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Critical dynamics of superconducting B, Sr,CaCu,0g. 5 films
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We report on a systematic investigation of the critical fluctuations in the complex conductivity of epitaxially
grown BLSr,CaCuyOg. 5 films for T=<T, using a two-coil inductive technique at zero applied field. We
observe the static three-dimensiof@D) XY critical exponent in the superfluid density ndar. Linear scaling
analysis close to the critical temperature yields a dynamic critical exponent &0 for small drive currents,
but nonlinear effects are seen to be importantTAt a nonlinear scaling analysis also yields a 3D dynamic
exponent ofz=2.0+0.1.
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I. INTRODUCTION tals has even yielded larger valueszdfOnly dc fluctuation
conductivity measurements in BSCQRef. 10 find relax-
Direct observation of the scaling properties of the superational dynamicsz~ 2.0, assuminga 3D-XY static exponent,
conducting transition has at last become feasible due to the~2/3, in agreement with recent theoretical work that pre-
discovery of the cuprate superconductors. Microwave meadicts thatz~2.0 in 3D* These results indicate the lack of
surements in ultrapure single-crystal YBar0,_, (YBCO) consensus on the true nature of the dynamic fluctuations rep-
have provided strong evidence that for accessible temperaesentative of the superconducting transition, which is the
ture ranges, the effective static universality class is the thregerimary motivation of the present investigation. While a
dimensional XY model (3D-XY),! where the penetration large value of the dynamic exponert>2) can be under-
depth displayed scaling over three decades in reduced terstood as disorder effects, only the presence of a previously
perature. Measurements on thin films have yielded varyingindetected collective mode coupled to the superfluid density
results: microwave measurementsporty= 1.2, contactless would lead toz~1.5 in 3D, just as it occurs in superfluid
ac conductivity measuremeftgield »=1.7 at frequencies He*.12
up to 2 GHz, and dc conductivity in finite magnetic fiélds  In this paper we provide results on the critical fluctuations
give v=0.9-1.0. While none of these agree with the 89- in high quality epitaxially grown BSCCO films. We have
scaling behavior, it is widely believed that the results on puremeasured thab-plane complex conductivity with a two-coil
single crystals are indicative of the intrinsic critical fluctua- inductive technique at zero applied magnetic fietti=0),
tions of the superconducting transition. described in Sec. Il. Our measurements, presented in Sec. llI,
Transport measurements have probed the dynamics of thedicate that the critical fluctuations in BSCCO films are
critical fluctuations, which are characterized by the value ofconsistent with the 3D-XY critical fluctuation model, rather
the dynamic critical exponert describing how the relax- than a KTB transition within the layers. This contrasts with
ation timer scales with the correlation lengthr~ ¢*. How-  earlier studies using this technique on YBCO, which have
ever for YBCO, experiments have not yielded a consistenteported KTB critical® and mean-fieltf fluctuations. In Sec.
picture. For example, longitudinal dc-resistivity meas-IV, we estimate the temperature intervals in which possible
urements yield z=1.5+0.1 in magnetic fields up to 6 T, crossovers to 2D fluctuations can occur, due to either decou-
while microwave conductivity measuremehgse consistent  pling of the bilayers or the thin film behaving as a 2D system
with z=2.3-3.0. Still larger values for the dynamic expo- with a largec-axis correlation length. We find that our mea-
nent ranging fromz=>5.6 to z=8.3, reminiscent of glassy surements should indeed be well described by anisotropic
dynamics, have also been seen in resistivity measureffents3D-XY critical fluctuations. In Sec. V, we provide a crossover
in thin films. These large values afstrongly suggest that analysis of the approach to the critical point, and examine the
disorder plays a dominant role in these thin films, and thisapproach to a universal phase angle. In particular, we predict
may explain why their observed static critical behavior dif-the qualitative forms of the variations with temperature and
fers from that of the best single crystals. frequency. These are in agreement with our measurements,
Critical fluctuation results on BBrLCaCuyOg,s  but contrast earlier results which report very different values
(BSCCQ are even more dissimilar, partially due to highly of the static and dynamic critical exponents than those re-
anisotropic fluctuations. The complex conductivity of under-ported here. Analysis of the phase angle of the film response
doped BSCCO films measured at terahertz frequencies wasing linear-response theory in the critical region, which
found to agree with a Kosterlitz-Thouless-BerezingKifrB)  yields a dynamic exponent af=2.0, is presented in Sec. VI.
model with diffusive dynamic&® In previous work on However, the breakdown of linear-response theory becomes
BSCCO crystals a nonlinear transport study found 2D criti-important near the transition temperatufg, so that the
cal behavior with an anomalous dynamic exponentzof analysis is complicated by the need to extract the superfluid
~5.6 and no crossover to 3D behaVioFhe 3D universal density from the measured mutual inductance by an approxi-
phase angle of the complex conductivity deduced from thenate inversion technique. Our analysis shows that the deter-
magnetic susceptibility of BSCCO epitaxial films and crys- mination ofz purely from linear-response theory is contami-
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nated by nonlinear effects, and at probe currents that are too O —~——T———T——7———T— 7T T T T
large the effective value afinferred can be as low as 1.5. To
circumvent this problem, we derive in Sec. VII a nonlinear
scaling law obeyed by the raw measured mutual inductance
at T, (i.e., without the need for a data inversjaand extract ~ __ "
the dynamic exponent directly from the mutual inductance.%
In agreement with the linear-response analysis, we again obg
tain z=2.0. Section VIl summarizes our conclusions.

Il. SAMPLES AND EXPERIMENTAL SETUP

We have measured several high quality oxygen-dopec
BSCCO films, grown by molecular-beam epitaxy on SrliO
substrates and analyzed situ by reflection high-energy
electron diffractiont® The BSCCO films are nominally ori-
ented along thec axis, with unit-cell thickness ofd
=15.4 A. Atomic force microscopyAFM) images of simi-
lar BSCCO films reveal a rms roughness50A primarily
due to single unit-cell step height variation over the surface.
The rms roughness of the substratesare5 A.

The inductively measured, from several films of differ-
ent dopings was fit to the empirical formula="T; mal 1
—82.6(p—0.16)]?, to determine the hole doping per Gait®
The two branches of the formula are distinguished by the
relative low-temperature superfluid density, which is known
to increase monotonically through optimal doping ( T(K)

—0.16): FilmsA, B, andC haven=21, 40, and 60 unit cells, FIG. 1. Rép] [panel(@)] and Rép]¥2 [panel(b)], as a function
respectively, and are grown on square 10 and 14 mm sulyg o6 ature for filmé—C. p=(c. 85 K) is the predicted cross-
Strate_s' FilmA is overdoped ap=0.19, while f'ImSI_B andC over to 3DXY critical behavior angh=(2/7) T is the KTB critical
are slightly overdoped and underdoped, respectively. We eSyperfluid density for an isolated bilayer.

timate that a doping gradient in the samples introduces a

experimental temperature broadening of 0.15 K rigar superconducting flux quantuffi.The real part of this quan-

To obtain theab-plane complex conductivity, we employ ity Rd p] has units of temperature and sets the energy scale
a two-coil inductive technique. The mutual inductance offoy critical fluctuations. In Fig. (), Rdp] obtained atf
two coaxial coils is measured with a film placed in between—_gg kHz andl =40 wA is plotted for flmsA—C. At 5 K,

and normal to the axis of the coils. An ac current is appliedsmg A, B, andC, have penetration depths of 235, 265, and
through the drive coil; a second coil, attached to a large inpupgs nm, respectively. Note that fild, which is overdoped,
impedance lock-in amplifier, measures the fields produced bys5 5 smaller low temperature penetration depth than Bims
the drive coil and the screening currents in the film. The coils;ng . Al films exhibit a T2 component to the superfluid
have 135 turns and an average radius of 1.5 mm. The drivgensity at low temperatures, however the normal state resis-
coil is placed 0.35 mm above the film so that at a current Oftivity extrapolated to zero temperature is nearly zero in op-

I =350 wA rms, the applied ac magnetic field 0.1 G nor-  timally doped films, indicating the crystalline films have very
mal to the film. Measurements are performed in a*He foyy impurities.

continuous-flow Dewar, which allows the temperature of the
film to be controlled without significant heating from the
drive coil. The sample temperature is monitored by a Si di-
ode attached to the back side of the substrate. In Figs. 1@ and Xb) a power ofp=Rg p] and 2T/ is

The complex conductivityyr=o;—io, of each film is  shown to be located where we would expect the KTB tran-
calculated from the mutual inductance using the exact anasition for a noninteracting bilayep=2T/7.?! We observe
lytical expression for an infinite diameter fitthand a nu-  no such drop in the superfluid density at this temperature in
merical inversion technique similar to that of Fioegal®  our films. The films instead show that coupling among the
The method of Turneauret al® is employed to correct for bilayers induces an anisotropic 3D transition, precluding a
film diameter effects prior to calculating the in-plane com-KTB transition in the bilayers. At the transition temperature
plex conductivity. The measured penetration deptf, of an isolated bilayei = p /2, however, the measured su-
= (uowo,) Y2 is independent of the measurement fre-perfluid density has been renormalized from the mean-field
quency fromf=10-100 kHz below the transition tempera- value by quasi-2D fluctuations.
ture, where the dissipation is smatt{< o). To analyze the The mean-field behavior, expected at low temperatures,
critical fluctuations, we study the complex superfluid densitycrosses over to the 3®Y behavior as the critical tempera-
per CuO bilayer,p=icwd®?/(47°ks), where ®, is the ture is approached from below. In layered systems, the

Re[p]SIZ, Im[p]S/Z (KS/Z)

Ill. STATIC CRITICAL BEHAVIOR

144516-2



CRITICAL DYNAMICS OF SUPERCONDUCTING . ..

3D-XY behavior is exhibited once the c-axis correlation
length exceeds the interlayer spacidgi.e., when p(T)
=c.T., wherecs~0.5 andp=Re p].} In Fig. 1(b), the data
from Fig. 1(a) are plotted as R@]%? near the critical re-
gime. Also shown in Figs.(® and 1b) is the corresponding
power ofc T, to locate the onset of 3B behavior. The
static 3DXY model gives p~¢ 1~|T—T.|”, where v
~2/3. We observe that Rg]®? varies linearly in tempera-
ture for p(T)=<csT, indicating a 3DXY, rather than mean-
field (p~|T—T), behavior. At our measurement current

Il {K)
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(40 nA), we observed an absence of frequency dependenc %z
below the dissipation peak over the temperature range of the ] —e—i=30kHz
fit. In film C, the linear regime extends as fag @ K below { —4—1=50kHz
82 K. The linear fits extrapolate f5,=79.1 K , 84.9 K, and 1 Y~ |=70kHz

84.7 K for films A, B, andC, respectively.

Although our static scaling analysis is carried out at tem-
peratures and at a drive current for which there is no discern-
ible frequency dependence, at higher temperatures we okt
serve variations with both drive current and frequency. This
is apparent in Fig. 2, for which larger currents are used on
film B with 40 layers. FilmC, with 60 layers, exhibited a
weaker dependence over the same frequencies and curren

Since the superfluid density depends on frequency and cure
rent at higher temperatures, the superfluid density scales a=

p~ &2 Pf(wé EEYT?), where E is the amplitude of the

electric field. Only in the critical regime where the data are 1 % \1\0%\
independent of both frequency and electric field can one ex- 1 —o—1-75 nA \\%@\A;
pect to see the linear-response scaling behavior and extrac { —o—1=100pA \Y\\\g\
the exponenty. At higher temperatures where we observe 1 —9—1=150uA N\

—e— | =90 kHz

0.1

—b— 1 =200 pA
" " L 1 " "

nonlinear behavior as well as frequency dependence, the dai 01 L )
are still consistent with the 3B fluctuations, and we can " 81 82 83 84 85
extractz. In Sec. VI we analyze the phase angle in terms of . . !
linear response theory, but a nonlinear scaling analysis is FIG. 2. lp| in film B taken at a series of frequencpanel(a)]
required for completeness and is given in Sec. VII. and drive currentgpanel(b)

respectively. This implies that the region of pure 2D fluctua-
tions is too small to be resolved in our data and therefore we

When the superfluid density is less than one half of theeXpeCt 3D fluctuations to dominate.

3D crossoverp(T)<(1/2)csT,, we observe a drop in the
superfluid density from the static scaling value. Although this V- CROSSOVER PHENOMENA IN THE LINEAR PHASE
could be interpreted as a crossover to 2D behavior, we do not ANGLE NEAR T

believe this to be the case in our films since the drop is  gjnce the experiments are performed at finite frequency, it
observed to be current as well as frequency depen@e®t s jmportant to consider whether or not the correct

Fig. 2. Notice that the superfluid density does drop more;gymntotic behavior is being probed and what conclusions
rapidly than expected from the 3RY model as the fre-

X , ) can be drawn from the observed behavior. We begin with the
quency is decreased for a given drive current, but does sgnerfiuid density, within linear response, written as
more slowly as the current is decreased at fixed frequency.

While the former might lead one to conclude that the aniso-
tropic 3D-XY behavior is no longer valid in the static limit,
the latter would imply the opposite. More accurate measurewheret=|T—T,|/T, andf, is a scaling function. In the limit
ments are needed at low frequency and currents to establighf t -0 (T—T,), thet dependence must cancel out of the
UnambigUOUSIy the true nature of the static limit. Neverthe-expression fop, which |mp||es that the asymptotic behavior
less, the trend with decreasing current, coupled with theyf the scaling functionf,(x)~x? as x—wx where §=(2
phase angle dependence discussed in the following section,p)/z. Fort+0, we can write

is consistent with 3DXY behavior. Another putative cross-
over to 2D behavior is expected whénbecomes as large as
the film thicknessh. The 3DXY scaling implies that this
occurs at a temperatufieé which is 0.05 K, 0.01 K, and 0.02 where the scaling functiofi,(y) =const asy—0. We now
K below the transition temperature for film B, and C, ask what behavior we should observews:0 fort+0. For

IV. DIMENSIONALITY OF THE STATIC FLUCTUATIONS

p=(t"")?"Pfy(wt™"), ()

p:(iw)(D*Z)/ZfZ(twfllvz% (2)
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VI. DYNAMIC CRITICAL BEHAVIOR AND THE
BREAKDOWN OF LINEAR RESPONSE THEORY

Next we study the phase pf ¢,, close to the transition
temperature. The frequency dependencedf 27 for film B
measured at= 100 uA is shown in Fig. 3a). Within linear-
response theory, the phase angle is independent of frequency
at the critical temperature and is given By(T.)=m/(22)
in three dimensions, where is the dynamic critical
exponent? In Fig. 3@ we notice that the curves for differ-

S ent frequencies seem to approach a phase angle consistent
—a—50kHz | with a dynamic exponent af~1.5 andT.=84.9 K. When
—v—70kHz | repeated at a smaller value of the currértp0 uA, ¢,(T.)
—e—90kHz is smaller, as shown. Since the constant phase angle is a

L 8'5 result from linear-response theory, the estimate of the dy-

namic exponent from the data is expected to be more accu-
rate at smaller currents.
This is indeed seen in the current dependence of the phase

angle at different frequencies for fil@. In Fig. 3b), 2¢,/7

is shown for a set of frequencies and currents. As the current
is lowered, the frequency independent phase angle shifts to
lower values. At 20uA, 10 ©A, and 5 uA, this phase angle

is 0.577/2, 0.547/2, and 0.5%/2, respectively. This sug-
gests thaz=2.0 in film C and the result ot~ 1.5 from film

B is an artifact of the large current used in the measurement.

0 5 70 90 4 With this analysis, the thickest filniC) exhibits the best
Py S ———— estimate of the critical phase angle, the film with intermedi-
C—E— —o— | ate thicknes$B) provides evidence for similar behavior, but
f :Z: :g: ] the thinnest film does not show a critical phase angle. Due to
— e the crossover phenomena discussed in the preceding section,
84 85 86 87 the behavior of the phase angle away frdmis not univer-
sal at low frequencies, but we can still infer the dynamic
critical exponent from the critical phase angleTatwhich is
indeed universal.

Both the phase angle and the superfluid density are found
to be dependent on the drive current n&ar In the limit of
smaller currents, the frequency independent critical phase
angle does indeed yield a dynamic exponentsf.0. This
w—0 att=0, we should see the critical-point behavior. For IS & result consistent with the presence of 3D fluctuations.
t/wY?<1 we are probing they~0 regime of the scaling This is also consistent with the behavior of the superfluid

function f,(y) and expect to see asymptotic scaling behay.density with decreasing current at fixed frequency, where it is

ior. If t/w'"?>1 we are probing thg—o regime of the seen to approach the asymptotic static scaling law. Further-
argument off, and do not expect to see the scaling behavior™Mre. the smooth evolution of the phase angle suggests that
Thus at a finitety, for w>t3’3 we would observe critical the crossover to the 2D regime né‘d?_ IS not resolv_ed inour
43 experiment. Nevertheless, considering that nonlinear scaling
we would not. We have used the . . .
and dimensional crossover is expected clos& tpwe now

behavior while form <t
critical exponentsy=2/3 andz=2 for specificity, but the roceed to analyze the nonlinear response to get a more ac-
Trate determination of the dynamic exponent.

argument does not rely on these precise values. Note that,
is generally the case with crossover, the behavior of the su-
perfluid density away from the critical point at finite frequen-
cies is not universal except in the large frequency limit—aV!l. NONLINEAR SCALING AT THE SUPERCONDUCTING
result that is sometimes found to be surprising, but which TRANSITION

follows from a generic crossover analysis of relevant
variables?? This predicted low-frequency behavior is consis-
tent with our data where we observe the critical phase angle
in Fig. 3(b) and yet we do not observe scaling beldw.
More importantly, this is also consistent with the nonlinear _
scaling observed aff, in Sec. VII. Away from T, an WhereJy is the current density in the drive coiy is the
asymptotic scaling regime is demonstrated in the microwaveonductivity of the superconducting film, afdis the elec-
measurements of Boo#t al.? tric field. For the geometry of the setup,

2¢p/TC

f (kHz)

FIG. 3. Normalized phase anglapg/m of the superfluid den-
sity extracted from linear-response theory. Pdagl2¢, / in film
B taken atl =100 uA (filled symbols at a series of frequencies and
I =50 A for f=50 kHz (unfilled triangle$. Panel(b): 2¢,/7 in
film C for a given table of frequencies and drive currents.

The field equation governing the vector potenﬁals

V2Al uo=—J3—hé(z)oE, 3
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Jg=148(r—1)8(z=20) b (@) o S
in cylindrical coordinates, wherlg, is the drive current; is 0.7 @ - 85 38 K -
the radius of the drive coil, ang, is the distance from the ] O e ’ P
film to the drive coil}’ For an anisotropic system, in the 061 x* R 8522 K" .
critical regime, the superfluid densipyscales as L Ly Rt e
3-Dg-1 1 05k X" o 85.08 K" -
; —Dg—1g i + ST e
p~lwo~ gab gC f(lwggb,EEab Z), (5) E | .%X ....... K .’::::;:Z¥
* X 84.92K
where &,, and &. are the correlation lengths parallel and 0.4 1wt o X e 7
perpendicular to the CuO bilayers, afid a scaling function. Xxx*" i
We can rewrite the field equation as 03 ¥ X §
2 [ ¥ T |M1oouA| 1
VA= — polg8(r—r¢)8(z—z.) 02F %F S L . .
—h&3 PE (w0, AL Ad(2), (6) 0.1 O e anen 0.4
0] uwA's
where we have used the scaling form for the complex con- n
ductivity. Since the scaling function is written in terms of 0.05 L :::gg:ggﬁ i
dimensionless variables we can nondimensionalize the eque (b) —A—8522K
tion by recasting it in terms oA¢,,,w&sy,r/h, andl &,y . [ . —v—8538K =
The solution then takes the form 0.04 1 T $—8552K _/ T
I \ — 1
AlwEll *=G(iwély,iwell 1 g,h2E Pe A~ r/h), 0.03f 2 .
(7) < L \ v |
i
whereG is a function that can be determined by solving the ~ °%2[ / / i
full nonlinear field equation and\ is the thermal length [ \ 7/ T
given by ®3/(4muoksT). So far all we have done isto use %01 / T
the scaling form for the superfluid density and looked for a I & 1
generic solution of a differential equation by identifying all 0.00 s

the nondimensional variables. For a given geometry of the
experiment the right-hand side of E(y) is a function of
three variables. One can further simplify the expression if we FIG. 4. Panela): M| measured at=100 uA and f=50 kHz
realize that there exists a regifie— T,/ <T* where we are vs the scaling variablew 2. Panel(b): Scaling error at different
governed by the limit wheré.=h. This allows us to elimi- temperatures vs.

nate one of the three terms as follows. Clos@& {0 using the

3D-XY behavior of the correlation length and the definition close toT, there exists a regime wherein the mutual induc-

of T*, we can rewriteh?£3, P/ &, as tance is only a function of one scaling variable. If we do not
observe any data collapse we would conclude that we are
h?&3, Pl c=h|1+(T—T*)/(T* = T)|". (8)  never in the regime where the approximatibf&,~h is

valid. It is indeed true that the elimination of the dependence
of &, in EQ. (7) is possible only af. and need not hold in

the entire regime where the crossover occurs. It is tempting
to interpret the experimental results in terms of a 2D system.

For a temperature rangfl —T*|<|T*—Tg, h%¢.~h.
Thus, for temperatures within 0.05 K, 0.02 K, and 0.01 K of
T* for films A, B, andC respectively, this approximation is
valid, and the field in Eq(7) is a function of only two vari-

standard data collapse @t of the measured mutual induc-
tance to obtain the dynamic exponent. In this regime we ca
eliminate &,, from Eq. (7) so that

This suggests that the temperature at which we observe data
Eollapse lies in the crossover regime, but is not necessarily
the trueT.. From our analysis we conclude that thg is
T s -1 within 0.02 K of the temperature at which we observe data
A=0G(lgo” " hA % r/h). ©) collapse for filmsB andC. We now look for data collapse of

The mutual inductanchl is related to the vector potential at Our data measured by varying frequency, current, and tem-

the pickup coil and scales as perature. Notice that the value of the exponens required
only to establish the regime of validity of the approximation
M~Aw Y2~G(1 40 12). (100  and is not necessary to extract the dynamic exponent from

data collapse af .

Within the resolution of our data, any data collapse ob- For the scaling analysis &, the mutual inductance at
served is a 3D phenomena starting to crossover to théxed frequencyM; was compared to the mutual inductance
asymptotic 2D scaling. The reason for this is that the solutiorat fixed currentM, . For conveniencgM(T)| is normalized
[Eq. (7)] depends on a number of variables, but sufficientlyto unity aboveT.. Values ofM; (M), were measured at

144516-5
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12.5 uA (10 kH2) intervals for a set of fixed temperatures. behavior of the mutual inductance.
Then values of M| were compared with values df\,|

taken at the same temperature by fitting the raw data/ef

to a polynomial and selecting points with the values of VIII. CONCLUSIONS

-1z ; R
|I|§(/|) ¥ eqf.waaléent to tlh(;fed OFM||-$|n7F1'/g-f4(a) |Mf|. andf The superfluid density in BSCCO films with different

i for im 5 are plotted versusw or a Series of - yicknesses has been measured and shown to be consistent
temperatures. The best data collapse of the curves appearvgihh the predictions of the 3D¢Y model. The dynamic scal-

z=2.0 andT=85.22 K. The error in the scalind, is . . . :
- : ing exponent has been obtained by performing both a linear
_Sl_?]c.)w.n melg' ?)ffo;gg‘fir;ntgjmpegﬂaturzes :;nd varllueszof and nonlinear scaling analysis. While the linear scaling
Is Is obtained fromj, = (|—1fz|_| 11)?, where the sum analysis did yield a 3D dynamic exponentzz£ 2.0, nonlin-
runs over the ten values 6t _meisured fofM[. The  oa; effects needed to be studied to get an accurate determi-
IEwest error value indicateg=2.0-0.1 and T=85.2 o0 This is evident from the current dependence of the
+0.1 K. A similar analysis for the filmC yields z=1.8  itical phase angle of the superfluid density. A 3D nonlinear

+0.2 andT=85.9-0.2 K, which is also consistent with  gcajing analysis also yields a dynamic exponenizef2.0
=2.0x0.1. The transition temperature of filrB is T, +0.1.

=85.2+0.1 K, while for film C it is T,=85.9+0.2 K.
These values of ; are close to those obtained with the phase
angle measurements.

In Fig. 4(b), the evolution of the error for a fixed trial
also suggests that the dynamic exponent observed is indeed We thank H. Westfahl and D. Sheehy for many helpful
due to 3D fluctuations. Note that as the temperature is indiscussions. This work was supported by the U. S. Depart-
creased foz=2.0, the error decreases, approaching the besnent of Energy, Division of Materials Sciences, Grant No.
fit (i.e., data collapge and then increases again. Within the DEFG02-91ER45439 through the Frederick Seitz Materials
resolution of the data, we never observe any change to thResearch Laboratory at the University of lllinois at Urbana-
2D regime. In other words, the approximation that allowedChampaign, and by the National Science Foundation under
us to look for the data collapse is indeed supported by th&rant No. NSF-DMR-99-70690.

ACKNOWLEDGMENTS

*Present address: National Institute of Standards and Technolog}?P.C. Hohenberg and B.l. Halperin, Rev. Mod. Phy8, 435
Boulder, CO 80305. (1977).
1S. Kamal, D.A. Bonn, N. Goldenfeld, P.J. Hirshfeld, R. Liang, 13A.T. Fiory, A.F. Hebard, P.M. Mankiewich, and R.E. Howard,
and W.N. Hardy, Phys. Rev. Left3, 1845(1994; S. Kamal, R. Phys. Rev. Lett61, 1419(1988.
Liang, A. Hosseini, D.A. Bonn, and W. N Hardy, Phys. Rev. B 14z H_Lin, G.C. Spalding, A.M. Goldman, B.F. Bayman, and O.T.
58, R8933(1998. Valls, Europhys. Lett32, 573(1995; K.M. Paget, B.R. Boyce,
23.C. Booth, D.H. Wu, S.B. Qadri, E.F. Skelton, M.S. Osofsky, A. and T.R. Lemberger, Phys. Rev.5, 6545(1999.

Pique, and S.M. Anlage, Phys. Rev. Létr, 4438(1996. M.R. Presland, J.L. Tallon, R.G. Buckley, R.S. Liu, and N.E.
3G. Nakielsky, D. Gorlitz, Chr. Stodte, M. Welters, A. Kramer, and Flower, Physica G176, 95 (1992).

4 J. Koetzler, Phys. Rev. BS5, 6077 (1997). 163.N. Eckstein, I. Bozovic, K.E. von Dessonneck, D.G. Schlom,
J.M. Roberts, B. Brown, B.A. Hermann, and J. Tate, Phys. Rev. B J.S. Harris, Jr., and S.M. Baumann, Appl. Phys. L%, 931

49, 6890(19949.

5 . _— . . (1990.
J.T. Kim, N. Goldenfeld, J. Giapintzakis, and D.M. Ginsberg, 173 R. Clem and M.W. Coffey, Phys. Rev. 45, 14 662(1992.
Phys. Rev. B56, 118(1997. 18 . o
6S.M. Ammirata, M. Friesen, S.W. Pierson, L.A. Gorham, J.C. AT. Fiory, A.F. Hebard, P.M. Mankiewich, and R.E. Howard,
Hunnicutt, M.L. Trawick, and C.D. Keener, Physica3€3 225 19 Appl. Phys. Lett.52, 2165(1988.
(1999: S.W. Pierson, M. Friesen, S.M. Ammirata, J.C. Hunni- >-J- Turneaure, E.R. Uim, and T.R. Lemberger, J. Appl. PPgs.
cutt, and L.A. Gorham, Phys. Rev. @&, 1309(1999. 4221(1996; S.J. Turneaure, A.A. Pesetski, and T.R. Lemberger,
7J. Kotzler and M. Kaufmann, Phys. Rev.35, 13 734(1997). ibid. 83, 4334(1998.
83. Corson, R. Mallozzi, J. Orenstein, J.N. Eckstein, and |. Bozo>"D-S. Fisher, M.P.A. Fisher, and D.A. Huse, Phys. Re43130
vic, Nature(London 398 221 (1999. (1990.
p. Minnhagen, Rev. Mod. Phys9, 1001(1987. 2IM.R. Beasley, J.E. Mooij, and T.P. Orlando, Phys. Rev. 142}.
105 H. Han, Y. Eltsev, and O. Rapp, J. Low Temp. PHys, 1259 1165(1979.
(1999; S.H. Han, Y. Eltsev, and O. Rapp, Phys. Rev.6B 22N, Goldenfeld,Lectures on Phase Transitions and the Renormal-
11 776(2000. ization Group(Addison-Wesley, Reading, MA, 1992p. 271.

11y, Aji and N.D. Goldenfeld, Phys. Rev. Le®7, 197003(2001).  22A.T. Dorsey, Phys. Rev. B3, 7575(1991).

144516-6



