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The value of the dynamic critical exponeris studied for two-dimensional superconducting, superfluid, and
Josephson junction array systems in zero magnetic field via the Fisher-Fisher-Huse dynamic scaling. We find
z=5.6x0.3, a relatively large value indicative of nondiffusive dynamics. Universality of the scaling function
is tested and confirmed for the thinnest samples. We discuss the validity of the dynamic scaling analysis as well
as the previous studies of the Kosterlitz-Thouless-Berezinskii transition in these systems, the results of which
seem to be consistent with simple diffusian=2). Further studies are discussed and encouraged.
[S0163-182699)08325-3

I. INTRODUCTION The KTB transition is driven by the unbinding of vortex
pairs. Below the transition temperatuiigrg vortices are
The dynamics of two-dimensionéD) zero-field systems thermally induced and can only be excited in pairs that have
has been studied continually over the last few decades, @ finite energy and not as “free” vortices, which have an
usually in the context of the Kosterlitz-Thouless- infinite energy in an infinite system. As the temperature is
Berezinskil~° (KTB) transition. The dynamic critical expo- increased, the number and size of the vortex pairs increase
nentz characterizes the critical behavior of the dynamics of a2nd these pairs screen one another’s interactions. At the tran-
transition. Despite ongoing studies of KTB dynamics, theSition temperature, the vortex pairs start to unbind and free
value ofz is usually not questioned to be anything but thevortices are formed. It is the largest pairs that unbind first,
value that describes simple diffusiom=2. This paper, leaving a finite density of smaller pairs above the transition
through an analysis of various transport data sets from sydemperature. The size of the largest pairs decrease as one
tems including superconductot§C’s), superfluids(SF’s), ~ goes further aboveTyrg. As we review below, forT
and Josephson Junction arra&h]A’s) using the dynamic >TKTB! the free vortices result in an OhmieV curve at
scaling of Fisher, Fisher, and Hu¥epresents ample evi- low currents while the smaller pairs result in a nonlinea
dence that the value of in these systems is much higher: relationship at larger currents.
z=5.6. The purpose of this paper is to convince the reader Scaling techniques applied to zero-fielev data from
that despite the many previous reports consistent mitf2, ~ SC's or JJA’'s have been reported in the past but without
the question of the value dfis still an open one. Perhaps the finding the results reported here. In Ref. 11, Weif al.
single element that distinguishes this analysis from pasgcaled theit -V data from granular 30-A thick films. There,
analyses is that is not takena priori to have a value 2. In however, the dynamic universality class was not explicitly
the dynamic scaling analysis, varyirzgo optimize the de- studied and no value of was determined. Harrigt all?
scription of the data is standard. reportedz=2 in a dynamic scaling analysis of Josephson
This paper is organized as follows. We begin in this secjunction arrayl -V data, although it appears that they did not
tion with a general description of the KTB transition, previ- allow z to vary. We address that data in Sec. IlIB. Miu
ous scaling attempts dfV data, and previous findings of et al'® mention peripherally a dynamic scaling analysis on
anomalous vortex diffusion. In Sec. I, we will discuss the Bi,Sr,CaCu;01,. s in Which it is found thatz=4.5 (assum-
various length scales whose competition results in the intering a 2D system However, those results were not pursued
esting critical behavior of this transition. In Sec. Ill, we further by those authors. In the case of superfluids, Brada
present scaling results on SC’s, JJA’'s, and SF’'s and alset al1* have performed a finite-size scaling analy@iscon-
check for universality of the scaled data. We discuss therast to a dynamic scaling analysisf their frequency-
validity of the dynamic scaling approach as well as that ofdependent superfluid density and dissipation data from he-
the conventional approach in Sec. IV. We summarize thdium films. They however did not include a study of the
paper in Sec. V. value ofz in their work.
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There has been experimental work that points towarcand refer the reader to any of the many excellent
anomalous vortex diffusion. Then et all® used impedance reviews??~24
measurements on weakly frustrated JJA’s to provide evi-
dence of nonconventional vortex dynamics. Unfortunately, A. Length scales
this work did not probe the value af There has also been
theoretical® and simulation&*” work that indicates anoma-
lous vortex diffusion, but none conclude that-2 at T
=Tkts- In this work, in order to limit the scope of this
already long paper, we will not discuss the theoretical an
simulational work, but concentrate only on experimental . . .
data. spales that are determined by an applied current or magnetic
In comparing the “conventional” approach with the dy- field.
namic scaling approach, we will make use of many of the
formulas derived from the former. However, because the dy-
namic scaling approach indicates that the dynamics is non- The intrinsic length scales include the vortex correlation
diffusive, the assumptions used to derive the formulas for théength&(T), the 2D penetration deptty,p=21%/d (Wherex
dynamics in the conventional approach may be incorrect. Fas the London penetration depth adds the sample thick-
that reason, we will use those formulas only to address thees$, and sample size.
validity of the conventional approach and not the validity of  There are three important aspects of the correlation length
the dynamic scaling. that we discuss here. The first is its distinctive temperature
It is useful for us to clarify our use of the phrase “con- dependence for temperatures above the transition tempera-
ventional approach.” Because the dynamic scaling has onlyure Tere:®
been used sparingly in analyses of the type of data that we
look at here, we view this approach as nonconventional. We E+(T)xexgd b/ (T/Tyrg—1)], (1)

will therefore refer to any other approach to analyzing this . . . .
data as “conventional” or traditional whereb is a nonuniversal constant. This unique temperature

The value ofz that is found here runs contrary to some of dependence is in contrast to the common power-law depen-

the conclusions of previous studies. However, we stress th&ence one finds, for e’.‘amp'e’ n G'lnzburg—Landau theory.
our results are not inconsistent with all of the results in the The second aspect Is the behaworgoKT_)_belowTKTB. .
literature. In particular, the dynamic scaling results presente&e.cz.iuse the su_scept_|b.|I|ty be'OV.V the transition ten_wp_er.ature IS
here do not contradidior even pertain tothe conventional Infinite, KOSter“FZ. ongmally defmedg,.(T) tq be infinite.
findings for static behavior of the KTB transition. Further, Based on the critical behavior of the dielectric constant, Am-

our results differ from only some of the experimental studiesbegaokar' I-_|a|perin, Nglson, and Siggi@HNS) defined a
of the dynamics. This will be discussed in Sec. IV B but Wef'n'te diverging correlation length foF <Tyg. The two re-

mention some of those now. If the measurement does n(§(ults (_jo not contradict one arjother since they have different
involve z or if the measurement does involzdut can mea- Meaning. The AHNS correlation length f&r<Ty g can be
sure only the produchz (whereb is a material-dependent thought of as the size of the largest vortex p&irémbe-
constant that enters through the correlation lerfjgéte Eq. gaokaret al* estimate that (T) has a smaller magnitude
(1)]), then our findings do not contradict those measurethané.(T):
ments. An example of the first type of measurement is

“static” kinetic inductance measuremerifs Examples of &_(T)ocexd Vb/2m(1—T/Tkrg)]. 2

the second class of measurement_ are the_ resistance, NOiSEihis paper, we will takg_(T) to represent the size of the
spectrum measuremertts,and helium torsion measure-

12021 largest pairs.
ments. The third aspect of the correlation length that is important

in this paper is its behavior in an applied currénthe effect
II. KTB TRANSITION IN 2D SUPERCONDUCTING of an applied current is to unbind vortex pairs down to zero
SYSTEMS: BACKGROUND temperature and the_refore to destroy the phase transition. As
a result, the correlation length no longer diverges for fihite
In this paper, we propose an interpretation of transportt T, and has the following behavior:
data on superconductors, superfluids, and Josephson junction
arrays that is very different than that which has been ac- T
cepted for the last 20 years. In order to judge the two ap- Ex (T Do FH1E(T,I=0)/T], (©)
proaches, a thorough understanding of the KTB transition
and critical behavior as well as the approaches used to studyheref is a nonsingular function.
them is needed. In this section, we will review this back- The next two intrinsic length scales are associated with
ground, directing our discussion primarily at superconductfinite-size effects and give a single vortex a finite “bare”
ing systems(For a discussion of JJA’s or superfluids, see theenergy. The first, which does not apply to superfluid helium,
reviews listed below.We will discuss the various relevant is the 2D penetration depth,p,=2A?%/d. At distances less
length scales, the criteria for a phase transition, and the aghan this length from the vortex core, the superfluid velocity
proaches one can take to study the KTB dynamic criticaoes as X/ Beyond this length, the superfluid velocity de-
behavior. We do not intend our review to be comprehensivereases as 7.2 In a “perfect” (d=0) superconductor,

The competition of the length scafésn the system de-
termines the critical behavior of the KTB transition. For this
reason it is important to review each of them. One can sub-
djivide the length scales of the system into two categories:
Intrinsic and extrinsic. By extrinsic, we mean those length

1. Intrinsic




PRB 60 DYNAMIC SCALING FOR TWO-DIMENSIONAL . .. 1311

Mop=0% and the superconductor behaves as a superfluid B. Existence of the phase transition
would. The second finite size length is sample size, which is gacguse ofyp,
the smaller of the sample widtW and lengthL (typically ot this
W<L). The energy of a free vortex is

Kosterlitz and Thouless originally wrote
critical behavior would not apply to
superconductorSlt was later realizet?>! that, in practice,

Nop can be larger than the system size and so superconduct-
ing films should not behave much differently than superfluid
films. Whether\,p is larger than the system size or vice
versa, there will be a finite density of free vortices below the

. transition temperature. The density of free vortices will
LfS: m|n[)\2D ,W] (5) be?9,32 p y

Erv=[0%2]In(Lys/&)+Ec, (4)

where ¢, is the size of the vortex core and the finite size

The vortex interaction strength? and the core energi, 2
. q</2kgT
depend on the syste®C, SF, or JJA Finite energy for a npecl 787, ®
single vortex means that there will be free vortices below the

2 . . . .
transition temperature, which in turn precludes a true phas\évhereq here is the renormalized vortex interaction strength

transition as we will discuss in the next section. and, againl s=minfA,p W]. Note that system size angy
enter Eq.(8) in the same manner, implying that one cannot

tune the ratio of\,5 to W to observe the transition. This is

contrary to a perception in the literatdfe®*that the transi-
Three extrinsic length scales characterize the applicatiofion can be observed i,5>W. This begs the question of

of dc and ac electric and magnetic fields. The first is thayhy one should see critical behavior at all if there is no true

length scale ;,>?® which is the length scale probed by a dc phase transition in finite-size systems. The answer of course

applied current. For a superconducting film, the energy of s that critical behavior can be seen if there is a diverging

vortex pair with separatioR is***° length. This occurs in the KTB system, provided that
§-(T)<Lys.

2. Extrinsic

E(R)=[ 7n2P#2/2m]In(R/ &) — mhIRd/e A+ 2E,, (6)

. . C. A hes to studying KTB d ics i duct
where the vortex interaction strength has been expressed in ppro.ac es 1o studying ynamics in stperconductors
terms  of the superconducting  parametersy? A variety of approaches can be used to study KTB dy-
=mn2P%2/2m (n2P=nd is the areal superfluid density, ~ namic behavior. Here we review the two main approaches

is the superfluid density, anuh is the mass of a free elec- Used to study the dynamics of superconducting and JJA films
tron) and A(=Wd) is the cross-sectional area through @nd that therefore determine a value for the dynamic critical
which the current flows. For small separationR&r,), the exponent. Brief mention of th_e methods used for superfluid
2D, logarithmic term dominates and the interaction is attracl€lium systems will be made in Secs. 1Il C and IVB 2. There
tive. ForR>r., the linear, current-induced term dominates &€ other approaches for investigating KTB behavior that do

and so the interaction is repulsive. As a result, the interactiofot uniquely determine a value farwe will not review here
energy peaks at but we will discuss them in Sec. IV B in the context of pre-

vious evidence that=2.
_ In this section, we will first review the conventional re-

o= 4keTkraWelmrl, 0 sults and its derivation. We will then generalize these for-
where we have written the interaction strength in terms of thénula to a general value af The dynamic scaling analysis
transition temperatur®, anth/ZmZ"rkBTKTB- The non- Will then be mtroduced_ and, f|_naIIy, the connections between
linear |-V relationship originates in thermally activated hop- the two approaches will be discussed.
ping over this barrier at a raié which depends on the value
of the vortex pair energyE(R) at this separationT’
cexd E(ro)/ksT]. Therefore, the d¢-V curves probe length In the first, more “conventional” approach, the current-
scales ofO(r).2?8 voltage (-V) isotherms are measured and analyzed in terms

In ac measurement®.g., kinetic inductangewith circu-  of their | -0 limit:242°

lar frequencyw, the probing length is the diffusion length,
r,=(14D/w)¥2 where D is the vortex diffusion Vil M1, 9
constant.*" This result is derived by analyzing the linear signature of a KTB transition is a jump from nonlinear

response of the dielectric constant. It should be pointed Yehavior below the transition temperature to Ohmic above
that the two quantities, andr , do not competger sewith

the other length scale but rather indicate the length scale
being probed. - VII=R(T)xexd —2\b/(T/Tgrg— D], (10)

The final extrinsic length scale that we mention is due to
an applied magnetic field and characterized by the averagehereb is a nonuniversal constaritviinnhage” has gener-
distance between field-induced vorticdg=(d,/B)¥?  alized this to take into account the underlying superfluid. See
where®,, is the superconducting flux quantum aBds the  Eq.(22).] In particular, the exponent(T) will decrease lin-
magnetic induction. The field-induced vortices are “free” early with increasing temperature until the transition tem-
and present at all temperatures, which precludes a true phaperature is reached at which poia(T) will, in the | -0
transition. limit, jump from 3 to 1(Ref. 29 because of the “universal

1. Conventional approach

Tkre:
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jump” in the superfluid density® Indeed, the condition
a(T=Tgrg) =3 is commonly used to determine the transi-
tion temperature.

Equation(9) is derived by determinin®(T,l) above and
below Txtg and usingV=IR(T,l). This derivation is well
documentet®?°but we will highlight the key points. To
find R(T,I), the density of free vorticea; must be deter-
mined.

IERSONt al. PRB 60

be modified. The general expression R(T) in the critical
region depends upon the dynamic exporent

Roc ¢~ 2ocn??, (18)

Of course the two expressions are identical Z4er2. Using
Eq. (18 in place of Rxn; in the conventional
derivationt®?29one would find thatx(T) will jump from

z+1 to 1 in thel—0 limit and that

Below the transition temperature, free vortices in the limit

of a weak current are produced by thermal activation ove
the barrier inE(r.) as mentioned abovgbelow Eq. (6)].

r

R(T)OCeX[:[ —Z\ b/(T/TKTB_ 1)]

(19

This is done using the kinetic equation for the rate of changdVe will discuss the ramifications of usirzg 2 in Eq.(18) in

in the number of free vortices:

dn/dt=T(T,1)—n?. (12)

As mentioned abovd;(T,l) is the rate at which vortex pairs
are unboundI'(T,1)cexp[—E(r.)/kgT}.] The second term in
Eq. (11) takes into account free vortices combining to form
pairs. In a steady state,

ne=T(T,|)Y2c| 9%2eT, (12)
Above the transition temperature,
ne=é,?, 13

sinceé, is the average distance between free vortices.
The final step in determining Eg&®) and(10) is to relate
R(T, I) to nf .28,29,37

Roc Ng. (14)

Substituting Eq.(12) and Eq.(13) into Eq. (14) and using
V=IR(T,l) one arrives at Eq99) and (10), respectively.
Kadin et al?® have made extensions of this work to finite
current. Many workers in the field however take E®).to be
valid over wide ranges df.

Equation(14) is based on the Bardeen-Stephen flux-flow
formula® (as stated by subsequent autti®fd. For subse-
qguent discussion, it will be useful to outline the derivation of
this equatiorf’ whose starting point is the electrodynamic
Josephson relation

V=[#h/2e]dA ¢/dt, (15)

Sec. lIC3.

2. Dynamic scaling approach

Dynamical scaling is motivated by the observation of
critical slowing down near a continuous transition. This phe-
nomenon is well established for the KTB transition, and is
marked by the divergence of the relaxation time seal€he
dynamic scaling hypothesis asserts that critical slowing
down is related crucially to the divergence of the static cor-
relation length®® 7oc £2.

In general, many types of dynamics may be associated
with a particular static universality class, and these should
fall into distinct dynamical universality class&sFor two-
dimensional systems, including SC’s, SF’s, and JJA’s, the
conventional KTB dynamical theoly is consistent with
model A universal dynamic®,andz=2. For bulk supercon-
ductors, however, the correct dynamical universality class is
presently unclear, and seemst to belong to model A?

In light of this situation, it is important to test the conven-
tional theory by performing a scaling analysis, in which the
dynamical exponent, and the scaling functions agepriori
unspecifiedz is then determined by collapsing different data
sets onto a single curve. Although conventional KTB dy-
namical theories do not support such a general approach, a
scaling ansatz has recently been proposed by Fisher, Fisher,
and Hus&® (FFH) for superconducting critical phenomena.
This successful ansatz has been applied to a wide variety of
systems and transitions, including simulations of KTB
dynamics?? We expect that dynamical scaling will be appro-
priate in the same regimes where the static KTB theory is
applicable.

In the FFH theory, for 2D superconductors, th¥ curves

whereA ¢ is the change in the phase of the superconductinghould scale as

order parameter across the width of the samgleg/dt is

proportional to the number of vortices that cross the width of

the sample per unit time,

|dA¢/dt|:2TanF|UD|, (16)
wherev is the vortex drift velocity. Finally, one assumes
vp=pmhlleA, a7

where u is the vortex mobility ance is the electron charge.

Because the vortex mobility is taken to be local and therefore

independent ofng, Egs. (15—-(17) result in Eq.(14): R
=V/lx Ng.

The linear relationship betwed®(T) andn; in Eq. (14)
presumes single-vortex diffusion. If one were to allow more
complicated dynamic or critical behavior, then Et4d) must

V=1&"x.(1€T), (20)
where x, (-)(x) is the scaling function for temperatures
above(below) Txrg. The two important asymptotic behav-
iors of x(x) are lim_,qx.(x)=const (Ohmic limit) and
lim,_,. x+(X)ox? (critical isotherm). The universal jump ap-
pears as the difference ifiog-log) slopes between the two
asymptotic limits ofy, (x), as we will discuss below.

It is convenient to rewrite the Eq20) as
( I

v

T

wheree . (x)=x/xY*(x). The advantage of E421) over Eq.

(20) is that one can better judge the scaling, because only the
x scale is stretched in EqR21). In Eq. (20), both thex scale

1/z
) =g, (1&T), (22)



PRB 60 DYNAMIC SCALING FOR TWO-DIMENSIONAL . .. 1313

2

0 | ' ' | 10 . . .
2 (@) 5
> 10 E
o i ] .
g 0 No s
~— g 10- L 4
> 100 | ©) N - ] 5
-~ Y E
3 o
10-12 10 5 5 5 - -10
- - 10 - |_ |_ 1
" 1Ig/T (arb un:t(s):) ° 10° 10° 10° 10°
) IE/T (arb. units)

FIG. 1. Thel-V curves from thin superconducting films scaled FIG. 3. Th led-V ¢ J h unci )
with Eq. (21): (a) 24-A-thick YBCO layers in a multilayer structure - 5. 1he scaled-V curves from . 0Sephson junction arrays.
from Vadlamannatet al,; (Ref. 44, (b) 24-A-thick YBCO mono- (&) YBCO/Ag weak links from Ref. 49(b) Nb-Ag-Nb proximity-

. , A . ' coupled junctions from Ref. 12, ar{d) Nb/Nb arrays of Ref. 48.
layer from Repacet al. (Ref. 34, and(c) 100-A-thick Hg/Xe film [Dat tb) and () have been shifted arbitrarily
from Kadinet al. (Ref. 28. [Data setgb) and(c) have been shifted ata se and{c) have been shitted arbitrarily.

arbitrarily.] The lower branch of these plots correspond To . ) o
>Tyrg. The limits of this branch are Ohmic in the weak-current cOnsidered for an arbitrary value of[For the generalization

limit to Vec12*1 in the high-current limit. It is these limits that Of the conventional theory to an arbitrary valuezpkee the
discussion around Eqgé18) and(19).]
Taking these considerations into account and looking at

andy scale are stretched, making it harder to judge a collaps&'e asymptotic limitl —0 of the dynamic scaling function,

of the scaled datdCompare Fig. 4 of Ref. 12 with Figs. 1-4 One finds that the two approaches are indeed compatible:
both theories predict that the critical isotherm={Tyg)

should be a power law=1%*1 [i.e., a(Txrg)=2z+1], (i)

for T<Tktg, both theories agree that the voltage remains a

. ) , power law of the current, andii) for T>Tyyg, both theo-

While not apparent at first glance, the connections beties givea(T)=1, with R(T) defined as in Eq(19).

tween the dynamic scaling approach and the conventional

approach become clear when one considers the following.

First, one must keep in mind that the conventional approach, . SCALING RESULTS

as described in Sec. IIC1, is valid only in the linhit-0 . . . :

while the dynamic scaling approach is valid for finite cur- In_ this segtlon we will apply the scaling theditzq. (21)]

rents. Second, the relationship of one to the other should b&f Fisher, Fisher, and H_ué%tp transport data from super-

conductors, Josephson junction arrays, and superfluids. The

universality of the scaled data will then be checked. Prelimi-

represent the jump in the exponent

here)

3. Connections between the two approaches

nary results on both high-temperature superconductors
(HTSC’s and low-temperaturé&conventional superconduct-
2 10* .
':E, & T T
5
g 107 é
s o) »
107 = 5
- g
= 8
3_ — 107 -
10-10 I- 1 |_
10° 10° 10° s
IE/T (arb. units) T
O
FIG. 2. The scaledl-V curves of(a) Ref. 45 on a YBCO mono- 10" = ) =
layer, (b) Ref. 46 on a In/InO 150-A-thick composite film, axc 10 ] 10 10
Ref. 43 from a 1000-A-thick BSCCO crystfData setgb) and(c) QE (arb. units)
have been shifted arbitrarilyThe collapse of curve&) and(b) in _
this figure are not as complete as that of cufeor curves(a) and FIG. 4. The scale-AT curves from superfluidHe films of

(b) of Fig. 1. Yet the collapse could not be improved using other(a) Ref. 53 and(b) Ref. 54.[Data set(b) has been shifted arbi-
values ofz. trarily.]
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ors (LTSC’s) were presented in Ref. 43 where it was con-ing results(except for a few noted exceptionithout first
cluded thatz=5.7+0.3. making a judgment of the quality of the data. As a result, the

A preliminary estimate for the value afindicates thai quality of the scaling also varies. Nonetheless, we stress that
>2 for these systems. The criticaV isotherm T=Tyrg) each scaling result displayed here has been optimized for the
is easily identified on a log-log plot by the fact that it is Pest collapse and not for a value oin agreement with the
straight[i.e., a(Tkrg) is independent of currehtThe slope  Other samples. This makes the result that all of the collapses
of this isothern] a(Ty1g) =2+ 1] gives an estimate fa A occur for roughly the same value pfall the more striking.

visual check for this condition on theV data of Repaci Eutr\;t]erm?r:e, wel_tbeh;e;/r(]e thaﬁ\t/hgr? IS %tsr:rong lco(;rsla:tlon
et al,* Vadlamannatet al,** Matsudaet al,** or any of the ~ S WeeN the quality of the ra ata and the scaled data.

others clearly shows that, indeet; 2. With this initial evi- But we leave this for the reader to judge.
dence, we move on to a more rigorous scaling analysis of the

data. A. Superconducting films

beTso gggg(;m_mies i‘;ﬂ'gge zgilgsg;—“ (SP g:cggdfc&gu; d Jo- Figure 1 shows the scaling of three separate data sets to
P : P %q. (21) (previously reported in Ref. 43 but plotted on a

sephson ]uncP;)n array by exploiting the Ohmic limit of EQ. yiterent scale hergThe first data sét [markeda in Fig. 1]
(21): R(T)<£.”. (For superfluids, the thermal conductance coyers a temperature range 30.06-46.09 K and is from a
K is used in place of the resistan¢ex &% .) For &_, we will YBa,Cw0,_ s (YBCO)/PrBa,CusO,_ s multilayer in which
assume that the vortex correlation length is symmetric abouhe YBCO layers have a thickness of 24 A and are reported
the transition(modulo some prefactprin this section. We to be nearly electrically isolated from one another by
will explore the validity of this assumption in Sec. IVA1. PrBaCu0,_5 (PBCO barrier layers. The scaling proce-
Note that in the dynamic scaling theory, there are no redure leads to the result$rp=32.0 K, b=14.0, andz
quirements for the temperature dependencé.qfl). In this =5 6+ 0.3 where the resistance was fit over the range 43.5—
work, we will assume that the KTB form&(T)  47.0 K.(See Fig. 8 below.Curve (b) in Fig. 1 is the scaled
«exd Vb/(T/Txrg—1)] provides the most efficient param- |-V data from Ref. 34 taken on a 12-A-thick YBCO mono-
etrization of the correlation length. It is through this assumpdayer and includes isotherms ranging in temperatures from
tion that the explicit connection with KTB theory is made. 10 to 40 K. The resistance was fit over the range 25-34.5 K,
Any other temperature dependence R{(T) could be used vyielding, along with the other two criteria, the following pa-
to check the scaling collapse, which would leave the type ofameter valuesTyxrg=17.6 K, b=7.79, andz=5.9+0.3.
transition more ambiguous. The scaled data set denoted(ayin Fig. 1 and covering the
We determineR(T) in two ways where possible. The first temperature range 2.6—3.4 K corresponds to a conventional,
method is to extract it from the Ohmic part of th&/ curves  100-A-thick, superconducting samflgHg-Xe alloy). The
and the second method is to digitize tRET) data. The two  parameters which led to this collapse digrg=3.04 K, b
results are then compared to one another. In the case of dis-3.44, andz=5.6+0.3. The resistance was fit over the tem-
crepancies, th&(T) determined from thé-V is used since perature range 3.3—3.4 K. While this collapse is not as com-
thermal equilibrium is more likely in that case. Another ad-plete as those of the others in this figure, we emphasize that
vantage of usin@R(T) determined from thé-V is that one is  the best collapse was obtained for the reported value of
assured that thR(T) is Ohmic. The disadvantage of course A few features of the scaled data in Fig. 1 should be
is that fewer data points are available for tRi€T). It should  pointed out. First, the upper branch corresponds to tempera-
also be noted that we fiR(T) only over the temperature tures below the transition temperature and the lower branch
range over which we havieV isotherms. to temperatures above the transition temperature. Second, an
The fitting parameters for Eq21) arez (universal and  Ohmic |-V relationship here is represented by a slope 1 on
Tk @andb (nonuniversal Three requirements must be ful- the log-log scale. One can see in each of the three curves in
filled self-consistently in our scaling procedufe: V<12t this figure(and the scaled data in the following figurélat
along the critical isothernmT=Ty1g; (i) R(T)x& % inthe the lower (T>Tk1g) branch is Ohmic at low values of the
high-temperature range; aril ) scaling collapse of thée-V ~ scaling variablex (typically low current$ and curves over
isotherms, according to Eq421). Condition (i), which says and approaches a horizontal linexas increased. The hori-
that thel -V curves are straight on a log-log scaleTatg, is  zontal line corresponds to tHeV relation,Voc|#1,
used first to estimate a value ®fg andz That value of For this paper, we have extended this analysis to two
Tk7g is then used irii) to fit the Ohmic resistance data to more 2D superconducting films. The collapse is shown in
obtain an expression fo£..(T). Finally, condition(iii) is  Fig. 2. The curve marke¢h) in that figure is from a mono-
checked. Because there may be a couple isotherms that dpyer of YBCO sandwiched between two PBCO layers of
pear to be straight on the log-log scale, this process is redifferent thicknessés and covers isotherms ranging from
peated, in the manner of Shaet al,'® for the acceptable 16.32 to 41.31 K. For the parameters, we fifgrg
range ofTk1g's to satisfy all three conditions. =18.3 K, b=31.04, andz=5.3+0.5. The value off 73 is
In some of the data sets that we examined,lthecurves  similar to that of the YBCO monolayer of Ref. 34 but the
crossed over to an Ohmic region at latg¥ This behavior is  value of(b) is nearly 4 times larger. Cundgin Fig. 2 is from
not due to the critical behavior of the vortices but rather to d-V data on 150-A-thick In/InO composite film from Ref.
breakdown of the underlying superfluid. For that reason, wel6. The |-V isotherms cover a temperature range 3.010-
have omitted such data from our analysis. 3.182 K. Here, the resistance data determined froml iife
Note that in the following, we have displayed all the scal-curves covered only a limited range and did not match well



PRB 60 DYNAMIC SCALING FOR TWO-DIMENSIONAL . .. 1315

the R(T) data from Fig. 3 of that paper. For these reasonsthe same result as found here had they allowéal vary to
the scaling criterioriii) was not fully met. Nevertheless, the optimize the scaling and had they used E2{l) instead of
scaling collapse occurred for a value ohear that of the Eq. (20).
other samplesT«1g=2.97 K, b=10.21, andz=5.2+0.5. Curve(c) in Fig. 3 is the scaled-V data from a Nb/Nb
We also applied this scaling analySisto a thicker —Josephson junction arr4y The parameters used to optimize
(1500+500 A) Bi,Sr,CaCuyOg. 5 crystal. For such a thick this wererrg=0.51 K, z=5.5+0.5, andb=5.7, wherer
crystal of a layered material, one would expect a crossover to- Ke T/[(7:/2€)i¢(T)]. A collapse of the scaled data could be
3D behavior near the critical temperature and a failure of th@btained over a relatively large range oand Txrg. We

2D scaling and perhaps a breakdown in the scaling. We howdttribute this to the fact that tHeV's isotherm only covered

ever did not see any breakdown in the scaling for thiswo to three decades of voltage and that there were no iso-

sample. Indeed, as shown in curig of Fig. 2, we found a therms for temperatures beloligtg. The resistance was fit

good collapse of the data with the 2D scaling form with over the range-fo.8—1.3. .

> - N . In a conventional analysis, Abrahaet al>* reported a
=5.670.3, Txrg=78.87 K, andb=0.20.(See also Fig. 2 of jump in thel-V exponenta of 3 to 1 for PbBi/Cu arrays, a
Ref. 43) A difference between this scaled data and the otherg P P yS,

as found when we looked at universality. We examine thi result which impliez=2. As far as we could tell, those data
w und w W univ 1y xami 'Svere not published and so were not available for our analy-

issue in Sec. I.II D and discuss the reason why a thicker CIYSsis. We tried to apply Eq21) to sample 6-18-81 of Ref. 52
tal may scale in the same way as the thinner samples in Seg s o definitive conclusions were reached due to the fact

IVA3. ) ) _ that thel -V isotherms only covered two to three decades of
A scgllng analysis of the_ Hebgrd-F|orIyV data on a voltage and a limited temperature range.
In/InO film*®4” was not possible since the temperatures of

their isotherms were not published.

|51

C. Superfluid *He films

For superfluid*He films, the analogs of electrical conduc-
tance andl-V curves are thermal conductance aQeAT

*zurves, whereQ is power through the film andT is the
temperature gradient across the film. These measurements

i : ; i . are done by injecting heat at one end of a thin superfluid film
A primary difference for these systems is that their resistanc yin g P

; . ; Sdsorbed on a surfade.g., Mylap. Because of dissipation
is not described by E419) because the temperature is renor from vortex pairs, there is a temperature gradient across the

malized and depends upon the temperature-dependent Crifji, that is measured and is the analog of the voltage in the

cal currenti(T). In the data that we analyze below, we did . .
not have access ti(T) and so we could not determine if superconducting measurements. In real@yis not the heat

R(T) followed the KTB behavior for JJA's. Nonetheless, through the film but rather represerftele mass flow from

following the discussion at the beginning of this sectionthe CO_OI end4of the _film to the warm end, which occurs to
(Sec. 1), we will use Eq.(19) to check for a collapse of the reple_msh the*He which evaporates from the_wz_armer end at
data according to Eq21). As a result, the value df will not a quicker rate than from the other end. This is thoroughly

have the significance it had in Sec. Il A. disgussed i% R;Ief.h53.| H s do show
Curve (@) in Fig. 3 is scaledl-V data from a high- s we shall shortly see, these results do show tnat

=5 6. However, we are careful to point out that the results

temperature superconducting Josephson junction arra : . ;
(YBCO/Ag),*® where the parameters used wefrs \Xe are about to present can only be said to be consistent with

—743 K. 7=5.8+0.4. andb=0.72. The resistance was fit SUch & value of but cannot be taken to be evidence that

over the temperature range 78—90 K. One can see that thia-6 for two reasons. First, there are no reliable thermal

collapse is very good except for the isotherms furthest beloonductancek data in the “Ohmic™ limit (i.e., T>Tyrg
Tkrs. This breakdown could be because those isotherms a@ero-powerQ limit). Furthermore, one has to account for the
out of the critical region. An attempt to optimize the  conductance of the gas, surrounding the film which can
<Tyrg collapse by letting the correlation length be asym-only be approximated to within a factor of 2. These two
metric in accordance with Eq2) was unsuccessful. points allow us more freedom to obtain the optimal scaling.
The scaled data denoted by CUI(@ in F|g 3 is from a NonetheIeSS, the best Scaling does yleijd'“Ch is similar
Nb-Ag-Nb proximity-coupled junction arralf:>® (We used to that of superconductors and Josephson junction arrays.

the “100%" data from Ref. 50.The parameters which pro- _ The collapsed data in Fig. 4 marked curia are from
duced the best fit ar@1s=6.84 K, z=5.8+0.3, andb  Ref. 53. Instead of varying the temperature, those authors

=0.32 and the resistance fit was over the temperature rang@ried the film thicknesd which in turn varies the transition
7.3-7.8 K. The scaled I-V’s covered the range 6.9—-7.8 Klemperature. The independent variable then ind notT
One can see that the 6.9 K data set does not scale well f@nd so the correlation length depends updr d.| instead
low currents. We believe that this is not a real effect since alPf |[T—Tkrs| whered, is the thickness whos& g corre-

of those noncollapsing data have a voltage 10°° V and ~ SPponds to the temperature of the experimgBee Eq(17) of

do not parallel the behavior of other data in that range. Théref. 53] By adjustingd, they were able to obtai®-AT data
data do scale well fov>10"° V . Harris et al!? have pre- for both above and below the transition temperature. The
viously checked the dynamic scaling of these data and corparameters that we obtained wetg=5.4, z=5.4+0.4, and
cluded thatz=2. We believe that they would have reachedK,=8.0X 10 * W/K. We assumed thalk, was a constant

B. Josephson junction arrays

I-V characteristics of Josephson junction arrays are e
pected to be similar to that of superconducting fiffhe this
section, we apply Eq21) to data from two JJA systen{&®
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h ) FIG. 6. The data from all of the data sets plotted together. The
FIG. 5. The JJA data of Fig.(8) (Ref. 49, the YBCO SCdata  t— 1, _ data collapse very well, suggesting universality of the
of Fig. 1(b) (Ref. 34, and the Hg/Xe SC data of Fig(d (Ref. 29 scaling function for that temperature regime. Tihe Ty g data also
plqtted tqgether. The _scaled d_ata sets have been shifted to Shcg’?fale well if three data sets, belonging to layered mateiateled
universality of the scaling function. Ammirata (Ref. 43 and Vadlamannat{Ref. 44] and superfluid
helium[labeled MapgRef. 53], are neglected. This is discussed in

over the parameter space that Q&T curves covered and the text. The Garland.'l_ee da!tRef 46 scaled well except for the
estimated it based on the smélbehavior ofK. This placed ~anomalous isotherm just aboTgrg, labeled GarlandRef. 4.

some limits on this quantity but we were S'FI|| able to vary it j5ve extensiveT < Tyrg branches and because they come
by a factc_)r of 2..'We found that the scaling collapse wasgom two different systems: JJA’s and SC’s.
relatively insensitive to the value &y because most of the In Fig. 6, we plot all of the SC, JJA, and SF data that we
power was flowing through the film. As one can see, thehave presented here in a single plot to test universality. As in
scaling starts to break down for thicknessels-@ layers  the previous figure, we adjusted each data set within the error
much larger tharm. . bars so thaz=5.6. We also removed some of the individual
Curve(b) in Fig. 4 is from Ref. 54. It contains more data scaled isotherms that did not scale well with the other scaled
corresponding toT>Tyrg but does not cover as wide a isotherms from the same sample. This includes two of the
range of thicknesses overall as the data of Maps angotherms from the data of Matsueéa al*® [the second and
Hellock®® The collapse was found to be consistent with thethird from the right in data sef) of Fig. 2], parts of two of
results we have presented in this papef=5.2, z=5.6 the data sets from data sgd) of Fig. 2 (second and third
+0.5, andK4=5.0<10"* W/K. Like the JJA data of Ref. from the righ), and part of one data set from Hargal*?
48, the error bars here are large because the data extend ofte rightmost set labele@) in Fig. 3]. One can see clearly
over a couple orders of magnitude. that theT>Tyg data scale well and strongly suggest uni-
versality for this temperature regime. The Garland*feata
are the weakest of these since their lowest-temperature iso-
therm does not lie on the other scaled data as we have

One of the fundamental properties of critical behavior andpointed out in this figure.
scaling is universality: the idea that the same functioifx) Universality was not found for all of th& <Ty;g data.
in Eq. (21) and the same value afdescribe all of the data Besides the data plotted in Fig. 5, there are only a few data
independent of the system or material. For fhe Ttz  sets that have significanf<Tgyg branches: the HTSC
branch, we found universality for nearly all of our scaled BSCCO thin crystal of Ref. 43, théHe data of Ref. 53, and
data. For theT<Tyyg branch, on the other hand, the samethe YBCO multilayer data of Ref. 44We have labeled each
function £..(x) described the data sets of the thinnest 2Dof these data sets in Fig.)8he low-temperature branches of
samples but not that of the layered matefiaféor superfluid  these data sets fail to collapse with the other data. It is likely
helium> We explore these issues in this section. that the BSCCO and YBCO multilayer data fail to collapse

In Fig. 5, the HTSC data from the YBCO monolay&r, in this temperature range due to their layered structure. We
the LTSC data from the Hg/Xe thin fil#f and the YBCO  will discuss this point in Sec. IVA3. As to why th&
JJA daté’ are plotted together. Because the scaling functions< T1g*He scaled data do not collapse with the other data, a
are dimensionless, we multiply theandy axes by nonuni- possible explanation is that the approximate determination of
versal constants which enter the scaling theory to account fof(T) was inaccurate(Recall the lack of “Ohmic” conduc-
the sample dependence. In order to test universality, all thivity data for the superfluid measurementd/e recommend
data sets must be scaled with the same value $6 we have further studies of such data to more accurately determine
adjusted each data set within the error bars of the parameteg$T) and to check the universality. In short, we cannot con-
so that each has=5.6. As one can see, the collapse is veryclude whether the lack of universality of the scaling function
good, and bolsters the evidence that these data scale and tliet T<Tyyg indicates a breakdown of the dynamic scaling
z=5.6+0.3. The agreement of the data of Repetcal>*and  results or if it is due to the data or systems considered. We
Herbertet al*°is particularly impressive since both data setsbelieve it is the latter.

D. Universality
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IV. DISCUSSION This result could suggest that the critical region is larger than
The main result of Sec. Ill is thai~5.6 for supercon- expected or, more likely, that KTB-like behavior remains

ductors, superfiuids, and Josephson junction arrays. Thvalld outside the critical regioff. Indeed, Minnhagen and

7 . . . .
large value ofzis nearly 3 times the expected value for thesefalssor? indicate that Eq(1) is a useful phenomenological

systems. Indeed there are many reports for superconducto& a phenomenological parameteve adopt this interpre-
and Josephson junction arrays thatkhé exponentw jumps . '

from 3 to 1 at the transition temperature, a result that is In the literature, it is commonly stated thatis material
con&s;ept wnfz;Z. In this SheCt'%n’ \(/j\{e expl_ore ;[Ee d'sl(.:(;?[p' gependent but that=0(1)2 In our results for supercon-
ancy between the approaches by discussing the validily q uctors, we found to roughly O(10) but as small as 3.44

each. and 0.2, thereby varying by an order of magnitude or two.
We also found that its value could vary within materials. For
A. Dynamic scaling example, the value db for the two-YBCO-monolayer sys-
tems examined in Sec. lll A varied by a factor of'®
which is concerning. However, we do not think it is trou-
bling that theb varied from material to material by an order
. i Loyt magnitude. The systems considered here are diverse from
et one must .be careful W't.h the rgsults_obtameq with “one another. For example, the electron density can vary sig-
scaling analysis because this technique is not without 't?ﬁificantly from the conventional superconductors to the

weaknesses. For examp'e’ in Sec._ i D'_ “”“’ersa"ty of the‘HTSC’S. Another interpretation is that the value lofis a
scaled data was examined, and while universality was founﬂhenomenological one and not equivalent to its true

for the T>Tgtg data and some _of thféﬁTKTB daf[a, it diq asymptotic critical valué?®’?
not hold for all of the latter. In this section, we will examine
other aspects of the dynamic scaling analysis presented here
and its validity.

orm over wider temperature regimes as londgas taken to

Dynamic scaling is a powerful technique which has
proved particularly useful in investigating the nature of the
H-T phase diagram in high-temperature superconductor

2. Universal jump: 6.6 to 1

If one is to believe that=5.6 in these materials, then one
1. Vortex correlation length expects to see a jump in theV exponenix of 6.6 to 1 in the
) . | —0 limit. Yet evidence of this is not observed in any of the
There are various aspects of assumptions that we madg,mples. We believe this is because previous measurements
regarding the vortex correlation length that may detract from, 5ye not gone to weak enough currents to observe this be-
the_dynamlc scaling analysis. Here we m_ake considerationS,vior. For example, based on the scaling curve of the
on its symmetry, the value of the nonuniversal constant g monolayer dat4 in Fig. 1(b) where Ty7p=17.6 K
and the expected range of the validity of the temperature . .., see that the scaling curve is Ohmicdsrl05 (x is

dependence. _ the scaling variable This means that the 18 K isotherm
Throughout Sec. Il it was assumed that the vortex COMey0uld not become Ohmic until the curremts 10~ A.

lation length was symmetric about the transition temperatur@early’ voltage sensitivity is far from detecting that cross-

even though Ambegaokaet al* predict that it should be over.[In fact, that isotherm would become first Ohmic due to
asymmetric.[See Eq.(2).] Surprisingly, where there were .0 oize effects at a much higher curréec. IV C 1.] It
data for both above and below the transition temperature, thg a similar situation for the data of Herbeit al*° where the
scaling did not seem to suffer from this assumption. This isscaling curve is Ohmic fox<10-5. The 74.722 K isotherm
particularly so for the data on the superconductors. One NGhe first isotherm abovd 15 ="74.3 K, would not becomé
tices that for the data of Refs. 28, 34, and 43, the Scalin%hmic until the current<10"8 A. Thié is several orders of

works well for both branche$Se¢ Figs. 1 and P. . magnitude smaller than the minimum current for that iso-
When we allowed the correlation length to be asymmetrlctherm

by allowing for different values ob below Tyrg (b-) and The “jump” is evident in the scaled data only in the

aboyeTKTB (b+.)’ si_gni.fica.ntly bet’ger scaling .COl.JId not be following way. For theT>Tyg data, the scaled data go
achieved, possibly indicating thgtis symmetric, in accor- rom Ohmic behavior ¢=1) for small values of the scaling
dance with the scaling of the numerical results of Lee an({/

) 4053 : ariable toa=6.6 at large value of the scaling variable. In
Te.':ﬁl‘ There were %f. th)ursf 2a fsw (Ia;cfepnd‘ﬁif_bgt Iln this way, the “jump” is only manifest as a crossover from
NEIther case was predic idn, =2ab_ (Ref. 2 verified. In the smallx behavior to the largex behavior of theT
fact, in these two caseB, tended to be larger tham, . For =T branch of the scaled data
the superfluid*He data of Ref. 53, we found_=3b, . We KT8 '

q t view thi it lusive b f the af In Sec. IVC2, we will use a conventional approach to
0 not view this result as conclusive because ot the aloreqy, .y that the behavior af for the YBCO monolayer dat&
mentioned problems with determinirgfT) for helium and

i . is consistent with the value of that we found for that
we suggest further study of this topic.

In our fitting of the resistanc®(T) to determine..(T), sample:z~5.9.
we were sometimes able to fit the resistance to the Kosterlitz
form over an extended temperature range. A notable example
is the YBCO monolayer datawhere we fit the resistance We have examined two samples which could be viewed
from 25 to 35 K. The upper limit of this fit is twice thEcrg ~ as layered(The first layered sample that we examined was
which is remarkable since true KTB critical behavior is ex-the YBCO/PBCO multilayer system of Ref. 44 where the
pected to be valid over a very narrow temperature r&fig®. two unit-cell-thick YBCO layers were believed to be electri-

3. Three-dimensional effects
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cally isolated. The second sample was the 1000-A-thiclon these rough estimates, which do not incorporate renormal-
BSCCO crystaf®) In layered superconductors, three- ization effects, it seems unlikely that 3D effects could be
dimensional behavior is expected in a small region of theobserved in these samples for>Tyrg. For the T<Ty1g
current-temperature phase diagram n&afg. One could branch, it is more likely that the deviation from the universal
then ask why such samples would scale in the same way &irve is due to the thickness of that crystal since it is well
the much thinner samples and why 3D effects are not maniknown that the 3D region is much larger below the transition

fest. temperature than above®!
To discuss the 3D effects, two new lengths are intro-
duced. The first is related to the energy of the vortex pair. B. Validity of “conventional” results

This length is the Josephson length= ys, which incorpo-

rates the effects due to Josephson coupling between the layz i, of the dynamic scaling, whose results indicate that

ers. (y is the anisotropy ratio for layered superconductors,_g g since this contradicts the evidence from the conven-

and is equivalent to the ratio of the coherence length in thg,n approach that=2, we now address those results. We

ab planes to the coherence length in thedirection: ¥ go not claim that each paper is incorrect in their claims of

=&apn/éc- Sis the distance between laygrfor separations  z=2 put we do hope to convince the reader that the question

less than\ ;, the vortices interact with the 2Dogarithmig of the value ofz is still an open one.

potential. For larger separations however, the potential be- The conventional results fall into roughly two classes, dc

comes linear due to the Josephson coupling between thend ac. The dc measurements are the most common and

layers>® (The Josephson coupling also introduces a term tanclude the determination of(T) from the I-V measure-

the interaction energy for lengths less thayy but that term  ments. dc magnetoresistance measurements have also been

is very small compared to the 2D logarithmic one. used but less frequently. The ac measurements include the
The second length is theaxis vortex correlation length torsion oscillator *“He measurements of Bishop and

& (to be distinguished from the-axis superconducting co- Reppy°?'and the ac inductance measurements of Fiory, He-

herence lengthand characterizes how far along thelirec-  bard, and Glabersofi.Clearly, we cannot address each pa-

tion the vortices are correlated. This length can also bger that reports evidence fa=2 and so we will discuss

viewed in terms of the length-scale-dependent layer decouthem in broad terms using particular examples where appro-

pling lengthl zp,o0= v£L (defined forT>T,) since it deter-  priate.

mines the extent over which the 3D effects are important in

the in-plane direction’ Because of vortex screening, the Jo- 1. 1-V and R(T) dc measurements

sephson interaction is screened out beyond lenbihsy ,

making the interaction 2D at large separations Tor T .

In the previous sectio(Bec. IV A), we have addressed the

Most of the papers that report evidence for a KTB transi-
I b " o b the t i tion or KTB behavior make their determinations based only
sp/p  DECOMES small quickly —above the fransilion ,, a(T) andR(T) measurementgThere are a few notable

9
temperaturé: _exceptions to this that we discuss belif® We suggest

Because of these two competing lengths, 3D behavior Rere that such an approach cannot be taken as evidence of
expected only over a small range of th@ phase space. On KTB behavior andz=2 but only as being consistent with

the temperature axis, this region is limited $¥ £&2(T) <D, =2 within the conventional approach.
whereD is the thickness of the sample. On thaxis, the 3D We begin with a brief description of this method. From

region is limited to intermediate currents;<r.<lspzn-  the|-v data, a value of c1g is determined from the condi-
Above WSEY the renormalizedy (and henceh;) grows oy o(T=T,,5)=3 (which, of course, assumes=2). It is
quickly*® while I3p,5p , because of the temperature depen-yen that this value of the transition temperature is consistent

dence ofé;, decreases rapidly, further limiting the 3D be- ith the R(T) data and the Minnhag&hform of the resis-
havior. This leaves only a small window in which 3D near tance,

Tkrg effects can be observed.

Returning our attention to the layered samples that we
examined here, it is plausible that 3D effects are being seen.
After all, it is primarily the layered superconductors of Refs.
44 and 43 that do not obey universality. For the multilayeror the traditional form forR(T) [Eq. (14).] The mean-field
sample’* the T>Tyrg scaled data fail to collapse with the temperaturel, and constang, in addition tob, amount to
other curves(see Fig. 6 for the isotherms nearedt(;z.  three fitting parameter$lf Eq. (10) is used, then there are
That this sample could have 3D behavior is not in contradicOnly two fitting parameter$.A further check that is some-
tion with the reports of those authors that their layers ardimes used is to verify tha(T) decreases quickly above
electrically isolatedf since magnetic coupling extends over TkTs-
larger distances. For the BSCCO sample of Ref. 43 whose There are several reasons why this approach can be a
T<Tk7s data do not collapse with the others in Fig. 6, wemisleading check ofz=2. The first and most important is
have done the following calculation based on our above disthat determining where(T) =3 is difficult. It is well known
cussion to try to estimate where 3D effects should be seeithat the predicted jump in theV exponenta(T) exists only
Since y=160 for BSCCO 2212, 3D effects should start toin the | -0 limit?®3234623nd that, for temperatures above
occur for currentss1.2 mA (wherer.=\;) and persist up the transition temperature, the value efl,T) can vary
to the current associated with the minimum &f;g quickly from a value of 1 to a value af+1 as a function of
(~2.4 mA) or the decoupling length, very nég¢rg. Based  current. Hence, one must be sure that the value of reported

R(T)=Aexd —2b(Teo— Tere)/ (T—Tkre)l, (22
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a(T) will not dip to a lower value at currents whose voltagesz=2), but cannot be taken as proof that 2. This is be-
are below the voltage sensitivity. cause the flexibility in determiningjxg and the three fitting
(Beyond the problem of probing the weak current limit, parameters used in Eq22) to fit the smooth, monotonic
actually detecting the jump can be very difficult because, iIrR(T) data do not pose tight enough constraints.
the presence of finite-size effects, small magnetic fields, and
disorder, the jump gets rounded considerably, due to the
many competing length scales. Note that most
paper§**763%4do not report a jump in the-V exponent.
The second problem with this approach is that, most of We now turn to other measurements used to study dynam-
the time, a misleading criterion is used to determir{d). ics in the SC, SF, or JJA system.
Because it is seldonif ever) the situation that one knows As mentioned above, there are a few notable papers that
that the value ofx(T) determined for a particular isotherm went beyond measuring onlyV andR(T) curves. The most
represents the weak current limit, one should exami(iE) comprehensive study was done by Fiory, Hebard, and
for a given length scaléor common current as originally ~ Glaberso® who looked at kinetic inductance and magne-
suggested by Kadiet al?® Here, one looks for a change in toristance in addition to the usu&V and R(T) measure-
the behavior of this quantity near the transition temperaturements on In/InO systems. The thoroughness of their ap-
This approach is usually not followed rigorously, however.proach is commendable. While their results seem to be
Instead of using a common current, investigators will deterconsistent withz=2, they are not without their inconsisten-
mine «(T) for a common voltage range. This has the effectcies and cannot necessarily be taken as definitive evidence
of biasing the results because, as one looks at highefor z=2.
temperature isotherms at common voltages, one is looking at Fiory et al."® were able to determine the vortex interaction
lower currents. This means thatT) will have decreased strengthg? in two ways for a rectangular strip sample of
not only due to temperature but also due to longer lengthn/InO. In their ac impedance measurements used to deter-
scales. Therefore, any report rapid decreaseg @) may be  mine the kinetic inductance, the frequencies are siii#D
an artifact of examining the isotherms at a constant voltagez) and so they are probing only statics. In that case the
[There are also cases where not even a common voltadénetic inductance does not depend upon the density of free
range is used; rather, the parts of the isotherms that deliverorticesn; but only the superfluid density. In that cagg,is
the desired rapid change #(T) are studied. directly determined. In theit-V measurements, a dynamic
Third, once a value oT «7g is obtained wherer=3, the  value of g? is determined. They find that the values af
number of fitting parameters in ER2) used to verify the from the two measurements agree over a limited temperature
self consistency is largé3) and the temperature range over range ¢ 30 mK), which would be consistent with a value of
which one fits theR(T) data is limited. So we contend that z=2. (See Fig. 9 of Ref. 18 However, this result should be
the conditions for checking=2 in this approach are not viewed cautiously since the two measurements disagree for
stringent enough to be considered as evidence. most of the regioM <Tyrg. Further, the four-probe contact
Finally, we note the inherent problem with this approachmethod that they used to measure the data for the compari-
mentioned above, thatis not allowed to vary in order to son of the values o is less accurate and less sensitive
optimize the analysis. than the two-coil contactless method that they used on circu-
As an example, in Ref. 49 a jump in theV characteris- lar sample from the same film. Moreover, their measure-
tics is reported for the YBCO/Ag weak-link JJfSee Fig. 2, ments of samples from the same film revealed variations in
inset, in Ref. 48a) or Figs. 5-7 and 5-8 in Ref. 48).] The T, that suggest that sample inhomogeneities may be signifi-
sharp jump in Ref. 49 was obtained by fitting the Ohmic partcant.
of the curves at a temperature just above wherd {kehas To further test the value of kg for the In/InO films,
«=3. In this case, no fit oR(T) was done to check the Fiory et al® measured the magnetoresistariReH). Ac-
value of Txg for consistency. Also, one cannot rule out that, cording to the theory of MinnhagéR,R(H) should be linear
if those authors had another decade or two of voltage sensin H at Ty but sublinear above it and faster than linear
tivity, isotherms at temperatures lower than thgirg would  below it. Their data af =1.782 K do show a region which
also become Ohmic at lower currents. Further, as is cleais nearly linear R<H%) over roughly two decades. This
from the scaling analysis shown in FigsaBand 5, these temperature for crossover is roughly consistent with their
data are consistent with=5.6. As a second example of this, Tx1g=1.782 K determined fromu(T=Tgg)=3 criteria.
we look at the YBCO monolayer data of Ref. 45. By inspect-As mentioned above, the roughly linear area is over only two
ing Fig. 4 of the reference, it is clear that some of the iso-decades and the samples do have a degree of inhomogeneity
therms below their reportetiktg could manifest Ohmic be- to them. Further, it is likely that surface barriers should be
havior if more decades of voltage sensitivity were possibletaken into accourf
An inspection of thd-V data of Ref. 44(Fig. 2) yields a Garland and Le® have also used magnetoresistance data
similar conclusion. It is unlikely that the reported value of in addition to thel-V and R(T) measurements on In/InO
a=3 atT=Tgrg=40.1 is the asymptotic value of that quan- films. Based on their Minnhagen criteria fB(H) they de-
tity at low currents[The voltage sensitivity for that data also termine Txrg=3.123 K. At this temperature, they find that
occurs at a larger value~10 ' V) than that of other mea- «(T) drops from a value of roughly 4 to 1. One will also
surements £ 10 ° V).] notice that theirl-V at Txrg iS not a pure power law as
To summarize|-V along with R(T) measurements do required by the dynamic scaling and that thB# T g iSo-
provide self-consistent results fa(T=Ty1g) =3 (and thus therms all have a positive curvature. They attribute this be-

2. Kinetic inductance on SC’s, magnetoresistance,
and “He torsion experiments

|18
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havior to field-induced vortices. It is clear from Fig. 7 in conventional approach. As the reader will see, we find no
their paper that the field plays a role for fields at least as lowevidence of finite-size effects in any of the data that we ex-
as 5 mG. Yet, in keeping with the discussion on finite-sizeamine.
effects in Sec. IVC1, it is our view that the crossover to  This subsection is organized as follows. After a discus-
Ohmicl-V in their Fig. 5 should occur at a roughly common sion of the principal differences between the two scenarios,
value of the current. This is because the magnetic lengtiwve look for evidence of finite size effects in thev data
scale should not change significantly over the 100 mK thafrom the YBCO monolayer data first using the conven-
their 1-V isotherms cover below their claiméithrg. Thisis  tional picture and then in the dynamic scaling analysis.
not observed in those data. Choosifigrg at a lower tem- a. Theory The primary difference between the finite-size
perature seems to be a better explanation, especially whexplanation and the dynamic scaling explanation of those
one considers the good collapse of their data in the dynamidata is the following: the former ascribes finite-size-induced,
scaling analysis as seen in Figbp low-current Ohmic behavior tb-V isotherms with tempera-
“He torsion experiment$?! were among the first evi- turesT<Tyrg; in the dynamic scaling explanation the low-
dence for the Kosterlitz-Thouless-Berezinskii transition.current Ohmic behavior is associated wilh>Ty1g iSO-
Nevertheless, while we agree that these measurement are ifrerms. The issue of course is the placement of the transition
dicative of KTB behaviofi.e., vortex pair unbindingwe do  temperature. Because the scaling analysis indicates that
not believe that they indicate=2. In the case ofHe torsion  a(Txtg)=6.8 and the conventional analysis assumes
experiment$! Bishop and Reppy measured the period shifta(T1g) =3, T Will be at a lower temperature in the scal-
and Q value of an Andronikashvili cell. The former is pro- ing analysis scenario.
portional to the real part of the dielectric constarand the We first examine the nature of the Ohmic to non-Ohmic
latter to the imaginary part of that quantity. It is the latter thatcrossover in the finite-size-effect scenario. Recall that with
has the predominant dependence on the free vortex densifinite-size effects, there is always a density of free vortices.
n;. [See their Eq(A2) or Egs.(3.17) and(3.18 in Ref. 2]  [See Eq(8).] This means that at small currents where one is
They implicitly assume= 2 in writing Im(e)<n;. We point  probing large length scales, the free vortices will dominate
out that their method cannot distinguish a value bit only  the resistance and tHeV characteristics will be Ohmic. As
the producbz. A value ofz other than 2 would still make the one probes smaller length scales by increasing the current
values of their fitting parameters reasonable. The noise spe€r.<L:s), current-induced vortex unbinding will start to
trum measurements of Shaet al® are another good ex- dominate the resistance and the/ curves will become
ample of a measurement that is not able to determine theon-Ohmic®® Because either the system size or the 2D pen-
value ofz but only the producbz.®’ Hence these measure- etration depth can be on the order of 116, one would

ments cannot be taken as evidenceZer2. expect finite-size effects to have an influence.
We will now use the conventional picture to make the
C. Comparison of conventional approach abOVe diSCUSSiOh more quantitative fﬁKTKTB' We W|”
with dynamic scaling show that thd -V curves are Ohmic when.>L;; and non-

Ohmic whenr .<L;s. With finite-size effects, the energy of
. . ) ) . a vortex pair is generalized from E(f) to a potential that is
eximine 2 data set Using the conventionsl approash wih AgS? I for ReeLs, and approaching a constant fer

. L. 2’ T roximate this behavior, wi
arbitrary value ofz. We have chosen the YBCO monolayer fs 0 approximate this behavior, we use
data of Ref. 34 for several reasons. First, their data cover by E(R)=q?[IN(R/&) — IN(R/L s+ 1)]— IR/ éy+ 2E,,
far the largest current, voltage, and temperature range of any (23)
data set in the literature. Second, those authors have pointed
out that their data do not satisfy the “conventional” criteria whereq?= wngDﬁ2/2m andJ=w#l £yd/eAls a current with
for KTB behavior: thel-V exponent does not vary rapidly dimensions of energy. It is the second term on the right hand
from 3 to 1 near the transition temperature. Finally, theyside of the equation that causes the zero-currést() pair
suggested finite-size effects to explain the lack of KTB be-energy to approach a constant aR fé6r R>L;,. With this

To further examine the validity of the finding=5.6

havior and performed a largely qualitative analysis. term, E(R) no longer peaks at.. Rather, it peaks at
In this section, we will use a quantitative analysis to show
that finite size effects cannot account for the observed behav- s Lgs VL2J4+ L €002/
ior in that data(Sec. IV C 2. We will then perform a con- re=—5+ > : (29)
ventional analysis of thé-V exponent to look for evidence
of z=5.9 (Sec. IVC 2. There are two limits to this equation. The large-current limit
J>0q2%&,/L¢s can be rewritten as. <L while the small-
1. Finite-size effects current limit can be expressed as>L¢.. In the large-

Repaci et al3 have been suggested that their YBCO Current limit where one is probing small lengths; ap-
monolayer data that have been shown here to scale so wélroachesr. while at small currents J<g?&/Lys), r(°
with z=5.9 can be explained in a “conventional” manner by = VLs£00%/J. Remember that it is the value &{(R) atr'®
finite size effects, following similar suggestions regarding(i.e., the height of the barriethat determines the density of
the low-current Ohmic behavior of othéi&*®%8we investi-  free vortices. In one limiti(c<L¢s),
gate that possibility in this subsection, making an explicit s 5 5
comparison between the dynamic scaling analysis and the E(re)=aIn(q/J)—-1]. (25
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On the other hand,

E(r)=0”In(Ls/ éo) (26)
for rc>L;s. So, forT<Tgrg, thel-V’'s are Ohmic at small
currents sinceE(rff) does not depend on current. At large
currents,E(rLs) depends upon the current in the traditional
way, and one finds the usudlV relationship:Vecl ¢, The
Ohmic to non-Ohmic crossover occurs when
"‘4kBTKTBWd’7TthS (i.e., rc"‘LfS.)

The T> Tk effect of finite size on the transport behav-
ior is a little more subtle than the low-temperature effect
because another competing length scale is involved. Even i

the absence of finite-size effects for this temperature range,

the |-V curves cross over from thermally dominated Ohmic
behavior at small to current-induced non-Ohmic behavior

WO-DIMENSIONAL . .. 1321
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FIG. 7. The resistance data of Ref. 34 and fits to Ekp)

at largel. The current at which this crossover occurs dependsdashed lingand Eq.(8) (dotted ling. The latter equation, based on

upon the size of the largest vortex pai¢s,(T),?® a quantity

assumptions of finite-size effectfinite \ ), does not adequately

which is strongly temperature dependent. With finite-size efdescribe the data.

fects, since all currents that probe lengths greaterthaare
Ohmic, L competes withé, (T), yielding the following
conditions: whenr ;>min[L¢,&, ] there is Ohmic behavior
and non-Ohmic when.<min[Ls,&,]. An important term in

Not only is the magnitude of the crossover current incon-
sistent with finite-size effects but so also is the temperature
dependence of this quantity. If it wetg and not¢, which

our discussion is “premature-Ohmic” behavior, which de- determined the Ohmic to non-Ohmic crossover, the data

notes Ohmic behavior at currents for which there would noivould not collapse so well in the dynamic analysis since the

be Ohmic behavior in the absence of finite-size effects. Itemperature dependences of these two quantities are so dif-
occurs wherl;;< &, (T) (and when the temperature is suf- ferent.

ficiently close toTktg.)

It is the temperature dependence of these conditiass
well as the magnitude of the crossover curyehat mark the
signature of finite-size effects foF>Tyrg. FOor T=Tk1g,

&, (T) is large and exceeds; so that the value of the cur-
rent at which the isotherms cross from one behavior to an
other will depend upor;s and not the size of the largest

Another signature for finite-size effects in the conven-
tional picture is that the resistance will have an Arrhenious
temperature dependende(T)=Ay exdB/KgT] whereB is
related to the energy of a free vortex aAg is a constant.
[See Eq(8).] We have fit this formula to the data, as shown
in Fig. 7 (dotted ling, but do not get a satisfactory result.

Finally, a finite-size analysis of the data of Repecal 3*

pairs. In this case, the crossover current will depend onlywvould indicate alx1g in excess of 30 K following the sub-

weakly on temperature. A5, (T) becomes smaller thay
at temperatures further above the transition, £ iT) that

sequent work of Herbegt al3? This is contrary to the mu-
tual inductance data of Gaspareval.”! on YBCO mono-

sets sets the current scale for the Ohmic to non-Ohmic cros$ayer films which probes the temperature at which the largest

over. So the crossover current becomes strongly temperatu
dependent.

b. Conventional check of finite-size effeés mentioned
above a possible candidate for observing finite-size effects i
the monolayer YBCO data of Ref. 34 becausep
=40 um. To determine the value of the current at which
“premature-Ohmic” behavior should occur for this data, we
use r.=L;s=40 um to solve for the current. UsingV
=200 um, we find l.ossqer=2.4 A, a value much
smaller than the observed crossover current.00 uA for
T=28 K. This would seem to indicate that is not re-

p&irs unbind[Remember, the size of the largest pairs is ex-
pected to decrease &s (T) aboveTyrg.] They find that
vortex pairs of size~0.018 um unbind at a temperature of
oughly 47.0 K, vortex pairs of size0.78 um unbind at a
temperature of roughly 27.8 K, and vortex pairs of size
~1.58 um unbind at a temperature of roughly 25.5 K. This
trend is consistent with the value ®f g that we find(17.6
K) for the YBCO monolayer data of Ref. 34 using a dynamic
scaling analysis.

c. Dynamic scaling check of finite-size effedike signa-
ture of finite-size effects in the dynamic scaling depends

sponsible for the Ohmic to non-Ohmic crossover in thesaipon the temperature. Far<Ty1g, the scaled data should

materials. A renormalization group studyonfirms that this
remains the case after renormalization effects Qfare ac-

peal off the scaling curve to go Ohm(slope 1 in Figs. 1-4
for currents less thankgTygWe 7hL;. For temperatures

counted for. This is because the condition for observing theabove the transition temperature, one would observe finite-

finite-size effects isr.>L¢s. Under renormalization] ¢
does shrink quickly but. shrinks even more quicklf

The length scale that corresponds to the approximat
crossover current for the data of Repatial >* for tempera-
tures around 28 K is um. Because neither a field-induced
vortex length nor a pinningdisordej length could corre-

size effects only ifL;s were shorter than the size of the
largest vortex pairs. And in that case, the scaled data would
ereak from the scaling curve to become “prematurely
Ohmic” at | =4kgTrgWe 7h L. This is not observed in
any of the scaled data in this paper. Such behavior was ob-
served however for the BSCCO data of Ref. é3ee Fig. 2

spond to this value, it seems unlikely that the behavior obthere) In that case, however, it seems more likely that this

served in Ref. 34 is due to finite-size effects.

behavior is not due to finite-size effects but to voltage sen-
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dynamic scaling behavior. Further, the valueaobbserved

X x% ' ' at this temperature produces an estimatez{et7) that is

x X xx""x"xxxx similar to that obtained from the scaling procedure. One can
B 60} * 1 see that th8>Ty1g behavior is concave up, contrary to the
10 | * 14 analytical work of Ref. 28, but more consistent with the
. . L simulational wor of Ref. 72.

3 776 783 790 797 The values ofl 15 and T, determined from the standard

'-,\‘.’%.... TK] analysis ofa(T) with arbitraryz are less definitive because

'8.0

one is not assuming a value ef{Txtg). TO be consistent
with the value ofT g determined from the scaling analysis,
X x o we have choseiictg=17.6 K. The subsequent value Bf,
x determined from a linear fit to the(T<17.6 K) is T
. . . . . =24.8 K.(See Fig. 8.zwas found to be 6:£ 0.2, consistent
10 15 20 25 30 35 40 with the dynamic scaling value. The renormalized dielectric
T K] constant also has a reasonable vakje: 1.59.
One possible explanation for the absence of a clear jump
FIG. 8. a(T) data at a fixed current €0.7 mA) for an YBCO i the exponent(T) in Fig. 8 is the relatively short length
monolayer taken from the[logV]/d[logl] data in Fig. 3 of Ref. 34.  gcale it represents. In order to obtain well-defined and stable
Also plotted are a linear fit to the data less than the transition tem-a(-r) values (at the same reference current for all of the
perature and the lines(T) =7.1 anda(T) =1.0 used to determine  jsothermg, it was necessary to choose a relatively large
the parameterS,, z ande. [Inset: a(T) data at a fixed current \51ye for the reference current. This current value corre-
(1~4.0 mA) for the BSCCO film of Ref. 43. sponds to the length scale 1400 A& J), which is distant
e . . from the desired —0 limit.
sitivity. The crossover to the premature-Ohmic behavior oc- The final step in the conventional approach is to examine
curs more rapidly than one would expect for finite-sizg ef'.R(T). Equation(19) was used in place of Eq22) to fit the
fects and also occurs at roughly the same voltage, which 'Jata since many of the isotherms are obtained in the regime

nezr 't:he_tvolt.age ?fentsgl_vlty Im."tA tioned ab th T>T.0=24.8 K, where Eq(22) is not valid. The dashed
- FINMe-size-€eliect dISCUSSIORS mentioned above, tere i, 4" 4 figure is the fit using the parameters that opti-

is no “true” thermodynamic phase transition in supercon- . : ; ) _ _
. X ized the scaling for Fig.(b): Txtg=17.6 K,b=7.79, and
ductors because of the finite penetration depth. One coul —5.9+0.3. Clearly, the data are more consistent with KTB

.then ask why there IS a cr:ﬂcal |sother_m atall For ex"’.‘mpletzritical behavior than the finite-size effects discussed in the
in the data of Repactt al.>" the 17 K isotherm is straight revious section

over nearly nine decades of voltage. The answer to this i We repeat this analysis for the BSCCO sample (1000 A
that the correlation length at finite current does not becom(tahick) of Ref. 43. Then(T) determined for a constant current
infinite (and is not longer thai ) even though it is very is shown in ihe inset of Fig. 8. As one can see, these data are

close toT. Th'? is apparent from Eq3) where Itis seen e noisy and cover a much smaller temperature range than
that the correlation length decreases as the reciprocal of CYfRat in Fig. 8, thereby precluding a complete conventional

rent. It is only wheré(l,T)=L¢s that one would begin to see analysis. So while the value of at Tyyg=78.87 K is con-

deviations in the critical isotherm. sistent with that determined from the dynamic scaling analy-

sizzoefsfgggnﬁ]n;ﬁ tr:)'? tiicgg{]a{ mztﬂvrcg ggaer:]/;ggnff O;;g'tleésis(B.G) anda seems to change behavior at that temperature,
>IN any ; -np P®pne could not claim these observations as evidence for
however, finite-size effects are inherent to superconductors

and will manifest themselves if the probing current is small®{' ke) =6.6. However, an important observation can be
. " P 9 made by comparing this inset to the inset of Fig. 1 of Ref.
enough. It is our opinion that none of the data sets that w

? L %3, which showsx(T) determined from the same data, but
examined went to currents small enough to detect flnlte-3|z?Or a constant voltage. A h
effects. . ge. As one can sa€]) decreases muc
more rapidly for a constant voltage than for a constant cur-
rent, reinforcing our claim in Sec. IV B 1 that a rapid de-
crease ina(T) could be an artifact of using the constant

We now examine the data of Repatial. with a conven-  voltage«(T) data.
tional approach. In Fig. 8, we plot theV exponent ¥
«|4M) at a fixed currentl(=0.7 mA) as determined from the
d[logV]/d[log!] data in Fig. 3 of Ref. 34[The error bars
were determined from that figure and from fits to th¥ The primary degrees of freedom associated with the KTB
curves, and are only shown for the near-linear region. Th@hase transition are vortices. The dynamic behavior should
a(T<17 K) data also came from power-law fits to the digi- therefore be dissipative. Specifically, it has been arfied
tized |-V data from Fig. 2 of that referendeAs one can see, that superconducting dynamics in zero field may be purely
there are no features at~3 that W0u|d Suggest a phase relaxational[(Ref. 40 model A\] for any dimension, with a
transition, as Origina”y pointed out by those authors. An in-difoSive eXponent,Z$2. This interpretation is consistent
terpretation of these data is difficult. A possible feature is avith the conventional treatment of KTB dynamics. However,
crossover from near-linear behavior efT) to nonlinear the present scaling analysis 6fV and Q-AT data from
behavior near the value @i g (17.6 K), obtained from the SC'’s, JJA’s, and SF's indicates that5.6, a result consis-

2. Conventional approach

D. Theoretical considerations
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tent with subdiffusive dynamics. Here we mention some posserve the predicted jump in theV’s in thel — 0 limit which
sible explanations for this large value of the dynamic expoe estimated to be at I8 A for a particular samplé* An-
hent. . ) other drawback is that these approaches do not vaiy

Pinning is known to play a crucial role in the large values gptimize the fits. Furthermore, the most common method of
of 2z(>2) observed in vortex glass phenomena in«yerifying” KTB behavior [which is to obtainTyrg from

experiment&’"and Monte Carlo simulatiofi5™ "7in high- . the conditiona(Tktg) =3 and then to do a three parameter
tempe_ratgre superconductors. Ho.vv.ever, we do no_t behev]e& to Eq. (22)] does not pose constraints tight enough to
that pinning can explain the surprising valueszafbtained

in the present 2D analysis at zero field. The reason is that OLF[_I’OVGZZZ. Our analysis of the evidence fpr=2 raises the

resultz=5.6 is obtained from very distinct systems: super- oIIqwmg questions . . .
conductors, JJA's, and superfluigs. For supﬁrfluids, inppar- (i) WhY has no scaling of zero-fieltV data withz=2
ticular, pinning effects should be negligible. A pinning ex- bee_r_1 realized? L
planation therefore appears inconsistent with the universal (1) Why do critical isotherms have a much larger value of
nature ofz. a than the value consistent witt=2?
Collective excitations, such as vortex density walfes, (iii ) If finite size effects are present, why does the Ohmic
may mediate the observed dynamic behavior. This is moré0 non-Ohmic crossover not coincide with=Ls?
likely to be true if the vortices cannot exit the sample easily, We also compared directly the conventional approach and
because of surface barriers. We can determine the dynamicile dynamic scaling approach for data from a particular
critical exponent for this behavior as follows. Based upon thesample: the YBCO monolayer data of Ref. 34. In that refer-
Coulomb gas analogy, the vortex plasma frequency is giveence, those authors found that the conventional approach
by wx+/n, wheren~ £~9 is the vortex density. Usingec £, cannot explain their data. In Sec. IV C 1, we found that an
we findz=1.5 in three dimensions arm= 1.0 in two dimen-  incorporation of the finite-size effects into the conventional
sions. Vortex plasmons therefore cannot explain the largapproach is also not consistent with their data. Further, in
values ofz. Sec. IVC 2, we saw that a conventional analysis of Ithe
Another possibility is that the suppositions leading to Eq.exponent was consistent with~5.6. A dynamic scaling
(17) are incorrect. To arrive at that equation, only two forcesanalysis of their data, however, resulted in a beautiful col-
are mcludt_ad, a viscous force and the Lorentz force. Pe_rhapgapse, as shown in Fig.(H).
with tfge inclusion (_)f other forcege.g., surface barrier The primary purpose of this paper is to convey that the
forces?) an explanation foz=5.6 can be found. question of the value of in these systems is still an open
We peheve the most likely explananon f?’r large V?Iues Ofone, despite the conventional wisdom that2. We believe
z lies in correlated vortex motion, described as partnery -+ more study is needed. In particular, more data on all

1116 ] : H f At 43
transfer™™ or “collaborative dissaciation.™ These suggest systems, especially JJA and SF, are needed and over wider
mechanisms whereby bound vortex pairs do not simply dis-

sociate into free vortices. Instead, the process is mediated B§mperatures and current regio(mgAQ regions for SF's
neighboring vortex pairs, in terms of consecutive The impressive data of Repaet al™ set a good standard.

recombination-dissociation events. Further work is requiredNot only should dynamic scaling analysis be tried on these
to confirm this model. data but so too should comprehensive “conventional” stud-

ies like those of Fiory, Hebard, and GlabersBfBy “com-
V. SUMMARY prehensive,” we mean going beyond just the usual
a(Tkte)=3 and R(T) measurements.Of special impor-

As stated in the introductory paragraph, the dynamic scaltance would be a measurement @f using static kinetic
ing approach presented here is different than most previougductance datéin the appropriate frequency rangend the
studies of dynamics in 2D SC’s, JJA’s, and SF’s in that thisdynamic |-V exponenta. If the conventional theories are
approach allows one to vamto optimize the analysis. In the valid after generalization to a genera then a—1
“conventional” approach, the value afis implicitly taken — =[2/2]g?. (Fiory et al.did do such a measurement but found
to be 2. By using the dynamic scaling analysis and allowingagreement only over 30 mKAllowing the value ofz in the
the value ofz to vary, we have presented evidence whichconventional theory would also be a useful exercise.
suggests nondiffusive behavior.

Via a dynamic scaling analysis of transport data from
SC’s, JJA’s, and SF's, we find=5.6+0.3, contrary to the ACKNOWLEDGMENTS
value assumed but not tested in previous reports. This analy-
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cluded in this work a discussion of those “conventional” ductivity Consortium through DOE Contract No. DE-FG02-
approaches to studying the dynamics of the KTB transition90ER45427 and by NSF Grant No. DMR 95-01272. Ac-
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