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Understanding the nature and dynamics of material defects in superconducting circuits is of
paramount importance for improving qubit coherence and parameter stability and much needed for
implementing large-scale quantum computing. Here we present measurements on individual highly
coherent environmental two-level systems (TLS). We trace the spectral diffusion of specific TLS and
demonstrate that it originates from the TLS coupling to a small number of low energy incoherent
fluctuators. From the analysis of these fluctuations, we access the relevant parameters of low energy
fluctuators: dipole moments, switching energies and, more importantly, interaction energies. Our
approach opens up the possibility of deducing the macroscopic observables in amorphous glassy
media from direct measurements of local fluctuator dynamics at the microscopic level - a route
towards substantiating commonly accepted, but so far phenomenological, models for the decohering

environment.
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I. INTRODUCTION

All superconducting qubit designs suggested so far suf-
fer from noise and parameter drift and associated deco-
herence. These detrimental effects are known to stem
from the qubit coupling to two-level systems (TLS) asso-
ciated with spurious material defects, and present a ma-
jor issue towards engineering large scale superconducting
quantum circuits' ®. Great progress has been made in
the last decade towards undestanding the decoherence
mechanisms by using qubits as natural probes of indi-
vidual TLS? '3, yet their physical origin and chemical
nature remain unknown.

Complementary, superconducting resonators allow for
electron spin resonance (ESR) spectroscopy of small vol-
umes and very few spins'# and in-situ chemical identi-
fication of dilute paramagnetic material defects!®. This
provides a route for straightforward evaluation of the ef-
fects of fabrication and surface treatments on defect den-
sity and composition'® 8. However, resonators as probes
of TLS were so far mainly used to reveal ensemble ef-
fects over a broad parameter range®!%16:19-22  Detec-
tion of individual TLS in a superconducting resonator
was first demonstrated with an embedded parallel plate
capacitor?®2%: although this method does not differenti-
ate between surface and bulk TLS, the former being most
ubiquitous in qubits'?.

The detection of individual surface TLS with planar
resonators was only recently demonstrated?"2>26, To-
gether with increased loss, the TLS-resonator coupling
causes a dispersive shift of the resonator frequency; the
most prominent shift comes from near-resonant TLS with
relaxation times on par or superior to that of the res-
onator itself. Such TLS should be treated as quantum
coherent systems. The TLS-induced dispersive shift per
se does not induce noise in resonators or qubits, it is the
temporal instability of TLS parameters which is detri-

mental. Having energy level splittings Urps > kg7, the
near-resonant TLS are not subjected to thermal fluctu-
ations and their parameter instability is attributed to
interaction with much more abundant low energy fluc-
tuators with Urpr < kgT'. These low-energy fluctuators
(commonly referred to as TLF) have fast relaxation rates,
behave as classical two-state systems and constitute the
fluctuating environment for the higher energy coherent
TLS%?27. The fluctuations in the TLF bath are respon-
sible for the instability of TLS and therefore comprise
the ultimate source of noise and decoherence in quantum
devices® %1619 The TLS-TLF hierarchy is illustrated in
Fig. 1b.

As for their physical nature, the resonant TLS are usu-
ally assumed to be atomic scale tunneling systems, i.e.
atoms in a double well potential, likely hosted by some
lattice imperfection or surface adsorbates®!?, but other
origins have also been suggested?!:28:29 The microscopic
nature of classical TLF's is even more elusive. Only in
one previous setting has an individual TLF (coupled to
a TLS) been studied in a qubit setup®3’. The most
celebrated model for the TLF medium is the standard
tunneling model (STM)3! which aims to derive the ob-
served ensemble averaged properties of decohering media
from a phenomenological description of individual two-
level fluctuators and their parameters. As such, the STM
(and modifications thereof>732:33) does not provide in-
sight into the physical origin of TLS/TLF, nor into the
microscopic properties of individual TLS, instrumental
for procedures to improve and understand material prop-
erties of low temperature condensed matter systems3*. A
microscopic theory of amorphous glassy media requires
understanding of the origin and dynamics of individual
TLS and their TLF environment, and in particular of
their interactions.

Here we experimentally develop this approach in the
specific case of superconducting devices and associated



FIG. 1. Planar superconducting resonator as a sensor of fluc-
tuating environmental defects. a) Sketch of the sample setup:
tuning resonator frequency (via the applied current I,) and
external electrostatic gate V5 allow to select individual coher-
ent TLS for study. The resonator is read out by measuring the
transmission Sz; between ports 1 and 2. b) The TLS (blue)
couples to a few neighboring incoherent TLFs (red) within the
TLS interaction volume (blue circles). The random switching
of TLFs causes the telegraph-like fluctuation of TLS exci-
tation energy. The larger bath of background TLFs (grey)
affects the TLS linewidth. The TLS couple to the resonator
via the microwave electric field Err, and the DC electric field
Epc arising from the applied gate voltage V; allows to select
specific TLS to be in resonance with the resonator.

materials. We employ kinetic-inductance frequency tun-
able planar resonators2®3® in combination with external
electrostatic gating as a versatile platform to resolve indi-
vidual TLS and to track their dynamics. Such a coupled
resonator-TLS system becomes a sensitive probe for the
study of individual TLF in a wide temperature range
from 10 to > 300 mK and provides access to TLF-TLF
dynamics and interaction energies. We reveal the first
direct evidence of two interacting TLFs, sensed through
the same TLS.

II. EXPERIMENT

The results were obtained with a planar superconduct-
ing resonator (made from a NbN thin-film on a sapphire

substrate). The resonator is made frequency tunable via
its kinetic inductance by application of a small direct cur-
rent bias (< 1 mA). Details about resonator design and
fabrication can be found in Ref. 25. The resonators are
cooled down to a base temperature of 10 mK in a well fil-
tered dilution refrigerator. The bias current is fed to the
resonator through low-pass filtered lines and back to the
ground (via a 50 Q termination) at the 4 K stage of the
fridge. A detailed description of the experimental setup
can be found in Ref. 21. An additional and essential as-
pect of the present setup is an electrostatic gate located
in the sample enclosure, separated from the sample by
approximately 2.6 mm, to control the TLS energy'®!2.
The sample set-up showing the gate geometry and device
principle is sketched in Fig. la. We perform Ss; trans-
mission measurements using a vector network analyser
and extract fy and quality factors. The resonator used
here has a bare resonance frequency fy = 4.86 GHz, a
coupling quality factor Q. ~ 1.4 - 10°, and, importantly
for this study, a high single photon internal quality fac-
tor Q; ~ 1.3-10°. We probe the resonator at low powers
corresponding to average photon numbers < 100 to avoid
saturating the TLS.

IIT. RESULTS & DISCUSSION

Fig. 2 shows the variation in internal @); versus applied
gate voltage V; as the resonance frequency is repeatedly
detuned up to 0f ~ 64 MHz (a single frequency sweep
at a given gate voltage takes approximately 15 minutes,
and each detuning step corresponds to approximately one
resonance linewidth). We observe dips in these Q(6f)
traces; when sweeping both frequency and the gate volt-
age, these dips move in frequency and trace out hyperbo-
las on the 6 f — V, plane, some reaching their minimum
within the measurement window. Each of these hyperbo-
las originate from a strongly coupled coherent TLS with
frequency

fris(Vi) = D3+ 22 (Vs = Veg)2/h (1)

where v ~ pg/dgate is the coupling strength of the TLS to
the electric field induced by the applied gate voltage (see
Appendix B for details), and pg = gdy is the TLS dipole
moment (with charge ¢ and displacement dy) projected
along the direction of the local electric field induced by
the gate.

We now focus on the two segments (marked with red
dashed lines in Fig. 2) with minima around Vo = —23
V and —18 V and the same . Close inspection of Fig. 2
reveals that for each vertical trace the TLS is exclusively
measured in one of two states only, a strong indication
that these two hyperbolas originate from the same TLS.

The instability of TLS parameters is attributed to the
switching of low energy TLFs?” in the proximity of the
TLS. One such TLF is dominant in this specific case and
the switching rate is on the order of the sweep time, i.e.
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FIG. 2. Spectral and electric field mapping of TLSs. The measured variation of the quality factor 6Q; = (Q; — (Q:))/(Q:) of
a 4.86 GHz resonator as a function of resonator frequency and applied gate voltage (V). Numerous individual TLS trace out
the hyperbolas associated with additional loss (lower Q). Data is taken at 10 mK and average photon number ~ 10.

15 minutes. Noteworthy, close to the hyperbola mini-
mum the energies of the two states are degenerate and
switching cannot be observed. This, together with the
same ~ and minimum frequency of the two hyperbolas,
indicates that the coupled TLF modifies the local electric
field experienced by the TLS. The amount by which the
fluctuating field perturbs the TLS energy depends on the
TLS dipole moment py and the TLF-generated electric
field at the TLS position.

To estimate pg we first extract the coupling strength
~ by fitting eq. (1) to the hyperbola in Fig. 2 and find
v = 19 MHz/V. Next, for a known sample (and enclo-
sure) geometry we can evaluate the typical electric field
E experienced by the majority of TLS if they were ran-
domly distributed at the metal/air (MA) or substrate/air
(SA) interfaces. Based on electrostatic simulations and
the measured distribution of 4’s from a large number
of TLS hyperbolas we find that the most likely loca-
tion for TLS with + on the order of 10 — 20 MHz is
on the MA interface and the most feasible dipole mo-
ment is pg ~ 1.9 eA (see appendix C), quite plausible
number for an atomically-scaled fluctuator. In what fol-
lows, we will assume that the incoherent TLFs are also
hosted by structurally similar defects and therefore pos-
sess a characteristic dipole moment comparable with that
of the TLS. Then the distance rg between the hopping
TLS (c¢f. red dashed hyperbolas in Fig. 2) and the
disturbing TLF can be estimated from the gate volt-
age offset 0Vyo = 5 V between the two hyperbolas. We
find 7o ~ 80 nm (Appendix C), which is consistent with
the expected interaction volume R? of a TLS, previously
found through analysis of ensemble effects to be R ~ 100
nm at 10 mK!'®2736 (and scaling with temperature as
R ~ T+ 1 ~ 0.2 being a parameter characterizing

the oc U* energy dependence of the TLS density of states
at low energies). The field modulation due to this partic-
ular TLF is likely on the upper scale of expected ensem-
ble parameters, as no other switching TLS among about
50 studied so far shows similar or larger displacement,
and we cannot exclude that for the majority of TLS the
switching is masked by their linewidth. Accounting for
possible screening effects would also yield a smaller 7,
although to accurately estimate screening at the atomic
scale is not a straightforward task.

Counting the number of traces n; and ng in Fig. 2
that correspond to the TLS in each of two states we
get the probability for the TLF to be found in its ex-
cited state, and from this probability we can estimate the
asymmetry energy Ag for the TLF, Arpp: In(ng/ng) =
—ArLr/kpT. Assuming the TLF temperature is that of
the mixing chamber we find that Arpp = 11 mK (0.23
GHz), which is much smaller than Arps/h = 4.82 GHz
(230 mK).

If TLF switching disturbs the TLS energy by an
amount similar to or less than the TLS linewidth, the
above simple approach of counting traces in the two
states could not be used. In this situation we instead
trace the instantaneous resonator frequency using the
Pound locking (PL) technique®”. In principle, with the
PL technique it is possible to trace the temporal reso-
nance frequency variations with sub-millisecond resolu-
tion. However, here the observed TLF dynamics occurs
at longer timescales which limits our sampling rate to 10
Hz.

Combining the electrostatic gating and the frequency
tuning we bring a strongly coupled TLS into resonance.
Fig. 3a presents the time-averaged resonator response
when the gate-dependent TLS frequency crosses the res-
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FIG. 3. a) The time-averaged resonator frequency around its resonance with a strongly coupled TLS tuned by the gate.
b) Temporal fluctuations of the resonance frequency when resonator and TLS are tuned in (red) and off (black) resonance.
Corresponding gate voltages are indicated by the dashed lines in a). The measurements performed at T = 30 mK. c¢) Histograms
of the two time traces in b). d) Sketch of the corresponding microscopic TLF-TLS configuration discussed in the text.grr and
gsr show the couplings between the different entitities. e) The fitted TLF energy scales for a range of temperatures.

onance frequency. This particular TLS, when tuned
through resonance, shifts the resonator frequency by
~ +40 kHz (comparable to the resonator linewidth of
70 kHz). We measure the resonator frequency as a func-
tion of time at two selected values of the gate voltage
Ve depicted in 3a with black and red dashed lines (here
shown for the temperature T' = 30 mK). The correspond-
ing time series are shown in Fig. 3b. Fig. 3c shows
the histograms of the same data. Off resonant with the
TLS (black data) the histogram is well described by a
single narrow Gaussian peak. Its width corresponds to
the ‘background’ frequency noise of the resonator, and
a typical 1/f noise power spectrum of magnitude simi-
lar to what was previously reported'®3%; the background
1/f noise stems from the energy drift of a large number
of weakly coupled TLS. We then perform the same mea-
surement on resonance with the strongly coupled TLS
(red data). Its strong coupling allows us to single out
the dynamics of one particular TLS from the rest of the
TLS ensemble. Remarkably, we find four distinct peaks
in the histogram of the fy(t) data.

The most straightforward interpretation of the four-
peak histogram structure is that this particular TLS is
strongly coupled to two low energy TLFs. The gate and
frequency tunability in our experiment allows us to sin-
gle out a dominant TLS coupled to multiple TLFs. To
the best of our knowledge, this is the first direct evi-

dence of multiple fluctuators coupled to the same TLS,
whereas single ones have previously been identified®. Re-
markably, the four-peak structure persists on histograms
up to T'= 100 mK (see appendix for more data), albeit
less evident at high temperatures. At even higher tem-
peratures (150 mK and above) we observe irreversible
thermal reconfiguration of the TLS?! whereupon further
measurements of the same TLS were not possible.

To always have just a few strongly coupled and ther-
mally active TLFs would indeed be the expectation based
on previous estimates'®27. In our particular case, based
on the magnitude Ay = 3 - 107'* of the 1/f fractional
frequency noise Sy (f) = Ao/ f (extracted from the power
dependence of the noise when off-resonant with a strongly
coupled TLS) and the intrinsic loss tangent, we can make
an order of magnitude estimate for the average expected
number Np of thermally activated fluctuators coupled
to each coherent TLS!6:27. We find Ny = ¢T't* =~ 5 at
T = 10 mK, where ¢ = 1300 K~!17# (see appendix A). All
four peaks in Fig. 3c are of similar amplitude, meaning
that the TLS-TLF-TLF constellation spends roughly the
same time in any of the four specific configurations. This
indicates that all switching energies are on the same scale
as the temperature, 30 mK. To further quantify this qual-
itative statement we note that in thermal equilibrium the
occupation numbers Py t for these four states are pro-
portional to e~U+.+/k8T where the notation + indicates



the two possible states of each TLF and Uy 4 are the
energies of the corresponding conformation. The occu-
pation numbers are given by the normalised peak areas
in the measured histograms (Fig. 3c), Py + = Ay 1 /YA
where XA=A_ _+A, +A_ +A, ;. Thepeak areas
are obtained by fitting the histograms to four overlapping
Gaussians (c¢f. Fig. A3 for the fit accuracy).

The microscopic picture of the interacting TLFs and
TLS is sketched in Fig. 3d. Assuming the TLF-TLS
coupling gsr is smaller than the TLF-TLF coupling grp
(i.e. the backaction of the TLS on the TLF is negligible
— an assumption which will be eventually justified by
the numbers extracted from the fit), we can compose a
Hamiltonian for the two-TLF subsystem as

H=Uy~ 5o 220 - 00, (2
where o7 2 indicate the states (£) of the two TLF's re-
spectively. The ground U_ _ and highest energy U,
states can then straightforwardly be assigned to the
most and least populated peaks respectively. The as-
signment of Uy _ and U_ y is merely a matter of no-
tation. We thus arrive at a system of four equations
H(+,4£) = —kpTIn(Py 1) which we solve for Ay, A
and gpp. From the data at 30 mK in Fig. 3b and 3c we
get Ay = 12.0, Ay = 8.6 and gpr = 3.9 mK.

The final ingredient in the microscopic picture in Fig.
3d, the TLS-TLF coupling gsr, can be extracted from the
observed shift in TLS frequency due to TLFs switchings,
i.e. from the histogram peak-to-peak separation in Fig.
3c. The ~ 80 kHz separation between the (—,—) and
(4, —) peaks translates to an equivalent electric field in-
crement of §V; = 0.5 V (with the slope § f(V) in Fig. 3a
as conversion factor), equivalent to § Ey ~ 200 V/m. This
corresponds to an interaction energy Eypg ~ 0.5 mK, an
order of magnitude below the extracted numbers for gpp.
A posteriori, this justifies the previously made assump-
tion that the TLS state exerts a negligible back-action on
the TLFs. One possible interpretation for such a small
number for the TLF-TLS coupling is that the TLS has a
dipole moment ten times smaller than the TLF, though
a more natural assumption would be that TLF-TLF dis-
tance is two times smaller than that of the two TLF-TLS
distances (the dipole-dipole interaction scales as ~ 1/7?).

The same analysis was applied to the TLS switching
data collected at a set of temperatures up to 150 mK (cf.
Appendix D: Fig. A3), the cumulative plot for asymme-
try and interaction energies is shown in Fig. 3e. It is
quite clear that the higher is the temperature the higher
are the characteristic energies of the TLF's disturbing the
TLS. To understand this correlation we note that in a
(idealized) glassy media one finds a hierarchy of fluctu-
ators with arbitrary energy scales. At any specific tem-
perature T there exist fluctuators with switching energies
A much lower, similar and higher than T. Fluctuators
with A <« kT are switching too fast to be resolved as
separate peaks in the histograms: TLFs with switching
rates exceeding the measurement sample rate will con-

tribute only to the generic 1/f noise background and
to the linewidth of the measured histograms. Only those
TLF's with a switching rate commensurate with the band-
width of the experiment can be observed as distinct peaks
in the histograms. Varying the temperature we thus ac-
quire information about the TLF spectral density. A set
of histograms (Fig. A3) reveals that at any temperature
this specific TLS is perturbed by just a few TLFs (one
being dominant on some occasions), this means that the
TLF spectral density is essentially uniform in the 10—100
mK range.

We now turn to the non-trivial question of whether the
measured data captures an ergodic representation of the
full statistics of the system. As discussed above, at any
temperature there exist high energy TLFs which fluc-
tuate only on very long timescales, i.e. they may or
may not flip during the given acquisition time. Such
rare events can make histograms extracted from repet-
itive time traces poorly reproducible. To check for the
reproducibility we perform the same histogram decompo-
sition on the two halves of the acquired time traces, the
A’s and gpp’s extracted from the subsets are depicted
in Fig. 3e as triangles. We see that though the general
energy-temperature correlation holds, one cannot ascer-
tain a specific functional dependence. Much more com-
prehensive statistics is needed to address the ergodicity
issue and reveal the functional form of the temperature
dependence of the TLF self- and interaction energies.

IV. CONCLUSIONS

In summary, we have shown that using frequency tun-
able superconducting planar resonators in combination
with electrostatic gating the spectral diffusion of individ-
ual two-level system defects can be mapped and their
parameters obtained. More importantly, by utilising
the coupled TLS-resonator system as a sensor for the
very low energy properties of the TLF bath we demon-
strate the methodology for building a macroscopic pic-
ture of low energy glass physics based on individual ob-
servations. Such a route provides an alternative way
to shed further light on the microscopic origin of low
energy TLFs. These low energy defects are otherwise
very challenging to study, yet they play an essential
role in the generation of noise and decoherence in quan-
tum devices. From a theoretical perspective, a num-
ber of long-standing conundrums remain unanswered for
amorphous glassy media. In particular, the “universality
problem”3840 and the failure of the STM for some ma-
terials below ~ 100 mK3*4%-42 This has stimulated at-
tempts to address these problems by including TLF inter-
actions in the form of inversion asymmetry>3, dipole?”+32
or quadrupole*®#* interactions, or TLS clustering??4°.
The methods presented here are likely to aid in identify-
ing appropriate models®* for, and the origin of, these elu-
sive microscopic defects. Through detailed temperature
dependence of the TLF switching behavior and the statis-



tics gathered on a large number of TLS/TLF constella-
tions, the TLF energy density spectrum and the dom-
inant switching mechanism*®*” can be deduced. Such
information will provide very restrictive selection criteria
on a plethora of phenomenological TLF models discussed
in literature®. Through the first clear experimental ev-
idence for two strongly coupled fluctuators to the same
TLS we are able to extract TLF-TLF interaction energy
which remains consistently small (< 10 mK) for a range
of temperatures. Interestingly, the ascertained energy
scales and the uniformity of the TLF spectrum are com-
mensurate with the conjectured model for the ubiquitous
1/f flux noise in quantum devices?48:49,
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Appendix A: Estimating Nr from the 1/f frequency
noise amplitude

From the generalised tunneling model®” (a model de-
scendant from the STM which takes into account TLS in-
teractions), we can estimate the average number of ther-
mally active TLFs coupled to a specific TLS, N, from
the measured loss tangent y ~ tand; and magnitude of
the 1/f frequecy noise Ay:

Np

Ay = T2 F?P,U, )
0 X v OFZVh

(A1)

Here F is a geometric filling factor, P, is a con-
stant of order unity that depends logaritmically on
TLF switching rates, Uy = p3/coer, and hly =
In(Tmax/Timin ) X (k8T) 1 /(hfo)* is the average TLF
linewidth. The average number of active fluctuators cou-
pled to each TLS is then

thF2Vh€0€7-
N = m(F tan ;)2 Pyp3’ (A2)
We use typical parameters!'® P, = 0.5, e, = 10, the
logarithm of the ratio of the minimum and maximum
of the switching rate distribution In(T'yax/Tmin) = 20,
and g = 0.2. The device specific parameters are'®-2!
Ftand; =0.7-107° , V}, =& 2-107 1% m3, f; = 4.86 GHz,
F = 0.015 which results in Np = ¢T''*#* =~ 5at T = 10
mK, where ¢ = 1300 K=17#,

Appendix B: Gate-induced electric field strength

Fig. Ala shows the detailed geometry of the sam-
ple and its enclosure with the embedded gate electrode
used to tune the TLS energy via the electric field in-
duced on the TLS by the gate potential. All metal struc-
tures on the sample (superconducting) are connected to
the ground potential with a negligible resistance. The
resulting static electric field strength at the device sur-
face is shown in Fig. Alb, evaluated using COMSOL.
The figure shows the electric field strength induced by
the top gate electrode at the metal-air (MA), metal-
substrate (MS) and substrate-air (SA) interfaces for a
representative cross-section of the device. Fig. Alc shows
the probability distributions P(E) of finding a TLS ran-
domly placed at the MA- (red histogram), the MS- (blue
hisogram), or the SA- (orange histogram) interfaces at
a point where the gate-induced electric field has a spe-
cific value E. The histograms were obtained from a 3D
electrostatics model solved for one elementary cell of the
quasi-fractal device structure (see Ref.?> for design de-
tails), with a surface mesh element size of 1 nm?. The
gate electrode is much larger than the resonator struc-
ture, hence the field strength is assumed to be equal for
all elementary cells acccross the device.
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FIG. Al. a) Schematic (not to scale) of the sample and its en-
closure outlining the location of the gate electrode and ground
potentials with respect to the sample. b) Simulated electric
field strength (for 1 V applied to the gate) along the two
surfaces indicated by the red and blue contours in a). ¢) Nor-
malised histogram showing the probability of finding a TLS,
randomly placed at the MS or MA interfaces, at a point with
a certain electric field strength.

Appendix C: TLS parameter distributions

From the calculated P(FE), which gives the likelihood
of finding a particular electric field strength anywhere
on the device surface, we evaluate the dipole moment of
the observed TLS with v = 19 MHz/V in Fig. 2 using
po = (vh/2)(0V/OFE). This gives the probability dis-
tribution for the dipole moment of this particular TLS
shown in Fig. A2a, which is peaked around 1.9 eA. Here
we have neglected the contribution from the MS interface,
as this would yield dipole moments that are incommen-
surate with the rest of our observations. The MA and SA
interfaces are almost indistinguishable in terms of E-field
strengths and are here considered jointly.

Next, the distance between the TLS and the TLF
which it is coupled to can be estimated from the offset of
the two highlighted hyperbolas in Fig. 2 using

471'6 e SE — 1 1
T T (rg — 6rcos0) (ro + orcos )2’

— B1

5 (B1)
where 67 = pi ¥ /2e, 6 accounts for the projection of the
TLF displacement towards the direction of the TLS, and
0F is the local vatiation in electric field deduced from



the offset of the two parabolas in Fig. 2. The TLF is
assumed to have the same dipole moment as the TLS.
Solving for ryp with ¢ = 0 we can evaluate the probability
distribution in rg, which is peaked around ry ~ 78 nm.
This distribution is shown in Fig. A2b and takes into
account the MA and SA interfaces only.

Finally, we show that the measured v = 19 MHz/V
is commensurate with a TLS on the MA surface of our
device, located away from any metal edges. Close to the
edges the electric field is enchanced and a TLS placed
there should have a much stronger gate response. We
associate those near-edge TLS with the almost vertical
lines that can be seen in Fig. 2. These segments can be
fitted with ~’s that are 20-50 times larger, in agreement
with the enhanced electric fields near the metal edges.
Excluding these from further analysis, we focus on the
TLS that have clear, observable hyperbolas.

(

()
-
o
w
1
1

Probability
o
N
1

o
o
1

0:0 : HHHH . Hnnn

05 1.0 15 2.0 25 3.0
TLS dipole moment (eA)

Probability <

o
o
1
1

o
[N}
1
1

.—.I:-|F1|_||—| . I|_||—||'| pt
60 65 70 75 80 85 90 95
TLF-TLS distance r, (nm)

—
¢)

~
©

(o]

[ Measured y 7
Expected MA+MS+SA |
Expected MA+SA

Expected MA+SA, ¢=0 |

[}

H

Measured count
(o2}

1
N

e
So
Expected distribution (au)

0.00 0.02 0.04 0.06 0.08
Voltage coupling y (GHz/V)

FIG. A2. a) Assuming the TLS is located at either the MA or
SA interface we can from the fitted hyperbola and the E-field
distribution obtain a probability distribution for the dipole
moment of the TLS. b) The probability distribution of the
TLF-TLS separation ro assuming the rotation angle ¢ = 0.
A larger ¢ would shift the distribution towards smaller r¢.
¢) Measured distribution of TLS voltage coupling coefficients
~ obtained by fitting a large number of hyperbolas observed
across a number of cooldowns. Only hyperbolas that are well
defined (e.g. by the TLS minimum energy within or near
the measured frequency window) are included in the statis-
tics. The solid lines show the expected distribution obtained
from the surface E-field distribution and assuming a uniform
angular distribution of TLS orientations.

Fig. A2c shows the histogram of extracted coupling
coefficcients from a large number of individual such TLS
hyperbolas seen in a number of measurements (several
devices/cooldowns). Naively one would expect that this
distribution reflects the E-field distribution of the de-
vice (Fig. Alc), albeit averaged across all TLS angles
0, stretching the distribution towards lower . For a
uniform distribution of TLS angles 6§ we would expect
the distribution in v to continue down to zero. This ex-
pected distribution using the assumption of py = 1.9 eA
for two sets of surfaces considered (MA + SA and MA
+ SA + MS) is shown as the solid lines in Fig. A2c. In-
terestingly, the measured distribution does not continue
smootly down to v = 0, but instead it is abrubtly termi-
nated with no v < 8 MHz/V. This implies that none of
the TLS observed are located at the MS interface were
the gate is well screened.

However, § = 7 implies that the TLS dipole moment
is orthogonal to both the DC gate and the RF electric
field. Thus the coupling strength to the resonator van-
ishes simultaneously, explaining why we do not observe
any TLS with v = 0 at the MA interface. At the SA
interface this assumption does not hold: RF fields are
predominantly in the surface plane but DC fields have a
non-negligible perpendicular component. Likewise, well
inside the MS interface we have very small DC fields that
are orthogonal to the metal surface where the RF field is
still strong. Hence we conclude that the majority of the
TLS we observe are on (or very near) the metal surface.
In addition it would be natural to have a distribution of
dipole moments, further smearing the expected v distri-
bution. The theory expectation in Fig. A2c is calculated
assuming a maximum dipole moment projection of 1.9
eA, and mainly highlights the lack of TLS observed with
low . The data also shows more TLS with larger ~
than what is to be expected from this estimate. This is
likely the result of TLS defects having a distribution of
dipole moments and different locations within the inter-
faces that results in varying degrees of screening of the
local electric field.

Appendix D: Switching histograms at different
temperatures

In Fig. A3 we show the switching statistics obtained
for the coupled TLF-TLF-TLS-resonator system at dif-
ferent temperatures together with the Gaussian fits used
to extract the peak areas. Each dataset spans 2.8 hours
of observations gaplessly sampled at a rate of 10 Hz.
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FIG. A3. Distribution of resonator frequency for the coupled
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