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We report a systematic investigation of dynamical fluctuation effects in the frequency-dependent mi-
crowave conductivity (45 MHz—-45 GHz) of YB&wWO,_; thin films for T = T.. Our measurements
directly yield a dynamical critical exponentin the range 2.3-3.0, and the fluctuation lifetim@,
which diverges more quickly than Gaussian theory predicts as the temperature apprbadtea
above, independent of sample quality. In addition, both the temperature and the frequency dependence
of the fluctuation conductivityr™ exhibit scaling behavior for temperatures 1-2 K ab@ygand can
be collapsed onto the same universal curve. [S0031-9007(96)01664-X]

PACS numbers: 74.25.Nf, 74.40.tk

Dynamic fluctuation effects have become an intrigu-exploited frequency dependent techniques to verify the
ing subject of research in statistical and condensed matGaussian dynamics of fluctuations in thin films of conven-
ter physics, as they depend on the equations of motion dfonal superconductors [8,9]. More recently, frequency-
the system, and are not simply determined by the equidependent complex resistivity measurements have been
librium distribution of particles at a given instant of time. used at lower frequencies in finite magnetic fields to in-
Over the years, there have been both theoretical and exestigate the dynamical properties of the phase transition
perimental investigations of the static and dynamic fluc-of the mixed state [10—13].
tuations of many different types of systems. In the high Sample fabrication and the measurements are carried
T, superconductors (HTSC), measurements of fluctuatioout as described in detail elsewhere [13,14]. The thin
effects reveal unusual behavior, such as 8D critical  film under study is used to terminate an 0.086 inch
behavior observed in the microwave penetration deptlliameter coaxial cable in a Corbino disk geometry, and
A(T) over a range of temperature 5-10 K wide belowthe complex resistivityp = p; + ip, is measured over
T. [1]. Heat capacity measurements are also consistetihe continuous frequency range from 45 MHz to 45 GHz
with 3D XY critical fluctuations forT = T, = 10 K [2]. using a novel nonresonant technique, with care taken
In contrast to these results, temperature-dependent dc coiw- account for the effects of the substrate [14]. The
ductivity measurements have been interpreted in terms ahicrowave power is carefully adjusted to be within the
simple 2D or 3D Gaussian fluctuation theory fbr> T.  range of+5 to —30 dBm to minimize the rf current in
[3,4]; also, low frequency penetration depth measurementhe sample without losing a clear reflected signal [13]. In
have been interpreted as consistent with Gaussian fluctutiis work we measure several laser ablatge= 150 nm
tions [5]. Furthermore, analysis of the nonlinear currentthick c-axis-oriented YBCO films (on LaAl@substrates)
voltage characteristics ned}. in the HTSC yield a wide of varying quality, as determined by high resolution x-ray
range of values for the relevant critical exponents [6,7]. diffraction [15] and by high frequency characterization.

In this Letter we report a systematic experimental studySince we find very consistent behavior from all the
of the microwave fluctuation conductivityg'! obtained samples studied, initially we focus on the results obtained
from thin films and a single crystal of YB&wO;-5  from a single thin film (thin film No. 1) withéT, ~
(YBCO). The study provides direct information about 0.8 K (10—90% transition width measured at 45 MHz).
the fluctuation lifetimer!, which is one of the impor- The frequency-dependent complex resistiviiyw) for
tant parameters for the identification of the universalitythis film is shown in Figs. 1(a) and 1(b). Well above
class of the phase transition, and which describes the rel&., p(w) is predominantly real and is nearly frequency
vant dynamics of the fluctuations in the HTSC. We em-independent. As the temperature is decreased to the
ploy a swept-frequency technique (45 MHz—-45 GHz) toimmediate vicinity of the resistive transition [see the inset
measure both the frequency and temperature dependenak Fig. 1(b)], both p;(w) and p,(w) are nonzero and
of the conductivity of YBCO thin films in the vicinity exhibit considerable frequency dependence.
of T, with nominally zero external magnetic field. The To extract the frequency-dependent fluctuation con-
extra experimental degree of freedom afforded by accessuctivity o™ (T, ) from the total measured conductivity
to the measured conductivity over three decades in fres'"'(T, w) = 1/p(T,w), we write the conductivity
quency provides essential additional information about thas a sum of mean-field and fluctuation contributions,
dynamics of the system not available to temperature des'(T, w) = o™ (T) + ¢'(T,w), with the assump-
pendent measurements alone. Previous experiments hatien that o™ is independent of frequencyr™(T) =

4438 0031-900796/77(21)/4438(4)$10.00 © 1996 The American Physical Society



VOLUME 77, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NVEMBER 1996

ductivity should scale with the appropriate power of the
‘ (temperature-dependent) correlation lengtand the fluc-
tuation lifetimer™: o(w) = £2797*S.(w ). Near the

4t A . phase transition the correlation length diverges with tem-
‘f ’ perature as = &ye~ 7, wheree = In(T/T.), while the
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) "' ‘.”wyl“ fluctuation lifetime diverges as’! = roe 7. The phase
i 89.181cy i ’ v of the fluctuation conductivityp, (= tanfo,/o;]) also
88.78K scales with the argumeatri! as¢ (T, w) = O~ (w7™).
‘ ! The functionsS+ (S-) and®. (d_) are universal scal-
T86.80K ing functions above (belowd),, which should be the same
(t;) for all members of a given universality class, as should
be the critical exponents andz (the quantitieg, and &,
along withT,, are by contrast nonuniversal, and differ from
sample to sample). The scaling functions can be calculated
in the Gaussian limit [19,20], but are in general unknown
otherwise.

In the limit of T — T,, both ¢ and =! diverge, but
the quantitiego ' (w)| and ¢, (w) remain finite and re-
duce to simple forms that depend only on the dimen-
24 sionality d of the system and the exponent In other
0 10 20 30 40 words, the theory predicts & = T, a power law depen-

dence of the magnitude of the conductiVity' (T, )| =

Frequency (GHz) clw|~@=4+2/2 where ¢ is a constant, and a constant
FIG. 1. The frequency dependence of fa)t, and (b)p,/t,  Phase anglé,(T., ) = (7/2) (2 — d + z)/z. Exami-
at various temperatures in the vicinity @f.. Inset: p,(T) nation of our experimental data [shown in the insets of
measured at 270 MHz. Figs. 2(a) and 2(b)] shows that the conductivity magni-

tude is best fit to a power law & = 89.18 = 0.1 K,

where|o ()| = o 062%004 while ¢, is most constant
1/p™(T) = 1/(ro + nT). We obtain a measure (i.e.,the smallest standard deviation from a constant value)
of the mean field contributionoc™ (7) by fitting also at7 = 89.18 + 0.1 K, with a mean valueg, =
the temperature dependence of the dc resistivity(7/2) - (0.64 = 0.1). Note that the conductivity phase is
which is measured separately from 290 K down toan increasing (decreasing) function of frequency for tem-
T.. We fit the dc data forT > T. to the form peraturesabove (below). These twoindependent results
pac(T) = 1/[e™(T) + o™ (T,w = 0)], using simple allow us to directly determine the thermodynamic critical
theoretical models foo™ (T, » = 0) in order to describe temperature to b&. = 89.18 + 0.1 K and the dynamical
the data as close td,. as possible. We obtain the best critical exponent (assuming = 3) to bez = 2.65 = 0.3
fit using the Lawrence-Doniach [16] model for the dc for this sample (the accuracy of this determinationTpf
fluctuation conductivity withp™(T) = 10.49 + 0.70 T  andz is limited by the separation in temperature of the
wQ cm andT¢ = 89.83 K. (As we will discuss later, isotherms). This value of is substantially smaller than
the Gaussian fluctuation models are inconsistent withhat found earlier at the vortex glass-liquid transition [13],
our data very neaf’,, so theT¢ extracted here is not suggesting that our results reflect mainly fluctuation ef-
an accurate determination @f..) Other fits, using the fects. Other samples give consistent valueszforin all
Aslamasov-Larkin 2D and 3D forms far'(T, w = 0) cases our results for the value of the dynamical critical
[17] and a simple fit witho™ = 0 also render very exponent are significantly larger than the Gaussian (or re-
similar values foro™(T), differing from the above value laxational) prediction ot = 2. Previous determinations
at temperatures nedf. by at most 5%. The results of the dynamical critical exponentin YBCO films from
which follow do not depend significantly on the choice of the scaling of the nonlinear dc resistivity in zero magnetic
o™ (T) within this range. field give widely varying results, from = 2.2 = 0.4 [6]

To understand the nature of dynamic fluctuations in ouup toz = 8.3 = 0.3 [7].

YBCO samples, we examine both the frequency and the Now we examine the scaling behavior of the data for
temperature dependence of! (T, w) in terms of a gen- temperature§’ = T, which provides further information
eral theory of fluctuation conductivity at a second orderabout the dynamics and can be used to deduce the
phase transition [18,19]. The theory contains as a spestatic critical exponentr. From the scaling form of
cial case the Gaussian results, and with this theory wéhe conductivity given above, and assumidg= 3, we

can identify the universality class to which the YBCO expect the conductivity scaled ds |~V plotted
samples belong. The theory predicts that in the vicin-against the scaled frequeney/s”* to yield the scaling

ity of a second order phase transition the fluctuation confunction |S+|, independent of temperature. Figure 2(a)
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FIG. 2. Scaling behavior of the frequency-dependent fluc-OUt any scaling analysis) in the temperature dependence
tuation conductivity forT > T, of (a) the magnitude and of the fluctuation conductivity measured at several fixed

(b) the reduced phase of the fluctuation conductivity, withfrequencies as shown in Fig. 3. In contrast to the behav-
7" = 89.10 K, » = 1.2 andz = 2.6. Each data set spans jor of ¢1(T) measured at dc, which diverges as- 0,

the frequency range 45 MHz-45 GHz at temperatufes: it has been observed that the divergencer8(T) at fi-
89.18, 89._38,89.58,89.80, and, for_ (@) onI_y, 90.00_ K. The ite frequencww is cut off whene =1 El | [13f]( a)ndo-“
dashed lines are the 3D Gaussian scaling functions. Insetd q Yo !

the unscaledo™(w)| and ¢, (w) at 88.99 K 6), 89.18 K (),  approaches a finite value as— 0. The arrows in Fig. 3
89.38 K (x), and 89.80 K [[J). The solid lines in the insets: roughly indicate the points wheker! ~ 1 for measure-
the best power-law fit in (a) and the constant reduced phasgment frequencies of 10, 2, and 0.5 GHz. The measufed

$o(w) = 0.6in (b). is plotted against in the inset of Fig. 3, which suggests

) T-dep. (0.94GHz)
_ . . %0 2505 ourt T-dep. (9.94GHz)
shows such a plot for five different temperatures within 102 [Tep. 02768 gy, £ dep.(T)

1 K aboveT,, which all collapse onto a single curve with

scaling

)
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the choice ofT¢ = 89.10 K, z = 2.65, andv = 1.0 U
8
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[21]. Similarly, as shown in Fig. 2(b), the phase of the

conductivity ¢, scales with the same values of z,
scaling .

and T In general, there exists a range of values

scaling

for v, z, and T which cause the data to collapse in
this manner, but these values are constrained somewhat

(UR/T) papeoss ©

by the results for7. and z derived from the critical 10! PR S S SR
isotherm above. Overall we find that!! of YBCO is 102 105 107 10°  10%
consistent with the scaling theory, and obtdin"° = vz

89.10 = 0.1 K and the critical exponents in the range of w/e

v = 1.0 £ 02andz = 2.65 * 0.3[21]. Note the values F|G. 4. The scaled!(T) measured at various fixed frequen-
for T, andz are consistent with those obtained from thecies 0.27 ¢), 0.94 ¢), 9.94 GHz {J), along with the scaled

frequency dependence of the unscaled quantitiégw)| oi'(w) measured at different fixed temperaturBs= 89.18,
and ¢, (w) within our experimental error. 89.38, 89.58, 89.80, 90.00 K, and 90.20 K (solid lines), all with

Since 71! ~ 1/&%%, our results indicate that™! di- 7o = 8910 K, » = 1.2, andz = 2.6. Inset: the scaled

tl . . . . .

. _ _ i hoie cinnifi. o1 (T) for thin film No. 1 (©), thin film No. 2 (), and a sin-
verges with exponentz — 2'35. 3.55, Wh"?h IS S'g”'f' gle crystal (), with » = 1.2, andz = 2.6. For the inset, the
cantly faster than the Gaussian prediction .of =1, fi(7y 3nd 7 axes were rescaled for the different samples to
suggesting a strong slowing down of the fluctuation retake into account differences in the nonuniversal quantities
laxation rate as’ — T.'. The effect of the divergence andé, (see Table I).
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TABLE I. Values of T,, &, and 7, for the samples shown in the inset to Fig. 4. Also
given is thec-axis lattice parameter in YBE&wO;-5 (and % abundance) determined by high
resolution x-ray diffraction, which measures the oxygen disorder for the different samples.

Sample T. &) &liim No- 1 7o/ Toim Ne- 1 c-axis lattice parametér
(K) (nm)
FilmNo.1  89.18 1 1 1.1688 (97%), 1.1752 (3%)
Film No. 2 88.60 0.625 2 1.1698 (94%), 1.1674 (6%)
Crystal 90.11 1 0.09 1.1696 (70%), 1.1730 (30%)

&See Ref. [15].

il (dashed line), consistent with the temperature deperexperimental results reflect the intrinsic behaviorodt

dence ofrf!(~1/e235-35)) determined from the scaling rather than extrinsic sample properties.

of the frequency dependent data above. This is in contrast In summary, we have measured the fluctuation con-

to the fluctuation lifetime in the Gaussian model'(=  ductivity over three decades of frequency in the vicinity

wh/16kgT,.€) [20], which predictsr™! ~ 1/& (solid line  of T, for YBCO thin films. From the frequency depen-

in the inset of Fig. 3) and that all the}'(¢) would remain  dence ofo''(T, w), we have determined the thermody-

together untile ~ 1 X 1073 for the frequencies shown namic critical temperature and the dynamical critical ex-

in Fig. 3. ponentz = 2.35-3.0, extractedr'!(¢), and shown that the
For further examination of the scaling models, whichdivergence of the fluctuation lifetime!! is much faster

suggests the general scaling behavior for all independetitan what the Gaussian theory predicts (all corroborated

parameterswe scale both the temperaturghe same by scaling analysis), consistent with critical slowing down

data shown in Fig. 3)and the frequency dependence of the fluctuation relaxation rate fat — 7. < 1-2 K'in

of o{(T,w), using the same values for the critical YBCO thin films.
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