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The current-voltagel¢V) characteristic of disordered superconducting Bi films preparesitu in a 3He
cryostat by quench deposition has been studied. At a fixed temperature, a crossover frofOlmeiy 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 seenliVtlearves can be
accounted for using a simple picture of current-induced unbinding of vortex-antivortex pairs that involves a
crossover from a logarithmic to anrlihteraction between the vortex-antivortex pair. The implications of such
an interaction for the nature of the two-dimensional superconductor-insulator transition are discussed.

[. INTRODUCTION different approach based on the dynamic scaling theory of
Fisher, Fisher, and Hu¥thas been proposéd?!® In this

The nature of the superconducting transition in disorderedheory, the 2D normal-superconducting transition is assumed
two-dimensional(2D) superconductors has been a focus ofto be continuous, governed by a characteristic correlation
attention in superconductivity research for the past few delength& and characteristic time, which diverge at the criti-
cades. Originally arguedot to occur in 2D superconducting €al point with 7~ ¢*, wherez is the dynamic critical expo-
systems, the Kosterlitz-Thouless-Berezinskii(KTB) nent. In the critical regime, all physical quantities, including
transitior 3 was suggested by Beasley, Mooij, and Orlghdo I—.V isotherms, should scale. Using the scaling form of
to be the correct description of the superconducting transitisher, Fisher, and Huse, thev curves should collapse onto

tion in high-resistance superconducting films. It was argued Scaling curve following
that in these films, the transverse penetration depth Velé 2y (1ET 1
=\?/d (where\ is the bulk penetration depth axidhe film =1 x=(1em), @

thicknes$ would become comparable to the system size inyherey . (x) is the scaling function for temperatures above/
the transition regime. This allows for the logarithmic inter- pajow T.. Within the dynamic scaling picture, the standard
action between vortices to extend to lengths comparable witk TR transition is characterized by a diffusive exponent
the Sample. In this case, the vortex-antivortex pairs, Wh|Ch:2 A dynamic Sca”ng ana|ysis has been apphed to various
are bound at low temperatures, unbind at a well-defined trarQD Systems and an apparenﬂy universal critical expoﬂent
sition temperature. In the decades following the original~5.6 has been found. An exponent as large as 5.6 would
KTB work, the observation of a KTB transition has beensuggest that the vortex-antivortex pair unbinding in these
reported in a variety of 2D superconducting systéMsRe-  systems is highly collaborative in nature.
cently, however, this paradigm has come under question. Alternatively, a finite-size scaling for the KTB transition
The revived interest stems primarily from the behavior ofhas been developed to analyze the superconducting transition
the current-voltage I€V) characteristic. Within the frame- in various 2D system&'4*6 Assuming an underlying KTB
work of the standard KTB theory, the vortex-antivortex pairtransition, this approach takes into account the presence of
unbinding starts at the transition temperatlig where a thermally excited free vortices due to the finite system size
discontinuous jump in thé-V exponent such tha¥~I for  or finite cutoff length in the logarithmic interaction. Within
T>T.andV~I1% at T=T, is expected? For temperatures this analysis, the interaction beyond is simplified as a
below T, in the I=0 limit, V~147 with (T)>3, and constant, rather than ri/as shown originally by Peaf?.
increasing as temperature is lowered. Recent studies in JdVhile the effect of the 1/ interaction is ignored, this ap-
sephson junction array§'°and cuprate superconductt$’  proach appears capable of accounting for the main features
show a significant Ohmic deviation from the predictedseen in thd-V characteristic of 2D superconductors.
power-law behavior at low temperaturgsthe low current In this paper, we report our experimental studies of the
limit and no universal jump in the exponent of 1h& curve  superconducting transition in quench-condensed Bi films.
that is expected from the KTB transition. In fact, a scrutiny We have used dynamic scaling to analyze our data. Although
of the published data on the KTB transition suggests that theve are able to collapse the data onto a scaling curve, a
low current Ohmic behavior, as well as the lack of a discon-unique value for the critical exponent cannot be obtained. On
tinuous jump, has been quite commonly observedhe other hand, we found that by taking into account the
previously®°-11 effect of a finite cutoff length in the logarithmic interaction
To reconcile these apparent discrepancies between the elletween a vortex-antivortex pair, we can explain our experi-
perimental results and the expectations of the KTB theory, anental results quite well. Different from the finite-size scal-
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ing, this analysis does not require the occurence of a KTB a)
transition in the 2D superconducting system. We have ex- Shields
plicity examined the effect of the d/dependence in the

interaction between a vortex-antivortex pair for separation

. . X . _ _ o ‘/2 Separator
and 1f interaction is shown to give rise to an Ohmic tail in sources, \@* Filament-

distances larger thax, . The crossover between logarithmic Evaporation

. . 9% W baskets
the nonlinear -V curves. Implications for the nature of the e feedthrough
2D superconductor-insulatdiS-1) transitiorf® will also be Ceramic _, connectors
discussed. swpport. -~

Taper seal
Il. EXPERIMENTAL SETUP

Ceramic metal
feedthroughs,
Cu conductors

Ultrathin films of Bi were prepareth situin a 3He cry-
ostat with a base temperature of 0.3 K. The homemade
guench deposition system is installed in the inner vacuum
can(IVC) of the ®He cryostat. A small thermal evaporator is
attached to the bottom tapered vacuum seal of the IVC, di-

rectly opposite the substrate. The evaporator is composed of b) Quartz
four cer_amic-metal electrical f_eedthroughs supplying_ current Motion sensor 2
to two independent evaporation sources. All electrical ele- Translating

ments are supported by a ceramic base for electrical insula- Gears N |H"||

tion. The two homemade tungsten evaporation baskets are
prewetted by the evaporation materials in a conventional
room-temperature evaporator prior to cooling down. The re-
sidual strain in the tungsten wire is removed in this process
to avoid uncontrolled deformations during the low-
temperature depositions. A stainless sheet shields the two FIG. 1. (a) Thermal evaporator mounted in the taper seal at the
baskets from one another, which is necessary when evapbettom of the IVC. The distance between the substrate and evapo-
rating two different materials. For the present study, bothration source is approximately 12 cm. During deposition of Bi, the
baskets were filled with Bi of 99.9999% purity. The evapo-substrate temperature remains below 8(l. Two quartz sensors
rator is illustrated in Fig. (). for monitoring and measuring the deposition rate and film thick-
Films were deposited atop a glazed alumina substratBess. A copper shadow mask defining the film geometry is shown.
mounted on a copper sample stage, which, in turn, is in ther-
mal contact with the®He pot. The sample stage is shielded tivity has been observed in thinner films which are supercon-
from the evaporation sources and the inner wall of the Ivcducting locally, but not globally. Therefore we believe that
by a copper cylinder with a shutter, both thermally anchoredhese quench condensed Bi films are actually granular, al-
to the 1 K pot. A rail and gear system, connected to a lineathough each grain itself should be amorphous.
motion feedthrough on top of the cryostat, opens and closes
the shutter. Since the vacuum can is immersed in a liquid- IIl. RESULTS
helium bath, the cryopumping of the IVC walls provides an
ultrahigh vacuum environment. Bismuth was evaporated at a In Fig. 2, values of normalized resistance are plotted
constant rate of 0.1 to 1 A/s, as monitored by two 6-MHzagainst temperature for two films prepared in separate runs.
quartz crystal thickness monitors mounted on the copper cylThe thinner film, film 1, has a superconducting transition
inder, adjacent to the substrate as shown in Fig).IThe regime wider than film 2, as expected since the thinner film
uncovered sensor monitors the evaporation rate at all time§ more disordered. The high-temperature part of the resistive
to help ensure that the shutter will be opened only after dransitions can be described by the Aslamasov-Larkin theory
stable evaporation rate is established. The other sensor rfr paraconductivity effecté Fitting the data to the expres-
mains shielded until the deposition begins. Film geometry igsion for conductance results in a mean-field transition tem-
defined by a copper shadow mask mounted 0.5 mm abowveerature T,,=3.90+0.02 K for film 1, and 5.790
the substrate. During the Bi deposition the substrate temperaz 0.005 K for film 2. Alternatively, one can determine val-
ture remains below 8 K, as monitored by a thermometeres of T., based onRy(T.)=R}/2, where R, is the
mounted adjacent to the substrate. After deposition, the filnmormal-state sheet resistance, which vyields,=3.94,
is kept below 15 K to prevent annealing. 5.780 K forfilms 1 and 2, respectively. The values B,
Electrical leads made of 100-A-thick Au film evaporated determined by fitting to the conductance expression and by
at room temperature allow four-wire electrical transport meafinding the midpoint resistance are seen to agree with one
surements. Measurements were made as a function of curresbother.
and temperature. The current from a Keithley 220 dc current The |-V characteristic at various temperatures in the su-
source was reversed for each point to eliminate voltages dygerconducting transition regime for film 1 is shown in Fig. 3.
to thermal offset. The curves exhibit a crossover between two distinct power-
While the morphology of these quench condensed Biaw behaviorsV~1214T) wherea;(T) anda,(T) are expo-
films have not been studied directly, reentrant superconduaients in the low and high current regimes. Fitting the above

Quartz
sensor 1
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FIG. 2. Normalized resistances plotted against temperature for 1 r® ocococo0o Q@ T ]
films 1 and 2. The measuring current wasglA. The supercon- . . . e
ducting transition temperatures, determined by a fit to the 1 1.1 12 13 1.4 15
Aslamasov-Larkin theory are indicated. Film 1 is nominally 25 A T /T
thick with R, =1.74 K. Film 2, with R;;=91 Q, has a nominal co

thickness of 50 A. FIG. 4. Exponents determined by fitting the data to a power law

in the low («,) and high ;) bias current regimes for films 1 and
form to the data in the respective current regimes yields valz represented by open and filled circles, respectively. The lines are
ues ofay(T) anda,(T) which are plotted in Fig. 4 for films fits to 1/T dependence. The inset shows the lack of a discontinous
1 and 2. For all temperatures, the exponent for the high biagmp in «, in the transition regime.
current part of thel-V characteristic is larger than 1 and
increases as T/as temperature is lowered. In comparison,rithmic interaction between a vortex-antivortex pair extends
the low current tails seen in theV curves are essentially over the entire sample, such that>W, whereW is the
linear at relatively high temperatures and slightly superlineagample size. Abové,, the system is populated by thermally
at lower temperatures. The crossover may be further deinduced free vortices, as well as a number of already bound
scribed by a crossover curreh,qss. As illustrated in Fig. 3, pairs. In the presence of a small applied current these free
| cross IS €xperimentally defined by extrapolating the power-vortices produce Ohmic behavior, i.8.~1. The vortex cor-
law behaviors in the low and high current regimes at a fixedrelation lengthé (T), which may be thought of as the size
temperature. Values df;.ssare shown in Fig. 5 to have a of the largest bound vortex pair, is nonzero but significanty
linear dependence on temperature. At the lowest temperamaller tharW. As temperature decreasés,(T) grows and
tures, the crossover appears to fall below the noise floor ofore vortices and antivortices are bound in pairs. TAt
our measurements. Although the data are not shown, similag, (T) diverges resulting in all vortices being bound and a
behavior has been observed in other films prepared in a sepgero resistance state is reached. This zero resistance state
rate run. only holds in the zero current limit For T<T,, applying a
Within the standard picture of KTB transition, the loga- current leads to the unbinding of pairs. The weakly interact-
ing pairs with large separations will be broken by a small
applied current, while the strongly bound, closely separated
) vortices can only be unbound by a large applied current. The
1031 * current-induced unbinding of pairs leads to a power law be-
g / havior of V~1" where a(T)=3. Traditionally, T, is de-

102

10 fined by a(T.)=3. Thus the signature of the transition, as
seen in thd -V characteristic, is a discontinuity in tHeV
E 10° behavior from Ohmic to power law as temperature is
> 10 2 ; . ;
Bi
107 ¢ 20
108 7 =
10_9: éﬁ 16 Film 2
10-9 ’_‘s 14|
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12}
FIG. 3. Current-voltage characteristics of film 1. From top to . . . .
bottom, the temperatures are 3.6, 3.5, 3.4, 3.3, 3.2, 3.1, 3.0, 2.9, 2.8, 10 08 08 09 095 1
2.7,2.6, 25, 2.4, 2.2, and 2.0 K. TARe=3.1 K curve exhibitsv T/l‘co
~13 dependence in the high current regime. The dashed line repre-
sents linear behavior. A crossover currégtss, is defined as indi- FIG. 5. Values of the crossover currdpj,s{T) plotted against

cated. TI/T,, for films 1 and 2. Linear fits are indicated by straight lines.
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lowered pastT.. In addition, the resistance at>T, 107
is governed by flux flow and may be described by N
the Halperin-Nelson resistance formtfla R . 10
~exd —2\b(T,,—T)/(T—T] whereb is a nonuniversal ‘k

&,

constant.

We have attempted to fit this resistance formula to our
data in the lower part of the superconducting transition re-
gion. If we choose as the critical curve the one corresponding 107

i R Ry R R i R R R R R R R A

Vs

-
'

to ap,=3, thenT.,=3.1 K. The Halperin-Nelson formula fits Fy
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the data over a small temperature range rigaof roughly 000 100 10" 10 10° 102

two orders of magnitude in the film resistance. However, a I/[R(T)T]

discontinuous jump in the exponent is not observed at any

temperature, by tracking either the low or high current limit. 5 6. Scaling of the-V characteristic from Fig. 3, witlz
The high-current exponent,(T) varies continuously with,  —3 6 (andT,=2.7 K). Both axes are in arbitrary units. Only the
perhaps, a kink atr,=3 as seen in the inset of Fig. 4. The |ower branch corresponding t>T, is shown. The resistances
disappearance of an Ohmic tail B=2.8 K corresponds to used as fitting parameters are listed in Table 1.

an exponent of 4.6. These observations seem to suggest that

a true KTB transition did not occur in these quench con-gently determined from this fitting. Given this, and the fact
densed Bi films. that the scaling ansatz is not explicitly dependent ufign
this fit is not attempted. Within the dynamic scaling theory,
IV. DYNAMIC SCALING the values of resistance used in the scaling collapse should
. L be determined in the Ohmic regime. At low temperatures, an
_ Assuming that the normal-superconductor transition in 2Dopmic regime cannot be defined in our data. As a result, we
is a continuous phase transition, the physics in the critica,5ye treated the resistance as a fitting parameter in our analy-
region 1Is dommazlted byr and ¢ which diverge asé~|T  gjs with the values shown in Table I. As a comparison, the
—T¢| " andr~¢” asT. is approached, where andz are  registance values obtained directly from th& curves for
the correlation length and the d){gamm scaling exponent, reghich an Ohmic regime can be identified are also listed. It
spectively. The scaling theory™® suggests that thé-V  can e seen that these values are similar to those obtained

characteristic follows from the fitting. While departure from the scaling curve at
Sl , 221z low currents is visible in severdlV isotherms in the low
VT ] =6 (176°1T9), 2 current limit, the collapsing of curves appears to work, which

suggests that the superconducting-normal transition in this
film may indeed be a continuous phase transition. The un-
usually large critical regime, from 3.5 to 2.7 K, may be ex-

: 711 plained by assuming a large correlation length. On the other
to Eq. (1). At T, the above equation reduces ¥o-1*"". hand, the question of the usefulness of this approach re-

ez —1Z z i -

Abqve Te, R(T.) £ 7 so that?(. I,/R(T.)T ) Vafy'”g z ef mains. As shown in Fig. (@), we have attempted to scale the
fectively redefines the transition’s universal jump from 1 data usingz=5.6 (and T,~2.45 K from Fig. 3, with the
—3 to 1—z+1, whereinz+1 corresponds to the exponent ' © R

of the first fully nonlinearl-V curve. In addition, the

wheree . (X)=x/x+ (x?) and y. (x) is the scaling function
above/belowl ., and¢ is assumed to be symmetric abdut
with the standard KTB form. Note that this form is identical

. . . . TABLE I. Resistance values used in the scaling analyses of the
Halperin-Nelson resistance formula is modified ® h istic of Fi h | ¢ hmi .
—2Jb(Tw—T)/(T—TJ)]. The standard KT features I\_/ characteristic o Fig. 3. The values for O mic resistances are
xexy —z co o/l ‘ . given where applicableR; andR, are the resistances used in the
are recovered wher=2. A scaling analysis of various sys- ;_3 6 andz=5.6 and 6.86 scaling analyses, respectively. Only
tems, including superconducting films, Josephson junctioResistances used for scaling in the lower branch are listed.
arrays, and superfluidHe films, has recently been carried

ou_t_,19 and has yielded an apparently system-independent(k) Ronmid ) R,(Q) R,(Q)
critical exponentz~5.6. Such a large has been speculated
to follow from the vortex-antivortex pairs unbinding by ex- 3-5 2.0 2.0 2.0
changing members with neighboring pairs. In particular, a3-4 0.7 0.7 0.7
steady state recombination process involving four vortice$-3 0.2 0.174 0.2
would result inz=6. 3.2 0.047 0.031 0.047
The value forz and T, were obtained from the highest 3.1 0.012 0.006 0.014
temperaturel -V curve that follows power lawV~ 121, 3.0 0.004 0.0004 0.003
over all currents. By inspecting theV curves shown in Fig. 2.9 1.4<10°° 3.3x10°%
3, we havez=3.6 andT.=2.70 K. A scaling collapse of the 2.8 1.0x1077 5.0<10°°
[-V characteristic shown in Fig. 3 following the procedure2.7 5.0<10°©
described above is displayed in Fig. 6, with 3.6. Ideally, 2.6 3.0x10°7
the value ofT. can be obtained independently from fitting 2.5 1.0x10°®
the resistive transition to the modified Halperin-Nelson for-2 4 2.0<10°10
mula. The results so obtained could be used as a selp2 1.0 1012

consistent check. However, the valuezafannot be indepen-
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] complications. Ohmic behavior is expected when
>min[£,&.(T)]. In this picture, sinc&, (T)<<L for tem-
peratures well abov&., a crossover from Ohmic to nonlin-
ear behavior occurs at a currdnf,sswhich is dependent on
. £.(T). At temperatures neaf;, &£,(T) diverges and the
crossover is governed by. Thereforel ;,ossiS Strongly tem-
perature dependent far> T but weakly temperature depen-
T dent for T=T.. The Ohmic behavior folT<T. is solely
dependent om > L, with the crossover occurring at~ L.
If the vortex-antivortex interaction beyond, is constant
instead of 1/, the crossover should occur atygs
~4k TWe wh L2 The above-described theory qualita-
1 tively accounts for the low current Ohmic behavior seen in a
number of systems, in particular in Josephson-junction ar-
rays of finite sizé¢>**However, an objection has been raised
wr z2=6.86 ] in Ref. 17 that a transition from KTB to non-KTB behavior
10k / cannot be tuned by varying the array size, as alluded to in
ol previous studies?*® citing thatW and X, affect the density
10°0.0001 10 10° 10" 10" 10* 10 of free vortices in the same manner. In addition, this ap-
%[R(T)T] prc_)ach_ assumes the occurence of a KTB transition, despite a
finite sized\ | . It should be noted that it is upon such a finite
FIG. 7. Scaling analyses corresponding@z=5.6 and(b) z  transverse penetration depth that Kosterlitz and Thouless
=6.86. Both axes are in arbitrary units. Only the lower branch ofbased their argument against the occurence of a phase tran-
the transition is shown. The resistances used in the analyses agion in 2D superconducting systerms.
listed in Table I. We propose that the features observed inlthé charac-
teristics in the present study may be explained by a simple
resistance again being a fitting parameter. It is interesting tereatment which does not require the existence of a KTB
note that, as shown in Fig.(3), the data can also be col- transition. Within this model, the behavior is determined by
lapsed onto a scaling curve with=6.86 (and T,=2.2 K  the current-induced vortex-antivortex pair unbinding,
from Fig. 3, using theexactsame resistance values used forwherein the members of the bound pair interact either loga-
the z=5.6 scaling, suggesting that a collapse of the dataithmically or as ¥ and are unbound by a current driven
alone cannot yield a unique value far While this uncer- through the system. For completeness, we begin with the
tainty in determining the critical exponent may not necessarnondisordered, unrenormalized pair potentis(r) given
ily amount to a serious challenge to the fundamental vaIidityoy20
of dynamic scaling theory, the above analysis suggests that

one must be cautious in drawing conclusions based on the do \2 [N
value ofz obtained from the scaling analysis. Ee,~d| x| In|7] for é<r<i,, (33
V. VORTEX-ANTIVORTEX UNBINDING (¢0/27T)2
WITH A FINITE A, 2E;,— —— for r>\,, (3b)

Taking into account finite-size effect$}*!°the conven- _ _
tional KTB theory has been modified to treat the experimenWhereE., andE;, are constants associated with the energy
tal observations in various 2D superconducting systems. Iof the vortex normal cored the film thicknessg,=hc/2e
this picture, several length scales are present in the problerthe flux quantum, and the superconducting coherence
These lengths include the vortex correlation lengt(T),  length which is the effective radius of the vortex normal
the cutoff length in the logarithmic interaction , the cur-  core. In the presence of an applied current, the potential en-
rent lengthr., and the finite size of the sampW. An un-  ergy of a pair changes tO(r,6) = ¢(r) — (Js¢o/C)r COSH,
derlying KTB transition is assumed to occur at=T.. where# is the angle betweed, andr. The potential is small-
Above and belowT=T,, the finite sizeL(=min[\, ,W])  est atd=0. In this direction, a saddle point is found rat,
leads to a nonzero density of thermally induced free vorticeshe current length, with its value depending &n Classical
different from the conventional KTB transition. An applied escape over this saddle point leads to pair unbinding and free
current probes the dynamics of vortex-antivortex pairs withvortices/antivortices.
separationsarger than the current length.. Therefore suf- The electrical resistance of the film is proportional to the
ficiently small currents probe the behavior of vortex- vortex mobility?® which, in turn, is proportional to the den-
antivortex pairs with separatiorarger than £, essentially ~ sity of free vortices,n;. In a steady state of a two-body
the free vortices/antivortices, resulting in Ohmic behavior. recombination processy~I"Y2 wherel is the rate of ion-

Above T., the competing lengths are and £, (T). The ization controlled by a Boltzmann factoF,~e~V("c:0/ksT,
use of a finite current leads to current-induced free vorticesGiven this, thel-V characteristic can be obtained usi¥g
antivortices which gives rise to a nonlinda¥ characteristic ~In¢~1T2 As ¢(r) has different forms for <\, and for
when r~&,(T). However, a finite£ introduces certain r>\,, so does thd-V behavior for small and large cur-
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rents. At small currents,.= (hc/87%eJ) Y>>\ , leadingto  superconductor-insulatdiS-I) transition?* which has been
Fwez(mo)lfz, where IO:(WkBT)ZcAlzﬁg (A is the cross- shown to occur in quench-condensed Bi filffis.

sectional arer At large currentsr.=#ne/2mJ<\, . This This quantum phase transition can be traversed by tuning

. . 2 disorder, carrier concentration, applied magnetic field, or
leads immediately td’~e(™¢#72MeDN! (where ng=nZ" g thickness A dirty boson Hubbged mod%ﬁgﬂhas been
=nZPd). Therefore we have put forward to describe this phenomenon. Within this model,

) the superconducting state is characterized by a condensate of
Vo~ | LEATAMIET for f<r<)\ (48  Cooper pairs and localized vortices, while in the insulating

phase Cooper pairs are localized and vortices are mobile.
(4b) The model predicts that if the system is self-dual, namely, if
the model describing the system is invariant when expressed

- A in terms of charge or vortex degree of freedom, a universal
Examining the data shown in Fig. 4, we can see that the ..o 0o atrzg given by h/4e% will emerge at the S-I

|-V characteristic agrees with this finite cutoff length picture. o nqition S0 far, the values of the critical resistance ob-
In the high b!as current region, the resistance is dominatedgyaq experimentally in various systems seem to vary
by vortex-antivortex pairs with small separations. ForTthes"substantialIy?,l'28 which raises the question concerning the
pairs, the interaction is logarithmic resulting W12, ajigity of the theory. An additional paramet&or a metallic
with ay(T)=1+7ngi?/4mkgT. Furthermore, using the phasé® has to be included in the theory to account for the
mean-field result ohg=ng(T)=ng(0)(1-T/T,y) results in  apparent disagreement between the dirty boson Hubbard
a,(T)~1/T. The 1T dependence of, is clearly seen for theory and experiment.
both films. Values ofng(0) may be determined from the Is it possible that a real experimental system can be made
slopes shown in Fig. 4, and are found to bex419'%cn?  self-dual? Within the dirty boson model, there are at least
and 7.8<10'%¥cn? for films 1 and 2, respectively. two difficulties for films of metals to be considered self-dual
As the bias current is lowered, the cutoff length becomedor the S-I transition in zero magnetic field.First, the
important, resulting in a crossover of theV characteristic ~Particle-hole symmetry possessed by vortex-antivortex pairs
to V~1e9™ In this regime, an estimate df, yields a does not exist for Cooper pairs. Mukhopadhay and

value at least an order of magnitude larger than the applieM\/e'Fhrm’”?i have examined the issue concerning the lack of
current. Given thal ,>1, a linearlV characteristic is ex- particle-hole symmetry at the S-I transition theoretically and

pected, as observed experimentally. As temperature is IOV\F-O”CIUdEd that although such a symmetry is not present in

ered, values of,, decrease and the exponential factor maythe original Hamiltonian, a statistical version is restored at

begin to affect thé-V behavior at small currents. This effect the_ Cm'cgltﬁotmg' tSecond, tpe Interaction betweler:j_ch_argled
is qualitatively seen in the low-temperature curves as a d paurs an at between vortices, are, In general, dissimiiar.

viation from purely Ohmic behavior. he Coulomb interaction between Cooper pairs hasra 1/

The validity of such a simple treatment is further tested by_form, while the interaction between a vortex-antivortex pair

examining the temperature dependence of the crossover cdﬁ'%ga;'”(‘jm'fv lth toh, . ltt h?s tbheen_ sthowrt\. thatblntmaten:;tls
rentl .oss: The crossover correspondsrio~ng/l oss USing of fugh dielectric: constant, the nteraction between two
the mean-field result fang and assuming that, is tempera- Ichart%esb may dbe h(_jehsc_:trlbed as Ic;ﬁar;tfgmwszu?hto a cutoff
ture independent in this small temperature ramgg,sshould ength, beyonc which 1t recovers ther fiorm.— 1he pres-

be linearly dependent on temperature. This linear depen(?nce of a cutoff length in the logarithmic Interaction b(_etween
dence was observed experimentally as shown in Fig. 5. charges has been experimentally observed in various 2D

- - - L tems>-36
If many pairs are present in the film, which is expectedSyS . : :
belowT=T,, the pair potential for a vortex-antivortex pair The form of interaction between charges as described

o a gven Separaion wil be macifd by e presence of 0L [ UeTLER Lo et betueen vorces i e syster, o
other pairs with smaller separatigscreening effecs lead- P )

ing to a renormalized pair potential. In addition, the disorder.for insulating Bi films is large, as may be expectédhe

present in the film will introduce pinning forces, further :/Cittehr?tflicr)wri]tebgmoef?Ter?otcr)lpelzrz ?ﬁgscgsaey tilzosbgel;gs\;ﬁhl;ne'c
modifying the pair potential. A full analysis of renormaliza- gth. ' Y

tion effects is obviously complicated. Given that our experi—sgltf\;viiar: glgerazg'r;r?d”?ﬁ;ﬁlgéz\f’gy;v\%}ig?ngge 'E;e;?gg%g d
mental results seem to agree with the expectations of th 9 Y

unrenormalized theory, it seems that the renormalization e oy the disorder and man_y—body effects differently, Whether_a
fect does not change the picture qualitatively. Howeverpart'qJlar sequence of films can actually have the same in-
guantitative changes are expected, for example, the Cutoﬁaractlon form for Cooper pairs and vortices may depend

length may be modified due to the screening effects strongly on the film preparation, and substrate conditions.
' Consequently, a self-dual system may not always be

achieved even in the same material system prepared under
VI. IMPLICATIONS ON THE S-1 TRANSITION nominally the same conditions. The characterization of the

The present work suggests that a cutoff length in the |ogabehavi0r of a self-dual system must await for these experi-

rithmic interaction between a vortex-antivortex pair is sig-Mental issues to be resolved.
nificantly smaller than the sample size in quench condensed
Bi films, and that the effects of the logarithmic and fdrms
of the vortex interaction are observable. This has potential We have carried out electrical transport measurements in
consequences on the nature of the zero-temperaiiredf  disordered superconducting Bi films prepaiiedsitu in a

V~1e10™ for r>\, .

VIl. SUMMARY



PRB 61 CUTOFF LENGTH IN THE LOGARITHMIC . .. 7011

3He cryostat by quench deposition. A crossover from lineato the regime close to the S-I transition. In particular, if the
(Ohmic) to nonlinear behavior was observed in th¥ char- ~ current approach shows that the interaction between the
acteristics in the superconducting transition regime. We hav&ortex-antivortex pairs on the superconducting side and that
analyzed the data by the dynamic scaling theory and, altel?e€tween charges on the insulating side of the S-I transition in
natively, by examining the current-induced vortex-antivortexthe same sequence of films have the same form, the system
unbinding involving a cutoff length in the logarithmic inter- Will be self-dual. Interesting phenomena may be found if
action between vortex-antivortex pairs. The dynamic scalinguch a system can be prepared.
does not seem yield a unique value for the critical exponent
Z quever, the latter approach explains our re;glts ngl. ACKNOWLEDGMENTS
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