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Disordered thin films are a common choice of material for superconducting, high impedance circuits
used in quantum information or particle detector physics. A wide selection of materials with different levels
of granularity are available, but, despite low microwave losses being reported for some, the high degree of
disorder always implies the presence of intrinsic defects. Prominently, quantum circuits are prone to
interact with two-level systems (TLS), typically originating from solid state defects in the dielectric parts of
the circuit, like surface oxides or tunneling barriers. We present an experimental investigation of TLS in
granular aluminum thin films under applied mechanical strain and electric fields. The analysis reveals a

class of strongly coupled TLS having electric dipole moments up to 30 eA, an order of magnitude larger
than dipole moments commonly reported for solid state defects. Notably, these large dipole moments
appear more often in films with a higher resistivity. Our observations shed new light on granular
superconductors and may have implications for their usage as a quantum circuit material.

DOI: 10.1103/PhysRevLett.132.217002

Originally studied with regard to their enhanced critical
temperature [1], thin films of disordered superconductors
have regained popularity in recent years due to their
outstanding high frequency properties, which stem mainly
from their low intrinsic charge carrier density [2]. In these
materials, the large kinetic inductance can lead to circuit
impedances in the kQ range. This property has proven
valuable for many applications, like single photon detec-
tors [3-5], superconducting qubits [6—8], nanowire devi-
ces [9,10], and high impedance resonators [11-15].

The disordered structure of the material also favors the
presence of defects throughout the entire film. In particular,
defects forming coherent two-level systems (TLS) are
known to exist in the amorphous surface oxides of super-
conducting films. Via their electric dipole moment, such
TLS can couple to the ac fields of quantum circuits, causing
energy relaxation and dephasing [16]. As a consequence,
increasing experimental effort has been undertaken to
investigate TLS origin, nature, and location. Individual
TLS can be observed in superconducting qubits [17-22]
and resonators [23,24], the latter being also used to study
TLS ensembles in different materials [25-29].

In this Letter, we report on experiments with compact
microwave resonators fabricated from granular aluminum
thin films. The material consists of pure aluminum grains
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with a diameter of about 4 nm embedded in a matrix of
amorphous aluminum oxide, which self-assembles during
the deposition of aluminum in an oxygen atmosphere [30]. In
the growth process, the oxygen partial pressure influences the
thickness of the oxide barrier separating the grains, typically
1-2 nm, and thus the normal state sheet resistance R, [31]. If
R, is well below the resistance quantum R, = 6.45 kQ,
granular aluminum is superconducting (7, ~ 1.8 K) and
shows, compared to pure aluminum, a reduced charge carrier
density as well as a sizeable kinetic sheet inductance Ly;, =
0.18AR,/(kgT,) in the nH/[J range.

For this study, we have patterned five different films
(chips A-E, see Table I for details) into a total of thirteen
A/2 microstrip resonators. Depending on the sheet induct-
ance, the resonator length was varied up to 500 pm at a
constant width of 2 pm. On chip D and E, the resonators
were covered by an additional, insulating layer of granular
aluminum (R, > R,), in order to compare the contributions
of different film surfaces to the dielectric loss.

Figure 1(a) provides a sketch of the experimental setup.
We apply mechanical strain &, using a voltage controlled
piezoactuator up to Upie,o, = 40 V ([18]) and electric fields
upto E, = 629 kV/mthrough parallel capacitor plates [32].
Here, E,(Uge.) is the maximum field value along the
resonator film edge (see Supplemental Material IV for
technical details [33]. To monitor the resonance behavior,
the microwave transmission S,; of the samples is recorded
with a vector network analyzer in a millikelvin temper-
ature setup.

For low applied microwave power (few photon regime),
the transmission spectrum reveals numerous anti-crossings
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TABLE 1. Overview of the characteristic sample parameters.
Each chip hosts several resonators with similar geometry and
sheet resistance R,.

Chip A B (o D? E?
Thickness (nm) 25 22 30 24+ 17 23+ 17
R, (kQ/) 0.6 1.5 4.1 0.7+12 0.7+ 190
No. Resonators 2 3 3 3 2

*Sample is fabricated from a bilayer, which consists of
a superconducting (bottom) and insulating (top) granular
aluminum film.

over a wide range of electric fields, see Fig. 1(b) for a subset
of the data [strain: Fig. 1(c)]. In the vicinity of an
anticrossing, the resonance frequency w, shifts and the
linewidth k increases noticeably, as illustrated by the inset
of Fig. 1(b). A sweep of the power Py, see Fig. 2(a),
suggests a dependence of this resonance broadening on the
average resonator photon number 7i « Py /(hw?) [38]. At
low photon numbers (blue line), two pronounced peaks in
the relative linewidth x/x, clearly indicate an anticrossing.
This feature gradually gets washed out as 7 increases and
disappears around 7 = 10* (red line). Subsequently, we
monitored the increased linewidth over a two-day period in
a wider range of electric fields [Fig. 2(b)]. There, the
electric field values El, at which the anticrossings occur,
fluctuate noticeably. We identify a telegraphiclike switch-
ing pattern between two E!, values as well as sudden jumps
to a different E..

Overall, the strain and electric field experiments show a
similar qualitative picture [see Figs. 1(b) and 1(c)].
However, strain measurements are inconsistent due to
the hysteretic nature of the piezoactuator, which makes a
direct comparison of the data difficult. In the following, we
therefore focus on experiments with electric fields, which
also show a higher anticrossing count.

Under the assumption that the measured anticrossings
stem from the coherent interaction of the resonator with
TLS [16], the experimental data can be separated into two
classes: (i) strongly coupled TLS characterized by a
coupling strength g~k on the order of the resonator
linewidth and (ii)) moderately coupled TLS with g < k.
While the TLS type (i) generates more pronounced anti-
crossings, the TLS of type (ii) actually make up most of the
total anticrossings count (see Supplemental Material III for
the detailed statistics [33]).

Because of their typically low lifetimes [20,21,32,39],
near resonant TLS present a very effective loss channel for
superconducting resonators. Since a single TLS can only
absorb one photon at a time, the loss is expected to saturate
when the number of available photons 7 is large enough
such that the TLS are, on average, already excited.
This behavior can be seen in Fig. 2(a). The telegraphic
switching as well as the sudden jumps of the resonator
frequency [Fig. 2(b)] are also known signatures of TLS
dynamics [27,40-42]. Such fluctuations are generally
attributed to the coupling of a resonant TLS to secondary
TLS at much lower frequencies (Awryg < kgT'), under-
going incoherent tunneling or random thermal transi-
tions [43]. The collective behavior of the anticrossing pair
around E! =40 kV/m indicates that it belongs to a
single TLS.

An evaluation of data from all resonators yields an
average density of 1/30 GHz for all observable TLS. An
independent analysis of the resonator loss tangent
tan(8) « k(7 — 0), however, suggests that these TLS are
not solely responsible for the entire dielectric loss, which is
more likely to be dominated by a bath of weakly coupled
TLS which are not directly observable in our measurements
(for details, see Supplemental Material VI [33]).

The quantum mechanical model of a TLS (a tunneling
particle in an asymmetric double well potential [44,45]),
yields a transition frequency
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Resonator measurements with applied mechanical strain and electric fields. (a) Sketch of the sample holder. A piezoactuator

and a dc electrode are used to manipulate the strain § and the electric field E. (b) Sample transmission amplitude |S,|* in a spectral
window A®w = @ — w, around the resonance frequency at w, = 7.84 GHz, as a function of the maximum electric field at the film surface
E,. The inset illustrates how the linewidth « of the unperturbed resonance (black) increases near one of the anticrossings (gray). Inset
data is smoothed for visibility. (c) Resonator transmission as a function of mechanical strain applied to the film.
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FIG. 2. Resonator loss traces. (a) Relative resonator linewidth
k/ko as a function of the electric field and the average photon
number 7. Near an anticrossing, « is noticeably increased (darker
color). The anticrossings get washed out as the photon number
increases 7 — 10*. (b) Tracing several anticrossings over a two-
day period. The data reveal various types of temporal fluctuations.
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Here, A and € are the tunneling and asymmetry energies of
the unperturbed TLS, y* is the effective coupling strength to

the strain field £, = |§ | and d is the component of the TLS’
s electric dipole moment that is parallel to the maximum
expected field strength E,. Therefore, d is a lower bound

for the TLS dipole moment |23 |. Because of the quadratic
terms in Eq. (1) there are always two E%° values where the
frequencies of TLS and resonator cross (wys = @),
provided that A < Awm,. For moderately coupled TLS with
A =~ ho,, a hyperbolic trace in accordance with Eq. (1) is,
on rare occasions, visible in the transmission spectrum over
the whole frequency range Aw (see Supplemental Material
II for additional measurement data [33]).

We now take a closer look at the pronounced anticross-
ings in our spectra. Following Sarabi et al. [23], the Jaynes-
Cummings model for a resonator and a single, strongly
coupled TLS yields an analytical expression for the micro-
wave transmission in the vicinity of an anticrossing

K./2
k/2 +i(®— )+ Plyms/2 + i(w — ong)] ™"
(2)

Here, k and yy g are the linewidths of resonator and TLS.
The external loss rate of the resonator k. has a complex

S210<1—

component due to the nonideal transmission line [46]. We
use Eq. (2) together with Eq. (1) to fit the model to the
measured transmission data in the vicinity of anticrossings
with strongly coupled TLS. In particular, only symmetric
anticrossing pairs were selected [top inset Fig. 3(b)],
ensuring unambiguous values for the extracted parameters.
On the basis of 86 analyzed anticrossings obtained in two
independent measurement runs, we find a wide distribution
of TLS linewidths ranging from 0.2 to 80 MHz [Fig. 3(a)].
The average linewidth value 7y;g/27 ~ 14 MHz, corre-
sponding to a coherence time of a few hundreds of
nanoseconds, is comparable to values found in similar
studies on superconducting qubits [32,39] and distributed
microwave resonators [24,47].

The extracted values for the coupling strength g and
dipole moment d are shown in Fig. 3(b). For reference, the
hatched area indicates the estimated parameter space for
conventional TLS originating, e.g., from atomic defects
(AD), in agreement with earlier experiments that have
reported dipoles |dsp| of up to 2 eA [20,48-52]. While the
TLS of type (ii) fall into this region, the analysis of the
more pronounced anticrossings shows a different picture.
Specifically, order of magnitude larger dipole moments,
up to 30 eA, and coupling strength g/2z > 1 MHz are
extracted from the fits. Both quantities are statistically
correlated (Pearson correlation coefficient » = 0.61), as

expected for g o Erms|;1|. Here, E., « /Z, is the maxi-
mum single-mode resonator field at the film surface, which
is enhanced by the high characteristic impedance of the
resonator Z, (see Supplemental Material IV for technical
details [33]).

Interestingly, TLS with a coupling strength of ¢g/27 >
2 MHz are only observed on samples B and C. This
supports the assumption that for the two-layer samples
(D and E), most strongly coupled TLS reside in the
insulating top layer, while the resonator currents flow only
in the lower, superconducting layer. Then, screening effects
partially reduce E,, for these TLS, while E, remains
comparable for all samples.

The bottom inset in Fig. 3(b) shows the density of
strongly coupled TLS found in each sample, normalized to
an electric field tuning range of one megavolt per meter.
The values increase with R, also for the films with the
insulating capping layer. In particular, the TLS density in
sample E is noticeable higher than in sample A, despite an
almost identical sheet resistance of the resonating layer.

Using atomic force microscopy, we measure a rather low
surface roughness of §; < 1 nm for the granular aluminum
film, which is comparable with the surface roughness of
pure aluminum S, > 1 nm. This supports the assumption
that the electric fields at the resonator film edge do not
experience a substantial enhancement due to the granularity
of the film. Consequently, the observation of dipole

moments far exceeding 2 eA points towards the existence
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Analysis of strongly coupled TLS. (a) Distribution of TLS linewidth y1; g obtained from 86 fits on data from all samples.

(b) Resonator-TLS coupling strength g and TLS dipole d extracted from the same fits. Single layer samples are colored in shades of blue,
two-layer samples in shades of yellow. Error bars smaller than the marker size are not shown. Hatched area indicates the parameter space
expected for atomic defects. Top inset: Transmission spectrum of the resonator in the vicinity of a strongly coupled TLS. Bottom inset:
Average number of strongly coupled TLS in one megavolt per meter electric field range, as found on each sample. Error bars indicate
variations between different resonators and cooldowns. (c) Top: Sketch of the granular aluminum film surface, illustrating atomic defects
(blue) as well as potential candidates with larger dipole moments (red). The latter includes charges trapped on or between grains,
tunneling nanoclusters of atoms, or quasiparticles trapped due to spatial variations of the superconducting gap. Bottom: Side view of the

sample showing the relevant electric fields (not to scale).

of TLS having a previously unknown microscopic origin.
Possible candidates are illustrated in Fig. 3(c).

In a recent publication, dipole moments of similar size
have been observed by studying the dielectric loss of
amorphous silicon under a swept electric field [53].
The findings were interpreted in the scope of a two-
TLS model [54]. There, TLS are classified, similar to this
work, into a weakly and a strongly interacting variety,
where the latter can have very large electric dipole
moments but is generally only observed under nonequili-
brium conditions. In the equilibrium case, phonon medi-
ated TLS-TLS interactions create a gap in the energy
spectrum at the relevant energies [55,56]. If, however, the
sample is disordered, it has been shown that the granu-
larity modifies the phonon spectrum [57], which might
obstruct the TLS-TLS interaction and lift the gap.

For the above mechanism to be effective, such TLS have
to sit at the grain boundaries rather than the surface oxide of
the film. They could, for instance, be formed by tunneling
nanoclusters (TNC) with up to hundreds of participating
atoms [58]. For our study, the electrical field has to reach
the TLS in order to modify its frequency. As a lower bound,
we can roughly estimate the static field penetration depth
A > Atgp~2 nm to be on the order of the Thomas-Fermi
length (see Supplemental Material III for details [33]).
Thus, since 4 is comparable to the thickness of the films, we

can assume that the global field E, does not only penetrate
the surface oxide but also into the inner film parts, e.g., the
oxide between the grains.

The prevalence of strongly coupled TLS in films with
higher sheet resistance [inset Fig. 3(b)] suggests that the
underlying physics might be related to the suppression of
the global phase coherent state in these films [59], which is
much more sensitive to changes in R, than the film
morphology. This assumption is supported by noise mea-
surements performed earlier on these samples, where a
dependence on R, was also observed [60].

A potential TLS candidate that becomes more likely as the
film resistance increases are quasiparticles (QP) localized
due to spatial variations of the superconducting gap dA,..
This hypothesis has recently been reported as a novel type of
TLS in disordered NbN films [61]. Such traps can arise,
e.g., due to weak magnetic impurities or film inhomogene-
ities [62,63]. Compared to NbN, granular aluminum is
characterized by an increased coherence length &y o0 %
2&ynon- The consequence are wider (~§%) traps and thus
potentially larger dipoles, which are also shielded less
efficiently due to the reduced charge carrier density. In
granular aluminum, traps can also be expected to be
shallower (0A,. = 0.15A,. = 500 mK), resulting in a com-
parable distribution of TLS frequencies « Ascfé in both
materials. We note that the highly restive layers covering the
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resonators on D and E might contain superconducting
puddles where this effect can also occur [64—66].

Historically, a popular concept to explain strongly
coupled TLS are tunneling charges (TC), for which evidence
has been found in Josephson junctions [67,68] and Nb + Pt
resonators [69]. In granular aluminum films, localized
charges naturally occur when the sample approaches the
superconductor to insulator transition (SIT) [64]. While the
typical charging energy of fairly isolated grains on the order
of several Kelvin does not match the presented findings, it
has been shown that hopping charges can be dressed by
phononic states of neighboring grains [70] or virtual
tunneling processes [71], renormalizing the TLS energy.

The localization of charges near the SIT is accompanied
by local fluctuations of the superconducting phase [72]. As
a consequence, collective excitations of the condensate are
expected to acquire dipole moments and appear as low-
energy subgap features [73,74], which would be exper-
imentally observable.

In conclusion, we have characterized two-level systems
in oxidized granular aluminum films using electric field
and strain tuning experiments. In addition to TLS with
conventional properties, we observe a strongly coupled
variety of TLS with orders of magnitude larger dipole
moments. These TLS are found more frequently in samples
with higher sheet resistances. Because of their pronounced
frequency fluctuations and low lifetimes, they can be a
severe source of noise and dissipation. Since the micro-
scopic mechanism forming these large dipoles remains
unknown, we are calling for additional experiments to
uncover their nature. Possible pathways include lumped-
element resonator geometries [23], which allow for a more
precise investigation of insulating granular aluminum films,
applying magnetic field, which offers a selective way to
manipulate trapped quasiparticles [61], measurements with
a fast electric field as presented in Ref. [53], or cold-grown
granular aluminum films, which have a slightly different
grain size distribution [75].
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