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Abstract
The evolution with thickness of the properties of quench-deposited homogeneous amorphous bismuth (a-Bi) thin films with

a 14.67Å amorphous antimony (a-Sb) underlayer has been studied. In contrast with the results of previous investigations on
similar systems the transition between the insulating and superconducting regimes is not direct, but involves an intervening
metallic regime over a range of thicknesses. For these metallic films the temperature dependencies of the resistances at
temperatures above the metallic regime can be described by the Halperin-Nelson form suggesting the occurrence of a Berezinskii-
Kosterlitz-Thouless (BKT) transition at lower temperatures. However, this transition never occurs as curves of R(T ) flatten
out as temperature is reduced. We suggest that this phenomenon is evidence of a crossover between a classical regime of
thermal vortex unbinding at high temperatures and a regime of macroscopic quantum tunneling (MQT) at low temperatures.
The latter prevents the BKT transition from occurring.

Over the last two decades, the electrical transport
properties of disordered thin films near the onset of super-
conductivity have been studied extensively, especially in
the presence of magnetic fields.[1–5] Of particular inter-
est are the many reports that the resistance at the lowest
temperatures becomes independent of temperature near
the SI transition. This has been found with many differ-
ent tuning parameters[2, 6–8]. These results have been
interpreted in many different ways, which include the for-
mation of a metallic state, the occurrence of macroscopic
quantum tunneling, or just the failure to cool the carriers.
The physics in this regime is still unclear. At the same
time the physics of the Berezinskii-Kosterlitz-Thouless
(BKT) transition has reappeared in the explanation of
fluctuation phenomena in thin films [9], in systems ex-
hibiting interfacial superconductivity [10], and in layered
high temperature superconductors [11].

The behavior of the electrical transport properties near
the superconductor-insulator (SI) transition should be
affected by the degree of homogeneity of the order pa-
rameter near the transition. Some theoretical works
have demonstrated the possibility that superconduct-
ing thin films undergoing a transition to the insulat-
ing regime as a function of disorder or magnetic field,
may break into superconducting islands[12, 13]. Experi-
mentally, scanning tunneling spectroscopy investigations
of amorphous InOx and polycrystalline T iN films near
the transition temperature have revealed the presence of
small superconducting patches embedded in an insulat-
ing background[14]. It is still unclear whether this is due
to spacial chemical composition variations in these bi-
nary compound films or is an intrinsic property of highly
disordered films in which the carriers are strongly local-
ized. However, in either case, it is reasonable to treat
such systems in a manner analogous to random Joseph-
son junction arrays (JJAs). The two-dimensional or-
dered JJA has been well studied and has a fully de-
veloped theoretical description. The similarity between

quasi-2D thin films and JJAs is well known and been
used to explain the conductivity on the insulating side
of the SI transition[15]. There are also some theoretical
works on the SI transition that are based on the JJA
framework[16, 17]. Quite recently there has been work
on the influence of quantum fluctuations on the BKT
transition in films modeled as disordered JJAs [18].

In this letter, we present electrical transport measure-
ments on a sequence of in situ deposited amorphous bis-
muth (a-Bi) films with a 14.67Å amorphous antimony
(a-Sb) underlayer. An ex situ atomic force microscope
(AFM) scan revealed that these films do not consist of
isolated grains but are continuous, but with a significant
thickness variation. Electrical transport measurements
in the absence of magnetic field show a high tempera-
ture behavior indicative of a BKT transition. However
this transition is not realized at low temperatures. This
suggests that the vortex-antivortex binding phenomenon
associated with the BKT transition is prevented from oc-
curring by macroscopic quantum tunneling (MQT) pro-
cesses. In the absence of a detailed theory it is found
that aspects of models of ordered JJAs can be used to
interpret the data.

The sequence of a-Bi films reported here was grown by
quench-condensation in situ at liquid helium tempera-
tures on a (100) SrT iO3 (STO) single-crystal substrate.
First, platinum electrodes, 100Å thick, were deposited
ex situ onto the substrate’s epi-polished front surface to
form a Hall bar configuration. A 14.67Å thick underlayer
of a-Sb was used to precoat the substrates in situ. This
underlayer exhibited zero conductance within instrumen-
tal resolution. The experiments involved repeated cycles
of deposition and measurement carried out in a dilution
refrigerator system designed to study the evolution of
electronic properties with film thickness [19]. The sam-
ple measurement lines were heavily filtered so as to min-
imize the electromagnetic noise environment of the film.
The approach was to use RC filters at 300 K (in series
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with 10kΩ resistors) to attenuate 60 Hz noise, Spectrum
Control #1216-001 pi-section filters at 300 K to atten-
uate radio frequency noise, and 2 m long thermocoax
cables at the mixing chamber stage of the refrigerator
to attenuate GHz Johnson noise from warmer parts of
the refrigerator.All the transport measurements involved
the use of a four-terminal configuration employing a DC
current source with currents always in the linear regime
of the current-voltage (I-V) characteristic. Examples of
I-V characteristic and differential resistance (dV/dI) are
presented in the accompanying supplementary material
in which the possible role of failure to cool the electrons
is also discussed [20].

For quench-deposited a-Bi films, an important feature
of the morphology is the thickness variation, which can be
characterized by AFM. Unfortunately, such AFM studies
cannot be carried out in situ. Thus, it is not possible to
characterize every film during the process of sequential
deposition. However, it is possible to characterize the
thickest film, after the transport measurements are com-
pleted. In fact, the nominal thickness of the first film
which exhibited measurable conductance below 1K was
19.74Å. The thickness at the onset of superconductivity
was 22.24Å, and the last film was 23.42Å in thickness.
The total thickness increment was 3.68Å over the en-
tire thickness-tuned SI transition and was 1.18Å over the
conductive branch of the SI transition. Therefore, apart
from some dramatic structural change over this limited
range of nominal thickness variation, the characteriza-
tion of the surface of the last film should represent the
thickness variation of the films on the conductive branch
of the SI transition.

To carry out these measurements, the 23.42Å thick film
was warmed slowly back up to room temperature. Fig-
ure 1(a) shows a 300nm× 300nm scan of the film. The
average root mean square roughness, Rrms is 3Å rela-
tive to a total nominal thickness of 38.09Å, with 23.42Å
of amorphous bismuth on top of a 14.67Å thick layer of
amorphous antimony. This suggests that the film is well
connected but with a thickness variation around 13% of
the bismuth thickness, which is smaller than the total
thickness. The cross-sectional analysis is shown in Fig.
1(b). It is reasonable to suggest that films with this struc-
ture near the SI transition have patches of nonzero order
parameter as envisioned by Ghosal, Randeria and Trivedi
[12], and might be expected to behave as random JJAs
near the SI transition. Significant roughness is not found
for film sequences exhibiting direct SI transitions tuned
by either thickness, magnetic field or charge[21].

The I-V characteristics of the films were non-hysteretic
and were linear at low currents, and non-linear when the
applied currents were larger than 1µA. However, at such
large currents, Joule heating is significant, leading us to
conclude that this non-linearity is due to heating. There-
fore, the I-V characteristic cannot provide information
on the critical currents of the films. The resistances vs.

temperature of a-Bi films with thicknesses ranging from
22.24Å to 23.42Å, and measured in linear I-V character-
istic regimes, are plotted in Fig. 2. Instead of developing
global superconductivity, the resistances of these films
flatten out at the lowest temperatures.

To analyze the high-temperature part, we first define
the resistance at 9K as the normal resistance RN . Then
we find the trend of resistance deceasing can be well de-
scribed by the Halperin-Nelson form:

R(T ) = R0exp
[

−b/ (T − TBKT )
1/2

]

(1)

where TBKT is the BKT transition temperature [22].
This is the temperature above which vortex-antivortex
pairs unbind thermally. Here R0 and b are constants. In
the fits shown in Fig. 2, values of R0 are in the range
from 1.0× 105 to 1.7× 105 while the values of b are from
2.5 to 3.2. The solid line in Fig. 2 represents this form
for the resistance above the BKT transition. We find
that in the regime between 90%RN ∼ 10%RN , the mea-
sured resistance values deviate by less than 3% from the
fit. From the fit, the putative transition temperature,
TBKT , can be obtained for films of different thicknesses,
as shown in Fig. 3(a).

However, the data points of R(T ) flatten out at the
lowest temperatures. As shown in the inset of Fig. 2,
this flattening happens at higher temperatures in thicker
films, whose resistances are smaller than those of thicker
films and therefore should produce less Joule heating at
the same applied current. This suggests that the flat-
tening is not due to either heating or the failure to cool
the carriers, and can be taken as evidence of MQT below
TBKT .

We then use the value of resistance at 50mK as the re-
sistance associated with MQT, and substitute it into the
Halperin-Nelson form, i.e., Eq. (1) to obtain a crossover
temperature Tcr, between thermal and quantum pro-
cesses, as shown in the inset of Fig 2. In Fig. 3(b), we
plot Tcr versus TBKT and find that the two temperatures
are linearly proportional to each other.

In the absence of a detailed theory, we turn to modeling
these films as JJAs. The non-hysteretic I-V characteris-
tics suggest that the films are in the overdamped limit.
Although they would be random arrays we will use the
framework developed for ordered arrays.

The BKT transition temperature of an ordered array
can be expressed as:

kBTBKT = (π/2)EJ (2)

where EJ as the Josephson coupling energy of a single
junction.[23] If the films behave as JJAs, the Joseph-
son coupling energy EJ should increase with increasing
thickness because the localized superconducting order be-
comes more robust. From Eq. (2), TBKT would then be
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expected to increase with increasing thickness, which is
consistent with the data in Fig. 3(a). In the JJA model,
a vortex moving in real space is analogous to the motion
of the phase of a single junction in a tilted washboard
potential[24]. We hypothesize that the crossover temper-
ature Tcr , remarking the boundary between the ther-
mal and quantum vortex motion regimes, calculated for
a single junction applies to an array. This temperature
increases with the plasma frequency, which is linear pro-
portional to the coupling energy EJ . In the small current
and overdamped limits, it has been estimated to be:

kBTcr = (R/RQ)EJ (3)

whereRQ = h/4e2 ≈ 6450Ω is the quantum resistance
of electron pairs and R is the shunt resistance of a sin-
gle junction [23]. Substituting Eq. (2) into Eq. (3), we
obtain Tcr = (2R/πRQ)TBKT , assuming that system is
overdamped and that the effective shunt resistance re-
mains nearly constant for films of different thicknesses.
This is qualitatively consistent with the data plotted in
Fig 3(b). However there is a non-zero value of Tcr even
when TBKT → 0. This indicates that a crossover be-
tween the thermal and quantum regimes happens even
when the TBKT → 0. This is not included in the JJA
model but may emerge in a theory which directly treats
the affect of quantum fluctuations on vortex unbinding
and quantum motion of vortices.

The curves of R(T ) in low perpendicular magnetic field
also flatten out at the lowest temperatures. In Fig. 4, we
show an Arrhenius plot of resistance vs. inverse tempera-
ture at fields ranging from 0.01 to 3 T in the temperature
range from 100mK to 500mK. Over a significant temper-
ature range, the resistance at field higher than 0.4T can
be fit by an Arrhenius form.

Now, we focus on the branch of the data at low temper-
atures for which dR/dT > 0. The resistance also deviates
from the Arrhenius form for films in low magnetic fields
as in the zero field case. Moreover, the deviation happens
at higher temperature for lower fields. This observation
can be used to argue that the charge carriers are not fail-
ing to cool, because the films have a lower resistance and
therefore lower dissipation in lower magnetic fields. As in
the zero-field case, these temperature-independent resis-
tances at low temperature may be due to MQT of vortices
in the tilted washboard potential. Previous experimental
results on ordered JJAs in perpendicular magnetic fields
also similar to the present findings with a-Bi thin films
[25].

In aggregate these results support the idea of that
strongly disordered superconducting films may break up
into islands near the SI transition. Although theory pre-
dicts these islands may form intrinsically[12, 13], in the
present instance the islands may be associated with struc-
tural inhomogeneity. The AFM scans reveal that the
films are continuous, but with a 13% thickness variation

on mesoscopic length scales. This is in contrast with a di-
rect SI transition, without an intervening metallic regime,
found for smoother films. The data in all regimes ap-
pear to be qualitatively consistent with a model of over-
damped JJAs. Curves of R(T ) at higher temperatures in
zero field are consistent with the form predicted for the
BKT transition. At lower temperatures, the resistances
become temperature-independent with and without pres-
ence of perpendicular magnetic field, which suggests that
the electrical transport is dominated by MQT effects.
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Figures

Figure 1: (a) Surface height AFM scan of the 23.42Å thick
a-Bi film. The scan is taken ex situ after a slow warming
process. (b) Cross sectional analysis of a horizontal cut in
(a). It shows that the surface has thickness variations, but
the film is well connected.

Figure 2: Sheet resistance vs. temperature of 22.24Å (top),
22.36Å, 22.63Å, 22.89Å, 23.15Å, and 23.42Å (bottom) thick
a-Bi films in zero magnetic field. The solid lines are a fit by
the Halperin-Nelson form. The same set of R(T ) curves at low
temperature is enlarged as shown in the inset to emphasize
the deviation of the data from the Halperin-Nelson form at
low temperatures. The horizontal dashed lines represent the
resistances at 50mK and their intersections with solid lines
are taken to be the crossover temperatures.

Figure 3: (a) Berezinskii-Kosterlitz-Thouless transition tem-
perature versus thickness of sequentially-deposited a-Bi films
in zero magnetic field. The transition temperature TBKT is
obtained by fitting the resistances with Eq. (1). (b) Crossover
temperature plotted vs. the BKT temperature. The crossover
temperature is obtained by inserting the value of the flattened
resistance into Eq. (1). The straight line is a guide to the eye.

Figure 4: Arrhenius plot of the resistance of the 23.42 thick
film in a perpendicular magnetic field. The magnetic fields
applied are (bottom) 0.01, 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8, 1,
1.4, 2T (top). The straight lines are guide of eye for Arrhenius
fits. One can see that in the low fields, the resistance flattens
out at low temperatures.
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