
trapping) rate becomes very slow; hence, we expect only a fraction
of possible qTLS traps to be filled at any given time. The excess QP
concentration is essentially independent of the burst rate (24), and
the qTLS density would remain the same over long time scales and
between cooldowns. Furthermore, the total integrated density of
detected qTLS (~10" m™?) is remarkably close to the number of ex-
cess QPs, ~10'° to 10" m ™ (commonly expressed normalized to the
Cooper pair density as xqp ~ 107 to 10®) as found in a number of
experiments (16, 54). Trapped QPs close to a qubit can result in its
excitation or relaxation, and hence the QP localization results in a
long period of qubit performance degradation. As this degradation
can affect all qubits on a sample, it becomes a catastrophic event for
quantum computation, a conclusion supported by recent studies of
QP bursts in granular Al resonators (17) and kinetic inductance
detectors (55).

Identifying and eliminating strongly coupled TLS is crucially
important for scaling up of superconducting quantum computing.
If high-energy QP bursts cannot be fully eliminated, the expected
long period of qubit performance degradation implies that the most
effective strategy for improving long-term stability is to reduce the
fluctuations in A. All the mechanisms that lead to gap fluctuations
are difficult to control in thin films used for resonators and qubits,
but our results suggest that these must be carefully addressed to achieve
this goal. Routes toward minimizing gap fluctuations include finding
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Fig. 4. A single strongly coupled qTLS in magnetic field. (A) Transmission spectrum of the resonator strongly coupled to a qTLS at selected magnetic fields, as a func-
tion of applied electrostatic gate voltage, showing the coherent coupling of a single qTLS to the resonator. (B) The measured resonance frequency as a function of mag-
netic field (solid blue line) together with the extracted qTLS minimum frequency eq¢/h (red markers). Other extracted parameters are as follows: qTLS-resonator coupling
strength, go = 270 kHz; damping rate, y4rLs = 200 kHz and y = 10 MHz/V, consistent with po= 1 eA in our sample geometry.
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surface treatments that reduce the number of surface paramagnetic
impurities and adsorbates (2) and developing epitaxial film growth
(56) and coatings to reduce the number of structural defects in the
superconductors and their surface oxides.

In conclusion, we have demonstrated that nonequilibrium QPs
present in superconducting quantum devices can be trapped in rare
elongated fluctuations in the disorder potential. Such traps have
multiple bound states in a single well, which forms an effective TLS.
This constitutes a previously unexplored decoherence mechanism
originating from nonequilibrium QPs, which poses a significant chal-
lenge for quantum computing. This picture is supported by a series
of experimental observations of unusual TLS properties: low-energy
scales, very high coherence, nonlinear DOS, and an unexpected
magnetic field dependence of the TLS energy. We are able to reveal
these properties through a combined detailed spectral, temporal,
thermal, and magnetic field mapping of a large number of individual
qTLS found in planar superconducting NbN resonators.

MATERIALS AND METHODS

Device design and fabrication

The resonator design and fabrication is outlined in detail in (39),
and the resonators used here are of exactly the same design but of
varying length (frequency). The resonator structure is patterned us-
ing electron beam lithography from a 140-nm NbN film deposited
on a heated 2” sapphire substrate. The film is etched in a Ar : Cl,
reactive ion plasma, which ensures sharp sidewalls and prevents lat-
eral under-resist etching. Wire bonds for radio frequency and dc
connections are facilitated by Au bonding pads, which are deposited
in the next step. The resonator (excluding the ground plane) is
thinned down to 50 nm in the same Ar : Cl, reactive ion plasma in
the final fabrication step. This yields a sheet kinetic inductance
of ~4 pH/[] and places the resonance frequency in the 3- to 8-GHz
band. The sheet kinetic inductance of the ground plane is lower than
the resonator film, ensuring that the typical frequencies of the ground
plane resonances are placed above 8 GHz. Following the last etching
step, which produces the final film surface, the residual resist mask
is removed in 1165 remover followed by an isopropanol and water
rinse. The final step is a soft O, plasma clean. A second set of sam-
ples used to evaluate the TLS density uses a thinner film, 17 nm, with
no apparent effect on the qTLS density. The films are characterized
by a critical temperature T, = 14.2 K, a resistivity p = 1.6 microhm-m,
and an Ioffe-Regel disorder parameter kgl = 6 (see the Supplementary
Materials for more material-specific data).

Measurement setup and methodology

All measurements were carried out in a cryogen-free dilution re-
frigerator with a base temperature of 10 mK. The cryostat was
equipped with well-filtered coaxial lines, and a high electron mobility
transistor amplifier with a noise temperature of ~3 K was used for
readout. The superconducting resonators were measured using a
vector network analyzer. Unless otherwise indicated, measurements
were carried out at 10 mK with very low excitation powers applied
to the resonator, equivalent to 5100 photons in the resonator,
ensuring that TLS are not saturated. The resonator frequency was
tuned using a low-noise voltage source in series with a 5-kilohm
resistor to produce the required tuning current on the order of 1 mA.
The voltage applied to the gate electrode was supplied using a low-
noise voltage source connected to a low-pass—filtered thermocoax
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line in the cryostat. For further details of the measurement setup
and schematics, see the Supplemental Materials. The data presented
here and in the Supplementary Materials were collected over more
than 10 separate cooldowns and across three different samples.

The magnetic field dependence (Fig. 4) was measured in a sepa-
rate cooldown, where the sample was mounted in the bore of a 9/1/1
T vector magnet inside the dilution refrigerator. The resonators
themselves are highly magnetic field resilient, retaining quality factors
in excess of 10° above B =1T (39). To ensure optimal alignment of
the magnetic field with the superconducting plane, we applied a
small field (5 mT); by rotating the field by a small amount (few
degrees) and tracking the resonance frequency as a function of field
angle, we find the optimal orientation from the maximum in the
resonance frequency. The experiments were carried out at zero cur-
rent detuning; we instead tune the TLS into resonance using the
electrostatic gate in the sample enclosure. The reason for this was
purely technical; for larger tuning currents, the resonator becomes
more sensitive to current noise, and most likely owing to mechanical
resonances and eddy currents in the coaxial cables excited by the
pulse tubes of the cryostat, we saw an increased instability of the
resonator frequency at larger magnetic fields. By staying at zero cur-
rent detuning, we minimize this noise.

In addition, we independently verified the resonator proper-
ties using a range of other measurements, including the magni-
tude of 1/ffrequency noise, intrinsic loss tangent, presence of surface
paramagnetic spins (via an electron spin resonance spectrum),
and the qTLS dependence on a number of external factors. A de-
tailed description and the data of these additional control experi-
ments can be found in the Supplementary Materials, together with
the details of the theory developed and electrostatic modeling of
the device.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabc5055/DC1
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