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Critical currents and vortex-unbinding transitions in quench-condensed ultrathin films
of bismuth and tin

K. Das Gupta, Swati S. Soman, G. Sambandamurthy,* and N. Chandrasekhar†

Department of Physics, Indian Institute of Science, Bangalore, India
~Received 8 April 2002; published 30 October 2002!

We have investigated theI -V characteristics of strongly disordered ultrathin films of Bi and Sn produced by
quench condensation. Our results show that both these systems can be visualized as strongly disordered arrays
of Josephson junctions. The experimentally observedI -V characteristics of these films are hysteretic when the
injected current is ramped from zero to critical current and back. These are remarkably similar to the hysteretic
I -V of an underdamped single junction. We show by computer simulations that hysteresis can persist in a very
strongly disordered array. It is also possible to estimate the individual junction parameters (R, C, andI c) from
the experimentalI -V of the film using this model. The films studied are in a regime where the Josephson-
coupling energy is larger than the charging energy. We find that a simple relationI c(T)5I c(0)@12(T/Tc)

4#
describes the temperature dependence of the critical current quite accurately for films with sheet resistance
;500 V or lower. We also find evidence of a vortex-unbinding transition in theI -V taken at temperatures
slightly below the mean-fieldTc .

DOI: 10.1103/PhysRevB.66.144512 PACS number~s!: 74.40.1k, 74.80.Bj, 73.50.2h
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I. INTRODUCTION

Ultrathin films produced by quench condensation un
highly reproducible conditions, with extensive atomic-sc
disorder, have been investigated over the past two decad
model systems to study the interplay between disorder, in
actions, and superconductivity. More than a dozen single
multicomponent systems—Al, Bi, Be, Ga, In, Pb, Sn, N
Mo-C, Mo-Ge, etc.1–9,11—have been shown to exhibit a
insulator-superconductor transition as their thickness is
creased or disorder is reduced. The sheet resistance at w
the transition takes place has been observed to vary f
'3 kV in Mo-C films9 to '20 kV in Al on Ge.10 The na-
ture of this transition in theT→0 limit has attracted maxi-
mum attention,12,13 with the parameters characterizing th
superconducting state having received comparatively le
attention. It is also unclear at this point what the order
rameter of this transition is and what similarities in phys
the phenomenon has with metal-insulator transitions in tw
dimensional electron gas~2DEG! systems. Most of the re
ported data on these systems do not show hysteresis inI -V
characteristics, the reason being that in most cases the
not probed with currents close to the critical currents of th
films. Many physically relevant microstructural paramete
can, however, be estimated from the hystereticI -V.

In this paper we present some experimental results
quench-condensed superconducting films of Bi and Sn.
choice of the two materials was dictated by certain exp
mental considerations, to be discussed below. Earlier stu
had classified materials like Sn, Pb, and Ga as ‘‘granul
and Bi ~particularly Bi quenched on a thin Ge underlayer! as
‘‘homogeneous.’’ The basis of this classification lay in t
rather different resistive transitions to the superconduc
state exhibited by these films. In Pb, Ga, and Sn a meta
phase appears to be sandwiched between the insulating
superconducting phases. This observation has stimulate
study of a Bose-metal phase in theT→0 limit.12 It was first
0163-1829/2002/66~14!/144512~8!/$20.00 66 1445
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suggested by Ramakrishnan14 that a ‘‘phase-only’’ picture
was appropriate for the granular films. Destruction of sup
conductivity in these films was thought to take place by d
struction of phase coherence~via Josephson coupling! be-
tween superconducting grains embedded in
nonsuperconducting matrix. In the homogeneous films~Bi
has been taken to be a representative of this class!, on the
other hand, destruction of superconductivity was though
take place via destruction of the amplitude of the wave fu
tion. Though the resistive transitions (R-T traces! as a func-
tion of increasing~decreasing! thickness~disorder! for Bi
and Sn show qualitative differences, we show using exp
mentally obtainedI -V characteristics and computer simul
tions that both these systems can be understood as disord
arrays of Josephson junctions.

Some recent scanning tunneling microscopy~STM!
studies15,16 on these films suggest that the structure of
first monolayer of atoms that stick to the substrate may
rather different than the subsequent upper layers. Clu
sizes in the range of;30 Å were observed in films nomi
nally 10 monolayers thick. We discuss the relevance of th
to the observed properties of our films. The structure of th
films remains a mystery. Recent STM data are an indica
of what one may expect, but since they were taken un
conditions different from experiments such as those of H
ning et al.,17 Goldman and co-workers,1,5,6 and this work,
comparisons of microstructure should be made with an
ment of caution.

To summarize, there are significant unresolved proble
regarding the processes that can lead to formation of s
clusters at very low (,10 K) substrate temperatures. Land
and co-workers18–20 pointed out that the formation of struc
tures such as those reported by Ekinci and Valles15,16 require
that incoming atoms be able to perform;500 hops before
they finally settle to their positions. This order of diffusivit
is much more than what incoming atoms striking cold su
strates are believed to have, although such a possibility c
©2002 The American Physical Society12-1
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not be ruled out. We have not addressed this question,
show that several properties of the superconducting stat
these films may be understood if we accept the presenc
superconducting and nonsuperconducting regions in c
proximity in the film, a case of microstructure similar to th
reported by Ekinci and Valles.15,16 Our model bears a clos
resemblance to the ‘‘percolation-type’’ model used by Mei21

in describing theM -I transition in 2DEG and has been di
cussed in our earlier work.3

II. EXPERIMENTAL SETUP

The experiments were done in a UHV cryostat, cust
designed forin situ study of ultrathin films, described in ou
earlier publications.2,3 A turbomolecular pump, backed by a
oil-free diaphragm pump, provided a vacuum better th
1028 Torr. The substrate was eithera-quartz or crystalline
sapphire, mounted with adequate thermal contact on a co
cold finger, in contact with a pumped helium bath. The lo
est attainable temperature was 1.8 K. The material~e.g., Bi,
Sn! was evaporated from a pyrolytic boron nitride crucible
a Knudsen cell~effusion cell! of the type used in molecula
beam epitaxy~MBE!. The temperature of the cell was car
fully controlled to give a steady deposition rate between
and 5 Å/min. The required temperatures were 650 °C for
and 1150 °C for Sn.

Two Hall-bar type masks defined the sample; the ac
sample size was 6 mm31 mm. One of the samples had
predeposited Ge underlayer of'10 Å thickness. This geom
etry enables us to evaluate the claim that Ge underlayers
significantly improve the wetting properties of the films a
the possibility that there may be screening effects due to
presence of an underlayer of a dielectric constant larger
that of the substrate. The metal flux reached the sam
through carefully aligned holes in successive cryoshie
cooled by liquid helium and nitrogen. These shields also
duce the heat load on the sample and provide cryopump
for better vacuum in the neighborhood of the sample. El
trical contacts to the films were provided through predep
ited platinum contact pads, about 50 Å thick. Four-probe
measurements were carried out using a standard h
impedance current source and a nanovoltmeter or an e
trometer.

III. OBSERVATIONS AND DISCUSSION

The R-T traces of a series of Sn films exhibiting theI -S
transition are shown in Fig. 1. Figure 2 shows a typical se
observedI -V characteristics for a Bi film in the supercon
ducting regime. We can read off the critical and retrapp
currents for the whole film. We claim here~and demonstrate
later! that this ratio would be nearly same as that of a sin
junction. For a single junction we have the exact relat
between the Josephson coupling energy, charging ene
normal-state resistance, and the Stewart-McCumber junc
parameterb:

EJ /Ec5~2/p2!~RQ /RN!2b, ~1!
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whereRQ5h/4e2. With the approximations stated above, f
a film with Rh'500 V andb'2, we getEJ /Ec'70. This
places the films for which we find a simple empirical relati
between the critical current and temperature, well into
regimeEJ@Ec .

The I -V characteristics of a single Josephson junct
~JJ!, in the framework of the RCSJ model, is well known a
is discussed in several texts.22 If the transfer of a Cooper pai
across the junction causes negligible change in the ph
difference (f) across the junction, thenf can be viewed as
a continuous variable and theI -V characteristics~neglecting
the effect of thermal noise! can be deduced from Eq.~2!:

bf̈1ḟ1sinf5 i . ~2!

The long-time averagêḟ& gives the observed voltage drop
i is the normalized current,I /I c , through the junction.b is

FIG. 1. Resistance-temperature (R-T) curves of a set of quench
condensed Sn films showing the insulator-superconductor tra
tion.

FIG. 2. Current-voltage (I -V) characteristics of Bi films on sap
phire. The observed characteristics are similar for Bi and Sn
crystalline as well as amorphous substrates.
2-2
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CRITICAL CURRENTS AND VORTEX-UNBINDING . . . PHYSICAL REVIEW B 66, 144512 ~2002!
related to the microscopic parameters of the junction ab
5(2eIcRN /\)RNC and also fixes the ratio of the retrappin
to critical currents (I r /I c). The larger the value ofb, smaller
is this ratio and wider the hysteresis.

We first investigate, by computer simulations, whether
hysteresis would persist in a 2D RCSJ array even if all
junction parameters are allowed to have a large distribu
of values~i.e., in presence of strong disorder!. Also we need
to know whether the observedI -V curve would be signifi-
cantly altered by the particular type of distribution~e.g.,
square, Gaussian, log-normal!. We address these questions
the section on computer simulation, the details of which
presented later.

An important fact about a 2D network of resistances is
following: not too close to the percolation threshold, the o
served resistance, measured between two edges~see Fig. 3!,
is close to the average value of all the resistances. In a
chain it is obviously the sum of all the resistances, in a
lattice the measured resistance is much lower than the a
age. These can be verified by simple numerical calculatio
In 2D even when the width of the distribution is more th
90% of the mean value, the measured normal-state shee
sistance (Rh) of the film does not differ from the mean of a
the resistances by more than 10%. We have verified by di
numerical calculation that this result holds good for arr
sizes down to a 10310 array. If there areN junctions in
parallel, then the observed critical current of the array wo
be approximatelyN times the average critical current of on
junction. This allows us to infer some important facts. Th
also demonstrates our claim above that the ratio of the c
cal current to the retrapping current for an array is the sa
as that for a single junction in the array. In what follows, th
will be further substantiated.

A. Hysteresis in a disordered array

If identical junctions were laid out on an array, theI -V
characteristics would be indistinguishable from that of
single junction in absence of a magnetic field. Howev

FIG. 3. Schematic of a 535 JJ array. Each bond is a parall
combination of three elements, as shown. The current is inje
and extracted as shown; in the other direction we use peri
boundary condition.
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when there is a large spread in the values of the junc
parameters, it is nota priori obvious what their behavior will
be. This is because different junctions with different critic
currents may undergo transitions at different currents, and
a large array the sharp transition might be broken into m
steps and then rounded off by finite-temperature effects.
main result in this regard is that, even in a small array (
316), disorder does not completely destroy the hysteres
until about 50% disorder~ratio of width to mean value in a
square distribution! the shape of theI -V loop does not
change appreciably. We have shown the results~see Fig. 4!,
using a square distribution of disorder here, though simu
tions using a log-normal distribution~results not shown! also
lead to similar conclusion.

1. Driving equations and the algorithm

In an array the algebraic sum of all the currents meeting
any node must be zero—this is required by Kirchoff’s cu
rent law. As shown in Fig. 3, the current is fed uniform
through one edge of the array and extracted through the
posite. In the direction perpendicular to that of current inje
tion, we generally use periodic boundary conditions; this
equivalent to joining the remaining two free edges of t
array together. From the current conservation equations
get a total ofN2 coupled second-order differential equation
The model we are considering neglects the self-inductanc
the array. Consider a single node~not on any of the edges!, at
which the phase at some instant isf. In the four neighboring
nodes the phases arefu , f l , fb , f r—where the subscripts
denote up, left, bottom, and right, respectively. Every bo
will have its characteristicR, C, and I c value—since the
array is disordered. We useR0 , C0, and I C0 to denote the

d
ic

FIG. 4. Computer-simulatedI -V curves of a 16316 array of
Josephson junctions, on a square lattice. The bond param
(R,C,I c) are chosen from a square distribution—‘‘w’’ denotes t
width of the distribution as a fraction of the mean value of t
parameters. The mean values are used to calculateb. Use of a
‘‘log-normal’’ distribution also leads to similar results.
2-3
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average values. With a little algebra we can show that
contribution of any link to a node is

i 5cb0f̈1r ḟ1 i sinf,

where, for a completely ordered arrayr 51, c51 for all
bonds. Adding all the current contributions to a node we

b0@~cl1cu1cr1cb! ṗ2clpl̇2cupu̇2crpṙ2cbpḃ#

1~1/r l11/r u11/r r11/r b!p2~pl /r l1pu /r u

1pr /r r1pb /r b!1~ i lsl1 i usu1 i rsr1 i bsb!50, ~3!

where ḟ l ,u,r ,b5pl ,u,r ,b and sin(f2fl,u,r,b)5sl,u,r,b . For the
nodes on the boundary, there will be three contributions fr
the three nearest neighbors; the fourth contribution will
6 i , depending on whether current is injected or extrac
from the node. Thus we get a total ofN2 coupled second-
order differential equations, where (p,f) form a total of 2N2

variables to be updated at each step. We can visualize
whole set of equations, in a matrix form, as

CṖ5RP¿ISÄD,

ḞÄP, ~4!

whereP, D, S, andF are column vectors of lengthN2 each,
andC, R, andI areN23N2 matrices. These matrices do n
change with time. However,C is a singular matrix, irrespec
tive of whether the array is regular or disordered. This s
gularity implies that all the variables in the problem are n
independent. This introduces an extra complication in
problem. In the mathematical literature such systems
equations are called ‘‘differential algebraic equation
~DAE’s!. They occur frequently in lattice-related problem

Physically it is not difficult to trace the equation of co
straint here. We have written equations for the phase of e
junction, whereas only the phase differences are of con
quence. We can add an arbitrary number to each ph
ensuring

(
all nodes

f i50.

This is achieved by setting all the numbers in any row~say,
the last! of the matrixC to be equal to 1 and the correspon
ing entry in the column vectorD to be 0. The modifiedC is
no longer singular and can be inverted. The set of equat
is solved by using a fourth-order Runge-Kutta method w
variable time stepping.23

For each current we allow the system to evolve untit
52500; the first 500 time units are regarded as stabiliza
time and discarded. The voltage across the array is then
eraged between 500,t,2500. The value of the externa
current is then increased by a small amount and the ab
mentioned cycle repeated, until the injected current reac
the desired maximum value. After that it is decremented
identical steps. The recorded values of the voltage vs d
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current are the response of the array to a cyclic exte
current. TheI -V curve obtained this way is hysteretic fo
b0.1, as expected.

In this algorithm every step requires a large (N23N2)
matrix multiplication. This requiresN4 multiplications for
each update of the variables. Assuming that in each step
change the current fed to the array byI C /N, whereI C is the
average critical current of each bond, the total complexity
the simulation increases as;N5.

2. ‘‘Fast’’ algorithm for regular arrays

For ordered arrays the computation can be made m
faster, exploiting the special form the matrixC takes in such
a case. The matrixC is then a ‘‘connectivity matrix’’; the
(rW,r 8W ) element of the matrix will be21 if the sitesrW andr 8W
are connected by a bond, and the diagonal element will g
the coordination number of the site. Himbergenet al.24 noted
that this particular form of the matrix allows the multiplica
tion to be carried out in;N ln N steps. Because the eigen
vectors of this matrix are of the form exp(ikW•rW), the multipli-
cation with the inverse of the matrix can be viewed as t
discrete Fourier transforms, amenable to ‘‘fast Fourier tra
form’’ techniques. The technique was improved b
Dominguezet al.25 and applied to several array geometri
soon after.26 Unfortunately, this fast algorithm requires th
the capacitance of all the bonds be same, even though d
der inR andI C can be handled. We however need to see
effect of disorder in all the bond parameters. Conseque
we had to use straightforward matrix multiplication—i.e., t
‘‘slow’’ technique.

B. Critical currents of the films

We next investigate the temperature dependence of
experimentally measured critical currents. Here we plot
normalized critical current against the reduced temperat
Figure 5 shows data from several Bi films, gathered fro
different runs and on different substrates. All the points a
pear to collapse on a simple power law curve, given by

I c~T!/I c~0!512~T/Tc!
4. ~5!

A similar behavior of Sn films is also shown in Fig. 5. Th
critical current of a weak link is related to the supercondu
ing gap (D) by the well-known Ambegaokar-Baratoff rela
tion

I cRN5~pD~T!/2e!tanhD~T!/~2kBT!. ~6!

As T→Tc , D→0, we can expand the tanh term to show th
I c;D2. This suggests that for these filmsD vanishes as
A12(T/Tc)

4. Near Tc , we have A12(T/Tc)
4

'2A12(T/Tc), which is consistent with the behavior of
BCS gap, as far as the leading power is concerned. Howe
inserting the BCS result,@i.e., D(T)/D(0)'1.74A12T/Tc]
in the Ambegaokar-Baratoff relation leads to the well-know
prediction that nearTc , the slope@ I cRN /(T2Tc)# should be
635 mV/K. For all the Bi and Sn films studied by us, w
found this slope to be 960620 mV/K.
2-4
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It is interesting to note here that a similar behavior
D(T) @i.e.,;A12(T/Tc)

4] over the entire range of tempera
ture has been observed in fabricated Josephson junc
arrays.27 In such fabricated arrays, one naturally expects
spread of the junction parameters to be quite narrow, an
this sense the disorder is considerably less than that f
random array, such as the quench condensed films we s
in this work.

Though the data sets are restricted toT/Tc.0.3, in all the
experiments, the flattening of the curves allows us to m
an extrapolation of the critical current to theT→0 limit. This
is important, sinceI c(0) is very simply related to the supe
conducting gap by Eq.~6!. This relation can be refined fur
ther to account for the presence of disorder, as has been
by Kulik and Omel’yanchuk.28 In fact, disordered films may
show a much better match to the Kulik-Omel’yanchuk for
rather than the Ambegaokar-Baratoff form. Since the Kul

FIG. 5. Critical currents of a set of Bi and Sn films of low she
resistance, in the regimeEJ@Ec . Both show a similar power-law
behavior over the entire temperature range.
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Omel’yanchuk form comprises recursive functions,
simple expression exists for the dependence of the ga
critical current on reduced temperature.28 However, the cor-
rections for the presence of disorder to the Ambegaok
Baratoff relation, nearT50, are within a factor of 2 for both
the dirty and clean limits. This increase for the dirty lim
may partly explain the reason for the steeper dependencei
on t observed in this work. Very close toTc it coincides with
Eq. ~6!.

As an interesting aside, we mention that Dyneset al.have
shown in tunneling experiments on quenched Sn and
films29 that the ratio 2D(0)/kBTc remains close to 3.5~the
BCS value! for sheet resistances upto at least 4 kV. The
agreement was better for Sn than Pb; this may be expecte
Pb is a ‘‘strong-coupling’’ superconductor.

C. Estimate of the number of junctions in a film

Using the model of the disordered array as the ba
ground and the extrapolated values of the critical curren
T50, we show that an estimate of the number of junctio
in the film can be made. The estimate shows that not all g
boundaries may be acting as junctions or weak links. It a
supports the possibility that the first layer of atoms that st
to the substrate may have a significantly differe
structure15,16 than the subsequent upper layers. In such ca
a slightly more uniform lower layer may offset the phas
breaking effect of a considerable number of grain bou
aries.

If superconducting behavior of each grain follows a
proximately the BCS model, then we should have the ze
temperature gapD(0)51.76kBTc . Such an assumption i
certainly valid in the vicinity ofTc , deviations from this
being important only at lower temperatures, as discus
above. The average critical current of each junction isI c /N,
where I c and Tc are experimentally measured. The numb
of junctions acting in parallel should then be given by

I cRN /N5pD~0!/2e5p~1.76kBTc!/2e. ~7!

The total number of junctions~over 1 mm31 mm) is then
approximatelyN2. Using the critical current data shown an
their Tc we find the Bi films the parameters given in Table

We find that there are;106 junctions/mm2 in a '60 Å
film. As expected the number of junctions reduce when
film thickness is increased. This is expected as many of
gaps and voids between grains may be filling up as m
material is deposited, reducing the number of junctio

t

TABLE I. The estimates of the number of junctions for Bi film
This estimate is for a 1 mm31 mm area.

Data set Thickness Tc ~K! RN(V) N 4I c(0)RN /Tc

No. 36 53 Å Bi 4.32 421 942 953
No. 25 65 Å Bi/Ge 4.5 236 651 954

65 Å Bi 4.29 252 730 955
No. 35 85 Å Bi/Ge 5.23 135 473 954
2-5
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Based on this we obtain the following values forv, R, andC
for the 85 Å film atT50:

b54.5, v53.6331012 rad/sec, I c /bond58.9 mA, Cbond

59310215 F,

which are reasonable values.
We find that at low temperaturesI c tends to a constan

value and so doesI r . This implies that the ratioI r /I c and
henceb also varies very little at low temperatures, which
to be expected. NearTc the behavior is dominated by th
variation of the critical current of the bond. The values of t
capacitance and resistance~normal state! do not vary much
with temperature. We also find that for this value of thic
ness, the film is in a regime where the charging energy
‘‘Coulomb blockade’’ are negligible compared to th
Josephson-coupling energy at low temperatures. The valu
the capacitance will, however, reduce drastically if the thi
ness of the film is lesser. In fact a recent optical freque
measurement17 of the intergrain capacitance, in much thinn
Pb films, reported a value of;2310219 F, which can be
compared with the values we have inferred above. In s
cases single-electron tunneling effects may be expecte
play a very important role in transport processes. It is in
esting to compare the values we have estimated with typ
values of ‘‘fabricated’’ regular Josephson-junction arra
From the published literature we pick one work27 we have
already cited earlier. We find that the arrays used had a t
cal junction capacitance of 1 –3310215 F, junction area of
;1 mm2, and junction resistance of 4 –150 kV. These val-
ues, particularly those of the junction capacitance and ‘‘u
cell’’ area that we have estimated, are of the same or
However, the values of Josephson-coupling energy~and
henceI c/bond! reported by them are much less compared
deposited films. Thus the screening effects of the super
rents flowing in the films may be expected to be mu
greater than in fabricated arrays. The current density wo
surely have a lot of spatial variation—if, however, we del
erately neglect this aspect and calculate a supercurrent
sity a film ~taking the nominal thickness to be the avera
thickness! can support before going normal; for the 85
film we get a number;105 A/cm2, which can be compared
with typical values reported for disordered films of the co
per oxide superconductors.

D. Possible Kosterlitz-Thouless transition
in presence of strong disorder

In an ordered array of Josephson junctions, at finite te
peratures vortex-antivortex pairs are generated spont
ously. These vortices may be visualized as a circulating
tern of the ‘‘phase variable’’ in neighboring islands, seve
characteristics of these vortices have been studied in su
fluids and arrays. One of the atomic scale disordered syst
that has been studied with respect to the Kosterlitz-Thou
~KT! transition is the quenched Hg-Xe mixture.30 In this sec-
tion we investigate whether some of the observed charac
istics of theI -V curves of disordered Sn and Bi films can
attributed to a Kosterlitz-Thouless-type transition.
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Figure 6 shows a set ofI -V curves taken at various tem
peratures. All the curves show a clear critical current a
retrapping current—and a transition to the normal-state re
tance of 1210 and 942V for this particular film. For a few
temperatures just belowTc , the ‘‘superconducting state’
shows dissipation. The resistance remains constant over t
to four decades of current and hence there is no self-hea
effect. It is tempting to identify the appearance of an Ohm
dissipative state with the unbinding of vortices—th
‘‘Kosterlitz-Thouless’’ transition. However, we need to b
cautious with such an identification. One of the signatures

FIG. 6. Data from a 40 Å film on bare quartz~upper panel! and
with 10 Å Ge underlayer~lower panel!. Although theI -V are hys-
teretic, the hysteresis is not shown for purposes of clarity. In b
cases, a fewI -V curves belowTc have a linear part. Data taken a
lower temperatures do not show a power-law behavior~linear re-
gion in a log-log plot!.
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CRITICAL CURRENTS AND VORTEX-UNBINDING . . . PHYSICAL REVIEW B 66, 144512 ~2002!
KT transition is that, belowTKT there is a regime where th
voltage increases as the cube of the current. The reaso
this is that belowTKT all the free vortices are generated b
the current itself. The current exerts oppositely direc
‘‘Lorentz force’’ on the vortex and the antivortex—and hen
tends to create free vortices by breaking the pairs. The n
ber of vortices just belowTKT increases asI 2 and hence the
voltage rises approximately asI 3. Even though we may se
such linear regions in a logarithmic plot, we do not alwa
find this predicted cubic dependence in that region of te
perature. Experiments on proximity coupled arrays31 have
shown both the linear regime in a logarithmic plot and cu
dependence of voltage on current. In our case we find

FIG. 7. Data from a 70 Å Bi film shows power-law region
logarithmic plot~upper panel! as well as the predicted dependen
of R on T ~lower panel!. Both of these features together identify
KT transition. Hysteresis is not shown for the sake of clarity.
14451
for

d

-

s
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c
at

the 70 Å Bi film data show this feature—see Fig. 7~upper
panel!—whereas for many other thicknesses theI -V curves
below the possibleTKT do not have any region where aV
}I 3 dependence is obvious. Any such behavior should h
shown up clearly in a log-log plot. The 70 Å film also show
another characteristic signature of KT transition~lower
panel!. AboveTKT the resistance rises with temperature a

R~T!5R0exp@2a/AT2TKT#.

The ‘‘best fit’’ is shown in Fig. 7. We have a mean-fieldTc
53.55 K and TKT53.01 K for this film. With increasing
thickness, the resistive transition becomes steeper and
range of temperature over which the KT-type behavior m
be seen also narrows down. For a 100 Å Bi film (Rh

5106 V, data not shown! we found that the region narrow
down to less than 100 mK. This is to be expected since
thicker films approach 3D behavior and the KT transition
restricted to 2D systems. An important aspect that rema
unaddressed is the robustness of the KT transition to di
der. However, since vortices are macroscopic objects, wh
average over large areas of the films—compared to mic
scopic atomic-scale disorder—the KT transition may be
pected to remain quite robust in presence of disorder.

IV. CONCLUSION

We have shown that several properties of quench c
densed films of Sn and Bi can be understood by visualiz
them as strongly disordered arrays of Josephson juncti
Superconductor-insulator transitions in such arrays are w
known and predicted to occur aroundEj'Ec .32,33 Referring
to Eq. ~2! we can see that it should occur in the vicinity
RN'RQ but not necessarily exactly atRN5RQ . A simple
power-law behavior of the critical current of these film
~with Rh,500 V) is found, and the observedI -V character-
istics indicate a possible vortex-unbinding transition in the
films. The picture of Josephson coupling between superc
ducting patches in the film implies that there is a stro
variation of carrier density in the film itself. This bears
strong resemblance to the percolation-type description
2DEG ~Ref. 21! that has been successfully used to descr
some aspects of the observed metal-insulator transition i
metal-oxide–semiconductor field-effect transistors~MOS-
FET’s!. To some extent computer simulations can reprod
the behavior of the actual films. The difficulties in doin
numerical work on strongly disordered systems are w
known. Though a renormalization group analysis of the
transition has been done,30 the effect of strong screening~i.e.,
large self-inductance! in a disordered array remains to b
investigated.
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