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Cutoff length in the logarithmic interaction between a vortex-antivortex pair
in quench-condensed superconducting Bi films

M. M. Rosario, Yu. Zadorozhny, and Y. Liu
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

~Received 26 April 1999; revised manuscript received 11 October 1999!

The current-voltage (I -V) characteristic of disordered superconducting Bi films preparedin situ in a 3He
cryostat by quench deposition has been studied. At a fixed temperature, a crossover from linear~Ohmic! to
nonlinear~power-law! behavior was observed as the bias current was increased. An analysis of the data based
on the theory of dynamic scaling was attempted. A unique value for the critical exponent is shown to be
difficult to determine from the scaling alone. On the other hand, the features seen in theI -V curves can be
accounted for using a simple picture of current-induced unbinding of vortex-antivortex pairs that involves a
crossover from a logarithmic to an 1/r interaction between the vortex-antivortex pair. The implications of such
an interaction for the nature of the two-dimensional superconductor-insulator transition are discussed.
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I. INTRODUCTION

The nature of the superconducting transition in disorde
two-dimensional~2D! superconductors has been a focus
attention in superconductivity research for the past few
cades. Originally arguednot to occur in 2D superconductin
systems, the Kosterlitz-Thouless-Berezinskii~KTB!
transition1–3 was suggested by Beasley, Mooij, and Orland4

to be the correct description of the superconducting tra
tion in high-resistance superconducting films. It was argu
that in these films, the transverse penetration depthl'

5l2/d ~wherel is the bulk penetration depth andd the film
thickness! would become comparable to the system size
the transition regime. This allows for the logarithmic inte
action between vortices to extend to lengths comparable
the sample. In this case, the vortex-antivortex pairs, wh
are bound at low temperatures, unbind at a well-defined t
sition temperature. In the decades following the origin
KTB work, the observation of a KTB transition has be
reported in a variety of 2D superconducting systems.5–11 Re-
cently, however, this paradigm has come under question

The revived interest stems primarily from the behavior
the current-voltage (I -V) characteristic. Within the frame
work of the standard KTB theory, the vortex-antivortex p
unbinding starts at the transition temperatureTc , where a
discontinuous jump in theI -V exponent such thatV;I for
T.Tc and V;I 3 at T5Tc is expected.12 For temperatures
below Tc , in the I 50 limit, V;I a(T), with a(T).3, and
increasing as temperature is lowered. Recent studies in
sephson junction arrays13–15and cuprate superconductors16,17

show a significant Ohmic deviation from the predict
power-law behavior at low temperaturesin the low current
limit and no universal jump in the exponent of theI -V curve
that is expected from the KTB transition. In fact, a scruti
of the published data on the KTB transition suggests that
low current Ohmic behavior, as well as the lack of a disco
tinuous jump, has been quite commonly observ
previously.6,9–11

To reconcile these apparent discrepancies between th
perimental results and the expectations of the KTB theor
PRB 610163-1829/2000/61~10!/7005~7!/$15.00
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different approach based on the dynamic scaling theory
Fisher, Fisher, and Huse18 has been proposed.17,19 In this
theory, the 2D normal-superconducting transition is assum
to be continuous, governed by a characteristic correla
lengthj and characteristic timet, which diverge at the criti-
cal point with t;jz, wherez is the dynamic critical expo-
nent. In the critical regime, all physical quantities, includin
I -V isotherms, should scale. Using the scaling form
Fisher, Fisher, and Huse, theI -V curves should collapse ont
a scaling curve following

V5I j2zx6~ I j/T!, ~1!

wherex6(x) is the scaling function for temperatures abov
below Tc . Within the dynamic scaling picture, the standa
KTB transition is characterized by a diffusive exponentz
52. A dynamic scaling analysis has been applied to vari
2D systems and an apparently universal critical exponez
'5.6 has been found. An exponent as large as 5.6 wo
suggest that the vortex-antivortex pair unbinding in the
systems is highly collaborative in nature.

Alternatively, a finite-size scaling for the KTB transitio
has been developed to analyze the superconducting trans
in various 2D systems.13,14,16Assuming an underlying KTB
transition, this approach takes into account the presenc
thermally excited free vortices due to the finite system s
or finite cutoff length in the logarithmic interaction. Withi
this analysis, the interaction beyondl' is simplified as a
constant, rather than 1/r as shown originally by Pearl.20

While the effect of the 1/r interaction is ignored, this ap
proach appears capable of accounting for the main feat
seen in theI -V characteristic of 2D superconductors.

In this paper, we report our experimental studies of
superconducting transition in quench-condensed Bi film
We have used dynamic scaling to analyze our data. Altho
we are able to collapse the data onto a scaling curve
unique value for the critical exponent cannot be obtained.
the other hand, we found that by taking into account
effect of a finite cutoff length in the logarithmic interactio
between a vortex-antivortex pair, we can explain our exp
mental results quite well. Different from the finite-size sca
7005 ©2000 The American Physical Society
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7006 PRB 61M. M. ROSARIO, YU. ZADOROZHNY, AND Y. LIU
ing, this analysis does not require the occurence of a K
transition in the 2D superconducting system. We have
plicitly examined the effect of the 1/r dependence in the
interaction between a vortex-antivortex pair for separat
distances larger thanl' . The crossover between logarithm
and 1/r interaction is shown to give rise to an Ohmic tail
the nonlinearI -V curves. Implications for the nature of th
2D superconductor-insulator~S-I! transition21 will also be
discussed.

II. EXPERIMENTAL SETUP

Ultrathin films of Bi were preparedin situ in a 3He cry-
ostat with a base temperature of 0.3 K. The homem
quench deposition system is installed in the inner vacu
can~IVC! of the 3He cryostat. A small thermal evaporator
attached to the bottom tapered vacuum seal of the IVC,
rectly opposite the substrate. The evaporator is compose
four ceramic-metal electrical feedthroughs supplying curr
to two independent evaporation sources. All electrical e
ments are supported by a ceramic base for electrical ins
tion. The two homemade tungsten evaporation baskets
prewetted by the evaporation materials in a conventio
room-temperature evaporator prior to cooling down. The
sidual strain in the tungsten wire is removed in this proc
to avoid uncontrolled deformations during the low
temperature depositions. A stainless sheet shields the
baskets from one another, which is necessary when ev
rating two different materials. For the present study, b
baskets were filled with Bi of 99.9999% purity. The evap
rator is illustrated in Fig. 1~a!.

Films were deposited atop a glazed alumina subst
mounted on a copper sample stage, which, in turn, is in th
mal contact with the3He pot. The sample stage is shield
from the evaporation sources and the inner wall of the I
by a copper cylinder with a shutter, both thermally ancho
to the 1 K pot. A rail and gear system, connected to a lin
motion feedthrough on top of the cryostat, opens and clo
the shutter. Since the vacuum can is immersed in a liqu
helium bath, the cryopumping of the IVC walls provides
ultrahigh vacuum environment. Bismuth was evaporated
constant rate of 0.1 to 1 Å/s, as monitored by two 6-M
quartz crystal thickness monitors mounted on the copper
inder, adjacent to the substrate as shown in Fig. 1~b!. The
uncovered sensor monitors the evaporation rate at all ti
to help ensure that the shutter will be opened only afte
stable evaporation rate is established. The other senso
mains shielded until the deposition begins. Film geometr
defined by a copper shadow mask mounted 0.5 mm ab
the substrate. During the Bi deposition the substrate temp
ture remains below 8 K, as monitored by a thermome
mounted adjacent to the substrate. After deposition, the
is kept below 15 K to prevent annealing.

Electrical leads made of 100-Å-thick Au film evaporat
at room temperature allow four-wire electrical transport m
surements. Measurements were made as a function of cu
and temperature. The current from a Keithley 220 dc curr
source was reversed for each point to eliminate voltages
to thermal offset.

While the morphology of these quench condensed
films have not been studied directly, reentrant supercond
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tivity has been observed in thinner films which are superc
ducting locally, but not globally. Therefore we believe th
these quench condensed Bi films are actually granular,
though each grain itself should be amorphous.

III. RESULTS

In Fig. 2, values of normalized resistance are plot
against temperature for two films prepared in separate r
The thinner film, film 1, has a superconducting transiti
regime wider than film 2, as expected since the thinner fi
is more disordered. The high-temperature part of the resis
transitions can be described by the Aslamasov-Larkin the
for paraconductivity effects.22 Fitting the data to the expres
sion for conductance results in a mean-field transition te
perature Tco53.9060.02 K for film 1, and 5.790
60.005 K for film 2. Alternatively, one can determine va
ues of Tco based onRh(Tco)5Rh

n /2, where Rh
n is the

normal-state sheet resistance, which yieldsTco53.94,
5.780 K for films 1 and 2, respectively. The values ofTco
determined by fitting to the conductance expression and
finding the midpoint resistance are seen to agree with
another.

The I -V characteristic at various temperatures in the
perconducting transition regime for film 1 is shown in Fig.
The curves exhibit a crossover between two distinct pow
law behaviors,V;I a1,2(T) wherea1(T) anda2(T) are expo-
nents in the low and high current regimes. Fitting the abo

FIG. 1. ~a! Thermal evaporator mounted in the taper seal at
bottom of the IVC. The distance between the substrate and ev
ration source is approximately 12 cm. During deposition of Bi, t
substrate temperature remains below 8 K.~b! Two quartz sensors
for monitoring and measuring the deposition rate and film thi
ness. A copper shadow mask defining the film geometry is sho
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PRB 61 7007CUTOFF LENGTH IN THE LOGARITHMIC . . .
form to the data in the respective current regimes yields
ues ofa1(T) anda2(T) which are plotted in Fig. 4 for films
1 and 2. For all temperatures, the exponent for the high
current part of theI -V characteristic is larger than 1 an
increases as 1/T as temperature is lowered. In compariso
the low current tails seen in theI -V curves are essentiall
linear at relatively high temperatures and slightly superlin
at lower temperatures. The crossover may be further
scribed by a crossover current,I cross. As illustrated in Fig. 3,
I cross is experimentally defined by extrapolating the pow
law behaviors in the low and high current regimes at a fix
temperature. Values ofI cross are shown in Fig. 5 to have
linear dependence on temperature. At the lowest temp
tures, the crossover appears to fall below the noise floo
our measurements. Although the data are not shown, sim
behavior has been observed in other films prepared in a s
rate run.

Within the standard picture of KTB transition, the log

FIG. 2. Normalized resistances plotted against temperature
films 1 and 2. The measuring current was 1mA. The supercon-
ducting transition temperatures, determined by a fit to
Aslamasov-Larkin theory are indicated. Film 1 is nominally 25
thick with Rh

n 51.74 kV. Film 2, with Rh
n 591 V, has a nominal

thickness of 50 Å.

FIG. 3. Current-voltage characteristics of film 1. From top
bottom, the temperatures are 3.6, 3.5, 3.4, 3.3, 3.2, 3.1, 3.0, 2.9
2.7, 2.6, 2.5, 2.4, 2.2, and 2.0 K. TheT53.1 K curve exhibitsV
;I 3 dependence in the high current regime. The dashed line re
sents linear behavior. A crossover currentI cross, is defined as indi-
cated.
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rithmic interaction between a vortex-antivortex pair exten
over the entire sample, such thatl'@W, where W is the
sample size. AboveTc , the system is populated by thermal
induced free vortices, as well as a number of already bo
pairs. In the presence of a small applied current these
vortices produce Ohmic behavior, i.e.,V;I . The vortex cor-
relation lengthj1(T), which may be thought of as the siz
of the largest bound vortex pair, is nonzero but significa
smaller thanW. As temperature decreases,j1(T) grows and
more vortices and antivortices are bound in pairs. AtTc ,
j1(T) diverges resulting in all vortices being bound and
zero resistance state is reached. This zero resistance
only holds in the zero current limit.11 For T<Tc , applying a
current leads to the unbinding of pairs. The weakly intera
ing pairs with large separations will be broken by a sm
applied current, while the strongly bound, closely separa
vortices can only be unbound by a large applied current. T
current-induced unbinding of pairs leads to a power law
havior of V;I a(T) wherea(T)>3. Traditionally,Tc is de-
fined by a(Tc)53. Thus the signature of the transition,
seen in theI -V characteristic, is a discontinuity in theI -V
behavior from Ohmic to power law as temperature

or

e

.8,

e-

FIG. 4. Exponents determined by fitting the data to a power
in the low (a1) and high (a2) bias current regimes for films 1 an
2, represented by open and filled circles, respectively. The lines
fits to 1/T dependence. The inset shows the lack of a discontin
jump in a2 in the transition regime.

FIG. 5. Values of the crossover currentI cross(T) plotted against
T/Tco for films 1 and 2. Linear fits are indicated by straight line
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7008 PRB 61M. M. ROSARIO, YU. ZADOROZHNY, AND Y. LIU
lowered past Tc . In addition, the resistance atT.Tc
is governed by flux flow and may be described
the Halperin-Nelson resistance formula12 R
;exp@22Ab(Tco2T)/(T2Tc)# where b is a nonuniversal
constant.

We have attempted to fit this resistance formula to
data in the lower part of the superconducting transition
gion. If we choose as the critical curve the one correspond
to a253, thenTc53.1 K. The Halperin-Nelson formula fit
the data over a small temperature range nearTc of roughly
two orders of magnitude in the film resistance. However
discontinuous jump in the exponent is not observed at
temperature, by tracking either the low or high current lim
The high-current exponenta2(T) varies continuously with,
perhaps, a kink ata253 as seen in the inset of Fig. 4. Th
disappearance of an Ohmic tail atT52.8 K corresponds to
an exponent of 4.6. These observations seem to sugges
a true KTB transition did not occur in these quench co
densed Bi films.

IV. DYNAMIC SCALING

Assuming that the normal-superconductor transition in
is a continuous phase transition, the physics in the crit
region is dominated byt and j which diverge asj;uT
2Tcu2v and t;jz as Tc is approached, wherev and z are
the correlation length and the dynamic scaling exponent,
spectively. The scaling theory17–19 suggests that theI -V
characteristic follows

I z11/@VTz#5«6~ I zjz/Tz!, ~2!

where«6(x)[x/x6(x1/z) andx6(x) is the scaling function
above/belowTc , andj is assumed to be symmetric aboutTc
with the standard KTB form. Note that this form is identic
to Eq. ~1!. At Tc , the above equation reduces toV;I z11.
Above Tc , R(T);j2z so thatx5I z/R(T)Tz. Varying z ef-
fectively redefines the transition’s universal jump from
→3 to 1→z11, whereinz11 corresponds to the expone
of the first fully nonlinear I -V curve. In addition, the
Halperin-Nelson resistance formula is modified toR
}exp@2zAb(Tco2T)/(T2Tc)#. The standard KT feature
are recovered whenz52. A scaling analysis of various sys
tems, including superconducting films, Josephson junc
arrays, and superfluid4He films, has recently been carrie
out,19 and has yielded an apparently system-independ
critical exponentz'5.6. Such a largez has been speculate
to follow from the vortex-antivortex pairs unbinding by e
changing members with neighboring pairs. In particular
steady state recombination process involving four vorti
would result inz56.

The value forz and Tc were obtained from the highes
temperatureI -V curve that follows power law,V;I z11,
over all currents. By inspecting theI -V curves shown in Fig.
3, we havez53.6 andTc52.70 K. A scaling collapse of the
I -V characteristic shown in Fig. 3 following the procedu
described above is displayed in Fig. 6, withz53.6. Ideally,
the value ofTc can be obtained independently from fittin
the resistive transition to the modified Halperin-Nelson f
mula. The results so obtained could be used as a s
consistent check. However, the value ofz cannot be indepen
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dently determined from this fitting. Given this, and the fa
that the scaling ansatz is not explicitly dependent uponTc ,
this fit is not attempted. Within the dynamic scaling theo
the values of resistance used in the scaling collapse sh
be determined in the Ohmic regime. At low temperatures,
Ohmic regime cannot be defined in our data. As a result,
have treated the resistance as a fitting parameter in our an
sis, with the values shown in Table I. As a comparison,
resistance values obtained directly from theI -V curves for
which an Ohmic regime can be identified are also listed
can be seen that these values are similar to those obta
from the fitting. While departure from the scaling curve
low currents is visible in severalI -V isotherms in the low
current limit, the collapsing of curves appears to work, wh
suggests that the superconducting-normal transition in
film may indeed be a continuous phase transition. The
usually large critical regime, from 3.5 to 2.7 K, may be e
plained by assuming a large correlation length. On the ot
hand, the question of the usefulness of this approach
mains. As shown in Fig. 7~a!, we have attempted to scale th
data usingz55.6 ~and Tc'2.45 K from Fig. 3!, with the

FIG. 6. Scaling of theI -V characteristic from Fig. 3, withz
53.6 ~and Tc52.7 K). Both axes are in arbitrary units. Only th
lower branch corresponding toT.Tc is shown. The resistance
used as fitting parameters are listed in Table I.

TABLE I. Resistance values used in the scaling analyses of
IV characteristic of Fig. 3. The values for Ohmic resistances
given where applicable.R1 and R2 are the resistances used in th
z53.6 andz55.6 and 6.86 scaling analyses, respectively. On
resistances used for scaling in the lower branch are listed.

T(K) ROhmic(V) R1(V) R2(V)

3.5 2.0 2.0 2.0
3.4 0.7 0.7 0.7
3.3 0.2 0.174 0.2
3.2 0.047 0.031 0.047
3.1 0.012 0.006 0.014
3.0 0.004 0.0004 0.003
2.9 1.431025 3.331024

2.8 1.031027 5.031025

2.7 5.031026

2.6 3.031027

2.5 1.031028

2.4 2.0310210

2.2 1.0310212
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PRB 61 7009CUTOFF LENGTH IN THE LOGARITHMIC . . .
resistance again being a fitting parameter. It is interestin
note that, as shown in Fig. 7~b!, the data can also be co
lapsed onto a scaling curve withz56.86 ~and Tc52.2 K
from Fig. 3!, using theexactsame resistance values used
the z55.6 scaling, suggesting that a collapse of the d
alone cannot yield a unique value forz. While this uncer-
tainty in determining the critical exponent may not necess
ily amount to a serious challenge to the fundamental valid
of dynamic scaling theory, the above analysis suggests
one must be cautious in drawing conclusions based on
value ofz obtained from the scaling analysis.

V. VORTEX-ANTIVORTEX UNBINDING
WITH A FINITE l�

Taking into account finite-size effects,13,14,16the conven-
tional KTB theory has been modified to treat the experim
tal observations in various 2D superconducting systems
this picture, several length scales are present in the prob
These lengths include the vortex correlation lengthj1(T),
the cutoff length in the logarithmic interactionl' , the cur-
rent lengthr c , and the finite size of the sampleW. An un-
derlying KTB transition is assumed to occur atT5Tc .
Above and belowT5Tc , the finite sizeL(5min@l' ,W#)
leads to a nonzero density of thermally induced free vortic
different from the conventional KTB transition. An applie
current probes the dynamics of vortex-antivortex pairs w
separationslarger than the current lengthr c . Therefore suf-
ficiently small currents probe the behavior of vorte
antivortex pairs with separationslarger than L, essentially
the free vortices/antivortices, resulting in Ohmic behavio

Above Tc , the competing lengths arer c andj1(T). The
use of a finite current leads to current-induced free vortic
antivortices which gives rise to a nonlinearI -V characteristic
when r c'j1(T). However, a finiteL introduces certain

FIG. 7. Scaling analyses corresponding to~a! z55.6 and~b! z
56.86. Both axes are in arbitrary units. Only the lower branch
the transition is shown. The resistances used in the analyse
listed in Table I.
to

r
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y
at

he

-
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m.
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h

s/

complications. Ohmic behavior is expected whenr c
@min@L,j1(T)#. In this picture, sincej1(T)!L for tem-
peratures well aboveTc , a crossover from Ohmic to nonlin
ear behavior occurs at a currentI crosswhich is dependent on
j1(T). At temperatures nearTc , j1(T) diverges and the
crossover is governed byL. ThereforeI crossis strongly tem-
perature dependent forT.Tc but weakly temperature depen
dent for T*Tc . The Ohmic behavior forT,Tc is solely
dependent onr c@L, with the crossover occurring atr c'L.
If the vortex-antivortex interaction beyondl' is constant
instead of 1/r , the crossover should occur atI cross
;4kbTcWe/p\L.19 The above-described theory qualit
tively accounts for the low current Ohmic behavior seen i
number of systems, in particular in Josephson-junction
rays of finite size.13,14However, an objection has been rais
in Ref. 17 that a transition from KTB to non-KTB behavio
cannot be tuned by varying the array size, as alluded to
previous studies,14,16 citing thatW andl' affect the density
of free vortices in the same manner. In addition, this a
proach assumes the occurence of a KTB transition, desp
finite sizedl' . It should be noted that it is upon such a fini
transverse penetration depth that Kosterlitz and Thou
based their argument against the occurence of a phase
sition in 2D superconducting systems.1

We propose that the features observed in theI -V charac-
teristics in the present study may be explained by a sim
treatment which does not require the existence of a K
transition. Within this model, the behavior is determined
the current-induced vortex-antivortex pair unbindin
wherein the members of the bound pair interact either lo
rithmically or as 1/r and are unbound by a current drive
through the system. For completeness, we begin with
nondisordered, unrenormalized pair potentialf(r ) given
by20

2Ec1
2dS fo

4pl D 2

lnS l

r D for j,r ,l' , ~3a!

2Ec2
2

~fo/2p!2

r
for r .l' , ~3b!

whereEc1
andEc2

are constants associated with the ene

of the vortex normal core,d the film thickness,fo5hc/2e
the flux quantum, andj the superconducting coherenc
length which is the effective radius of the vortex norm
core. In the presence of an applied current, the potential
ergy of a pair changes toU(r ,u)5f(r )2(Jsfo /c)r cosu,
whereu is the angle betweenJs andr . The potential is small-
est atu50. In this direction, a saddle point is found atr c ,
the current length, with its value depending onJs . Classical
escape over this saddle point leads to pair unbinding and
vortices/antivortices.

The electrical resistance of the film is proportional to t
vortex mobility,23 which, in turn, is proportional to the den
sity of free vortices,nf . In a steady state of a two-bod
recombination process,nf;G1/2 whereG is the rate of ion-
ization controlled by a Boltzmann factor,G;e2U(rc ,0)/kbT.
Given this, theI -V characteristic can be obtained usingV
;In f;IG1/2. As f(r ) has different forms forr ,l' and for
r .l' , so does theI -V behavior for small and large cur

f
are
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7010 PRB 61M. M. ROSARIO, YU. ZADOROZHNY, AND Y. LIU
rents. At small currents,r c5(hc/8p2eJs)
1/2.l' , leading to

G;e2(I /I o)1/2
, where I o5(pkBT)2cA/fo

3 (A is the cross-
sectional area!. At large currents,r c5\nse/2mJ,l' . This
leads immediately toG;e(pns\

2/2mkBT)ln I ~where ns5ns
2D

5ns
3Dd). Therefore we have

V;I 11pns\
2/4mkBT for j,r ,l' ~4a!

V;Ie(I /I o)1/2
for r .l' . ~4b!

Examining the data shown in Fig. 4, we can see that
I -V characteristic agrees with this finite cutoff length pictu
In the high bias current region, the resistance is domina
by vortex-antivortex pairs with small separations. For the
pairs, the interaction is logarithmic resulting inV;I a2(T),
with a2(T)511pns\

2/4mkBT. Furthermore, using the
mean-field result ofns5ns(T)5ns(0)(12T/Tco) results in
a2(T);1/T. The 1/T dependence ofa2 is clearly seen for
both films. Values ofns(0) may be determined from th
slopes shown in Fig. 4, and are found to be 4.431012/cm2

and 7.831013/cm2 for films 1 and 2, respectively.
As the bias current is lowered, the cutoff length becom

important, resulting in a crossover of theI -V characteristic
to V;Ie(I /I o)1/2

. In this regime, an estimate ofI o yields a
value at least an order of magnitude larger than the app
current. Given thatI o@I , a linear IV characteristic is ex-
pected, as observed experimentally. As temperature is
ered, values ofI o decrease and the exponential factor m
begin to affect theI -V behavior at small currents. This effe
is qualitatively seen in the low-temperature curves as a
viation from purely Ohmic behavior.

The validity of such a simple treatment is further tested
examining the temperature dependence of the crossover
rent I cross. The crossover corresponds tor c;ns/I cross. Using
the mean-field result forns and assuming thatl' is tempera-
ture independent in this small temperature range,I crossshould
be linearly dependent on temperature. This linear dep
dence was observed experimentally as shown in Fig. 5.

If many pairs are present in the film, which is expect
belowT5Tco, the pair potential for a vortex-antivortex pa
of a given separation will be modified by the presence
other pairs with smaller separation~screening effects!, lead-
ing to a renormalized pair potential. In addition, the disord
present in the film will introduce pinning forces, furthe
modifying the pair potential. A full analysis of renormaliza
tion effects is obviously complicated. Given that our expe
mental results seem to agree with the expectations of
unrenormalized theory, it seems that the renormalization
fect does not change the picture qualitatively. Howev
quantitative changes are expected, for example, the cu
length may be modified due to the screening effects.

VI. IMPLICATIONS ON THE S-I TRANSITION

The present work suggests that a cutoff length in the lo
rithmic interaction between a vortex-antivortex pair is s
nificantly smaller than the sample size in quench conden
Bi films, and that the effects of the logarithmic and 1/r forms
of the vortex interaction are observable. This has poten
consequences on the nature of the zero-temperature (T50)
e
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superconductor-insulator~S-I! transition,21 which has been
shown to occur in quench-condensed Bi films.24

This quantum phase transition can be traversed by tun
disorder, carrier concentration, applied magnetic field,
film thickness.21 A dirty boson Hubbard model25–27has been
put forward to describe this phenomenon. Within this mod
the superconducting state is characterized by a condensa
Cooper pairs and localized vortices, while in the insulati
phase Cooper pairs are localized and vortices are mo
The model predicts that if the system is self-dual, namely
the model describing the system is invariant when expres
in terms of charge or vortex degree of freedom, a univer
resistance atT50 given by h/4e2 will emerge at the S-I
transition. So far, the values of the critical resistance
served experimentally in various systems seem to v
substantially,21,28 which raises the question concerning t
validity of the theory. An additional parameter29 or a metallic
phase30 has to be included in the theory to account for t
apparent disagreement between the dirty boson Hubb
theory and experiment.

Is it possible that a real experimental system can be m
self-dual? Within the dirty boson model, there are at le
two difficulties for films of metals to be considered self-du
for the S-I transition in zero magnetic field.27 First, the
particle-hole symmetry possessed by vortex-antivortex p
does not exist for Cooper pairs. Mukhopadhay a
Weichman31 have examined the issue concerning the lack
particle-hole symmetry at the S-I transition theoretically a
concluded that although such a symmetry is not presen
the original Hamiltonian, a statistical version is restored
the critical point. Second, the interaction between char
pairs and that between vortices, are, in general, dissim
The Coulomb interaction between Cooper pairs has ar
form, while the interaction between a vortex-antivortex p
is logarithmic, up tol' . It has been shown that in materia
of high dielectric constant, the interaction between tw
charges may be described as logarithmic up to a cu
length, beyond which it recovers the 1/r form.32 The pres-
ence of a cutoff length in the logarithmic interaction betwe
charges has been experimentally observed in various
systems.33–36

The form of interaction between charges as descri
above is identical to that between vortices in this system
shown in the present work. If the effective dielectric consta
for insulating Bi films is large, as may be expected,37 the
interaction between Cooper pairs may also be logarith
with a finite cutoff length. In this case, the system will b
self-dual at least in principle. However, since the interact
between charges and that between vortices may be mod
by the disorder and many-body effects differently, whethe
particular sequence of films can actually have the same
teraction form for Cooper pairs and vortices may depe
strongly on the film preparation, and substrate conditio
Consequently, a self-dual system may not always
achieved even in the same material system prepared u
nominally the same conditions. The characterization of
behavior of a self-dual system must await for these exp
mental issues to be resolved.

VII. SUMMARY

We have carried out electrical transport measurement
disordered superconducting Bi films preparedin situ in a
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3He cryostat by quench deposition. A crossover from lin
~Ohmic! to nonlinear behavior was observed in theI -V char-
acteristics in the superconducting transition regime. We h
analyzed the data by the dynamic scaling theory and, a
natively, by examining the current-induced vortex-antivort
unbinding involving a cutoff length in the logarithmic inte
action between vortex-antivortex pairs. The dynamic sca
does not seem yield a unique value for the critical expon
z. However, the latter approach explains our results well

It is known that the presence of aT50 S-I transition will
affect the behavior of the system at finite temperatures. In
critical region of this quantum phase transition, the syst
should scale because of the presence of a quantum cr
point atT50. It will be interesting to push the current stud
R.

,

n

p

.E

.C

n

r

e
r-

x

g
nt

e

cal

to the regime close to the S-I transition. In particular, if t
current approach shows that the interaction between
vortex-antivortex pairs on the superconducting side and
between charges on the insulating side of the S-I transitio
the same sequence of films have the same form, the sy
will be self-dual. Interesting phenomena may be found
such a system can be prepared.
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3V.L. Berezinskii, Zh. Éksp. Teor. Fiz.59, 907~1970! @Sov. Phys.

JETP32, 493 ~1971!#.
4M.R. Beasley, J.E. Mooij, and T.P. Orlando, Phys. Rev. Lett.42,

1165 ~1979!.
5D.J. Resnick, J.C. Garland, J.T. Boyd, S. Shoemaker, and

Newrock, Phys. Rev. Lett.47, 1542~1981!.
6A.F. Hebard and A.T. Fiory, Phys. Rev. Lett.50, 1603~1983!.
7D.W. Abraham, C.J. Lobb, M. Tinkham, and T.M. Klapwijk

Phys. Rev. B26, 5268~1982!.
8A.F. Hebard and A.T. Fiory, Phys. Rev. Lett.44, 291 ~1980!.
9P.A. Bancel and K.E. Gray, Phys. Rev. Lett.46, 148 ~1981!.

10K. Epstein, A.M. Goldman, and A.M. Kadin, Phys. Rev. Lett.47,
534 ~1981!.

11A.M. Kadin, K. Epstein, and A.M. Goldman, Phys. Rev. B27,
6691 ~1983!.

12B.I. Halperin and D.R. Nelson, J. Low Temp. Phys.36, 599
~1979!.

13M.V. Simkin and J.M. Kosterlitz, Phys. Rev. B55, 11 646
~1997!.

14S.T. Hebert, Y. Jun, R.S. Newrock, C.J. Lobb, K. Ravindra
H.-K. Shin, D.B. Mast, and S. Elhamri, Phys. Rev. B57, 1154
~1998!.

15H.S.J. van der Zant, H.A. Rinken, and J.E. Mooij, J. Low Tem
Phys.79, 289 ~1990!.

16J.M. Repaci, C. Kwon, Qi Li, X. Jiang, T. Venkatessan, R
Glover, C.J. Lobb, and R.S. Newrock, Phys. Rev. B54, R9674
~1996!.

17S.M. Ammirata, M. Friesen, S.W. Pierson, L.A. Gorham, J
Hunnicutt, M.L. Trawick, and C.D. Keener, Physica C313, 225
~1999!.

18D.S. Fisher, M.P.A. Fisher, and D.A. Huse, Phys. Rev. B43, 130
~1991!.

19S.W. Pierson, M. Friesen, S.M. Ammirata, J.C. Hunnicut, a
L.A. Gorham, Phys. Rev. B60, 1309~1999!.
S.

,

.

.

.

d

20J. Pearl, inLow Temperature Physics-LT9, edited by J.G. Daunt,
D.O. Edwards, F.J. Milford, and M. Yaqub~Plenum, New York,
1965!, p. 566.

21See, for example, N. Markovic and A.M. Goldman, Phys. Tod
51 ~11!, 39 ~1998!; N. Markovic, C. Christiansen, A.M. Mack
W.H. Huber, and A.M. Goldman, Phys. Rev. B60, 4320~1999!;
and references cited therein.

22L.G. Aslamasov and A.I. Larkin, Fiz. Tverd. Tela~Leningrad! 10,
1104 ~1968! @Sov. Phys. Solid State10, 875 ~1968!#.

23M. Tinkham, Introduction to Superconductivity~McGraw Hill,
New York, 1996!, Chap. 8.

24Y. Liu, K.A. McGreer, B. Nease, D. Haviland, G. Martinez, J.W
Halley, and A.M. Goldman, Phys. Rev. Lett.67, 2068~1991!.

25M.P.A. Fisher, Phys. Rev. Lett.65, 923 ~1990!.
26M.P.A. Fisher, P.B. Weichman, G. Greinstein, and D.S. Fish

Phys. Rev. B40, 546 ~1989!.
27M.-C. Cha, M.P.A. Fisher, S.M. Girvin, M. Wallin, and A.P

Young, Phys. Rev. B44, 6883~1991!.
28Y. Liu, D.B. Haviland, B. Nease, and A.M. Goldman, Phys. Re

B 47, 5931~1993!.
29N. Mason and A. Kapitulnik, Phys. Rev. Lett.82, 5341~1999!.
30D. Das and S. Doniach, Phys. Rev. B60, 1261~1999!.
31R. Mukhopadhay and P.B. Weichman, Phys. Rev. Lett.76, 2977

~1996!.
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