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Fluctuations in the microwave conductivity of YBa,Cu;0-_ 5 single crystals
in zero dc magnetic field
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We present a quantitative analysis of finite frequency fluctuation conductivity above andheiowuprate
superconductors in zero dc magnetic field. In a YB&O;_ 5 crystal showing a linear in temperature increase
of the penetration depth at low temperatures, we find that two-dimensi@Balfinite frequency Gaussian
conductivity fluctuations abové, cross over into a slower divergence of the conductivityf ass approached
from above. We find that the critical regime aboUgis less than about 0.6 K wide. At and beldw, 3D
fluctuations dominate the conductivity, with evidence of ZI¥ critical scaling of the imaginary part of the
conductivity down © 5 K belowT,.

Cuprate superconductors differ from their low- cavity perturbation method which is discussed elsewfere.
temperature counterparts in a number of significant and dreBriefly, the surface resistand®(T) and change in surface
matic ways. Their small superconducting coherence lengthreactanceAX((T) of the samples are measursimulta-
reduced dimensionality imposed by the Gufanes, low  neously from 4.2 K continuouslyup to well aboveT, . As a
carrier density and high transition temperature lead to situakey step in the analysis of the data, we convext(T) into
tions where superconductivity can be strongly affected by then absolute magnitud#(T), following the method of Refs.
large thermal energies available. The cuprates offer the opt and 5. We then determine the full complex conductivity
portunity to establish the nature and universality class of,—; i, from the definition Ry+iXs=[iwue/ (0
superconducting fluctuations. —io»)]"? in the local limit. Note that the data used in this

It has been known for some time that the normal state dﬁf;aper has no contribution from shielding currents which flow
conductivity of the cuprates is strongly enhanced well abovg,, the ¢ directiorf (unlike Ref. 3, and that no residual resis-
the thermodynamic transition temperatuf®,.>? Specific tance is subtracted from,_,, before calculatings,.
heat measurements on highly homogeneous single crystals the jnset of Fig. 1 shows results for the temperature de-
show evidence of a peak &, where BCS(mean field  nengence of the penetration depth and conductivitof a

theory says that only a discontinuity should _gpﬁe_ﬁhe single crystal of YBCO. The magnetic penetration depth,
resemblance of this peak to the lambda transition in superg (Xs=pow\), increases from its low temperature value lin-
fluid “He suggests that the cuprates may be in the same uni-

versality class, namely that of the three-dimensiofsdD)

XY model. Recently, experimental evidence obtained from rf 1.5
penetration depth measurements also suggests thal 3D ) T
critical fluctuations exist dowrot9 K below T, .3 02( )

In this paper we shall examine the microwave conductiv- \
ity in the normal state to identify further evidence for en-
hanced fluctuations in the cuprates. We shall focus on micro-
wave surface impedance measurements on a high quality
single crystal of YBgCu0,;_s (YBCO) which shows a
linear-in-T increase of the penetration depth at low
temperature$,and 3D XY critical behavior justbelow T,.

We find that this crystal has no corresponding range of criti-
cal fluctuations in the microwave conductivipove T,.

Growth and characterization of the YBCO crystals has
been discussed in detail elsewhéreThe twinned YBCO
crystals(~1 mmx1 mmx30-50 um) typically show zero 0
dc resistance at 92—-93 K, with a normal state resistivity at *

100 K of about 40—5Q() cm, similar to that of the Illinois 85 90 93 100 105
crystals® ac- and dc-magnetization measurements also con- Temperature (K)

firm the transition temperature to be 92—-93 K with the tran-

sition width approximately 0.2 K. Although several crystals  F|G. 1. Complex conductivityg(T) (circles, o(T) (dashed
were measured for this work, we shall concentrate on théine) in the vicinity of T, of a YBCO crystal at 9.6 GHz, along with
analysis of the crystal showing the greatest degree of hom@D fit mean field and total conductivitiesolid line) aboveT.
geneity in surface impedance measurements. Inset shows the penetration depth andT) over the temperature

The surface impedance measurements were made byrange from 4.2 to 110 K, as well as the BGZT) (dashed ling
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TABLE I. Results of fits to the 9.6 GHz conductivity aboVeg [for (T—T,,)/T,>0.008 to the 2D, 3D, and Klemm fluctuation models.
Also shown are LD fits to dc fluctuation conductivifiagen and FriedmannT, is the zero dc resistanck,. .

Fit b Po t & s &BTm/M)Y? Te XX
(wQem/K)  (uQem (A A A) A) (K)

2D° 0.479 —6.79 16.3 90.473 1

2D 0.204 22.4 8.24 90.114 13.9

3D° 0.318 15.2 0.637 90.660 25

3D 1.24 -82.8 8.6 90.796 180

3D 0.007 58.0 0.32 90.114 44

KlemmP 0.479 —6.86 16.3 0.0085 90.473 1

KlemnP 0.473 —6.19 15.7 0.8% 90.571 1.08

Klemm 0.339 9.49 8.47 0.016 90.714 15.4

Hagenet al. 0.42 5.4 6 1-1.7 3-5 K below

(Ref. 19 (fit for £>0.06

Friedmannet al. 0.8 14 1.71 0.435 2.5 K below

(Ref. 6 (fit for £>0.058

8Denotes parameter constrained to this value in the fit.
®Denotes fit shown in Fig. 2.

early with temperature, with a slope of approximately 5 A/K ments because they have one important advantage.
for 5 K<T<35 K458 As T, is approached from below, the According to theorygi'(T,»>0) does not diverge af as
penetration depth increases very abruptly, suggestive of unin the dc case, but approaches a finite value which decreases
conventional behavior. On the other hand, Bsis ap-  with increasing frequency:*®*One consequence of this is the
proached from abover;(T) is considerably enhanced, show- fact that we can measure,(T) right throughT., a feat
ing a sharp peak in the vicinity of . at a temperature we which is impossible with dc measurements. Hence our mea-
define asT., (see Fig. 1 This enhancement af;(T) near surements are better suited to examine the region Tgar
T. in microwave measurements of YBCO has been notedvhere critical fluctuations are expected.
beforé"®~1! but has not yet received a detailed analysis. Another important advantage of microwave measure-
When the same measurements are done on a Nb crystal, neents is their sensitivity to multiple superconducting transi-
enhancement aof;(T) aboveT, is seen, and there is no peak tions. dc resistance measurements are sensitive only to the
at T., although a BCS coherence peak is observed at lowdirst percolating path through the sample, so that other re-
temperatures-? (similar to the dashed line in the inset of Fig. gions with significantly reduced, can coexist in the sample
1. and remain undetected. The microwave measurements are
When analyzing the data aboife shown in Fig. 1, one very demanding of sample homogeneist least within a
makes the assumption that the total conductivity is the sunmskin depth of the surfageand we have selected a sample to
oy(T,0) =V (T)+¢1"(T,w), where )" (T)=1/(p,+bT) is  discuss in detail which shows the greatest degree of homo-
the “mean field” conductivity(T>T.), which we take to be geneity in the temperature dependent surface impedance.
frequency independent, and' is due to superconducting To our knowledge, only two previous quantitative mea-
fluctuations abovd .. Far aboveT,, the fluctuation contri- surements of finite frequency fluctuation conductivity in zero
bution too; should be small, and fits t@;(T) for 100 K<T  dc magnetic field have been made, both on ultra-thin Pb
<150 K (Ref. 13 give p(T)~—6.8 uQ cm+0.47 (uQ cm/  films"8 |t was found in both those measurements that a
K)T, which is consistent with the measured dc resistivity oftime-dependent Ginzburg-LanddliDGL) theoryL5 of finite
crystals from the same batch. The enhanced conductivitfrequency Gaussian fluctuation conductivity was successful
aboveT, has been measured by many groups @td@nd a  in treating that data. In that theory, the fluctuation conductiv-
summary of their best fit results is given in Table I. The meanty depends on the dimensionalityd, of the sys
field T, values of all these dc fits are several kelvin belowtem?® 2P MYT w)=(02"Ywy) [7—2 tan Y(L/wy)—(1/
the measured zero resistance temperature. This is manifesteg)in(1+wg)] for a film of thicknesg < ¢, (the c-axis coher-
in the data by a conductivity which diverges more quicklyence length or &3>M(T,w)=[(8/3 03P %w?] [1-(1
than the theoretical predictions &% is approached from +w?)*“coq(3/2tan Y(wg))] for a bulk material, where
above® As a result, the dc data is only fit relatively far above o2°%=e?/(16#te) and o3P 9=e?/(32h&Y?) are the well-
the transition, excluding a great deal of potentially importantknown dc fluctuation conductivity expressiofisyith &, the
data near the transition. However, because the dc data was 8D coherence length at=0, e=In(T/T)~T/T.—1, and
up to 200 K8 their conclusions about the nature of the fluc- wy=7%w/(16kgT,£) is the dimensionless TDGL time scale.
tuations far fromT_ are stronger than ours. Our finite fre- Because of the success with the Lawrence-DoniddD)
quency o(T,w) measurements complement the dc measuremodel in fitting the dc fluctuation conductivitywve also fit to
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AR AR as the 2D fit. Hence the simple 2D fluctuation conductivity
— e 2D Fit fit appears to be the most reasonable £0r3x10 3, in
£ W el Klemm Fits . agreement with the results of Hagenal**
g . ] We would like to make three general remarks about the
- ] o,(T) fits presented above. First, note that all the mean field
= Slope -1/3 _ _
—_ / ] T. values are slightly abové&,,, yet several kelvin below
=) R 3D Fit the T, determined by susceptibility measurements, similar to
<3 dc fluctuation conductivity fit¢see Table)l Note that when
= - 108 T. is constrained to be eithér,,, or the susceptibilityT ..,
@) very poor fits result. Next, all of our fit€2D, Klemm, 3D
,'\ show a sharpslowing downof the conductivity divergence
ot below the fit rangdsee Fig. 2, in contrast with dc conduc-
= tivity fits which show arincreasein the rate of divergence in
o y g
the analogous temperature rafighe slowing down occurs
105 ) 2 A
4 3 2 -1 at about the same value ef for all fits, e~(2—3x10 3.
10 10 10 10

(T -T )/T However, this is not the slowing down predicted by TDGL
¢ e theory(i.e., wy=1), which is ate~1x10"2 for YBCO at 9.6
GHz, suggesting thadomething else limits the increase of
FIG. 2. Experimental and theoretical conductivity minus fit the conductivity Note that the slowing down is robust
mean field conductivitys(T)—oT(T) vs e~T/T,—1 aboveT.  against small changes in fit parameters, for instance it is
for a YBCO single crystal. Data minus fit mean field are shown asguite insensitive to the choice of mean field conductivity, in
circles (2D), crossegunconstrained Klemin squaregconstrained  agreement with Hageet al* Finally, it should be noted that

Klemm), and triangle¢3D). The Klemm fits(solid, upper is uncon-  qyr fits extend much closer ®, than any of the dc fits in the
strained, 2D fit (dash-dox, and 3D fit(dashegl are shown as lines. literature, and do not show the unexplained sharp rise in

Klemm's finite frequency generalization of the LD mod- conductivity asT approached from above’
el:20 glemmivqT )= (e?/16h5)/[e(s+B) V41— wi e+ Be In examiningo(T) peaks on a variety of crystals, we find
+(3/8)82)[6(s+B)%]} where s is the layer separation, €mpirically the rather surprising result tha{(T,)=o5(Tc,)
B=6m(£ys)A(mIM) is the anisotropy parameter, with/M to good approximation in all crystalas shown, for example,
the ratio of in-plane to perpendicular effective masses. In alin Fig. 1). The TDGL fluctuation theory predicts that
fits, we ignore the Maki-Thompson correction, and do notas>™(T,,w)=0 3>™4T. ), or equivalently the conductiv-
attempt to fitoy(T) below T, at this time because the mean ity phase angles,=tan *(o,/oy)= /4 atT, for 3D Gaussian
field theory foroy(T) below T, is considerably more com- fluctuations?! Theory also predicts thaw3®™YT , w) di-
plicated than that abovE, . verges at T, while o?®™YT_ ») remains finite, or
We have adopted the approach of Hageal*in that we ¢,=m12.2 Hence our data is consistent with 3D, rather than
fit to the total conductivity data, rather than subtracting off a2D, fluctuations afl,,, implying ad=2 to 3 crossover for

best guess for the mean field contribution and fitting thec<3x1073,
residual conductivity. Results of fits up to 110 K are shown A quantitative analysis of Gaussian fluctuation conductiv-
with the fit mean field conductivity subtracted away. NoteaiD,ﬂuC(T @) =[e(H)|(KeTShw)~2.5x10° Q Im™L s
that each fit has a differerif, and a different mean field substant(i:ally greater than the measureg(T,, )~1.0
contribution to the total conductivity, so that even though ally 157 (-1 -1 (Fig. 1), while the value fomsﬁ‘,ﬁ&c(-l- o)
the fits were performed on the samg(T) dataMsFet, they —[e2(12h£) (KT /2 ﬂ_ﬁ,w)lIZNZX]_OG oL mfllis subcs’tan-

H _ C
appear to be different when presentedogél) —a"(T) vs tially less thanoy(T,, ,w), indicating that pure 2D or 3D

(T;;é)gs 'th I:)Igfazrﬁeters in Table | show poor agreement[GaUSSian fluctuations do not dominate the measured conduc-
with independent rf and dc estimates of the mean field resis—IVIty for temperatures arbitrarily close @ . There must be

. . . _3 .
tivity, casting doubt on the validity of the overall fit. Also, another mechanism coming into play fex3x10 = which

the fit 3D coherence length, is unsatisfactorily small, and nfluenceso(T,w). _ _
constrained fits withéy=( §2b§c)l/3~8 A, or T,=T,,, were We see two possible explanations for the behavior of the
a ' g

much worse(note the values of the mean field resistivity conductivity nearT¢, . First, inhomogeneities in the transi-
parameters, and the values P% in Table . The 2D and fuon temperature _of the lcSrystaI may be respongble for limit-
Klemm fits give mean field parameters consistent with inde!"9 thezzlncrease iry(T).™ A very simple effective medium
pendent measurements and have the lowéstalues. The model,z based on a Gaussian distributionTfs with vari-
unconstrained 2D and Klemm fits are virtually identical, @ceo7 =0.24 K, gives a surprisingly good description of
since the small size of the “out-of-plane” coherence lengththe o(T) peak(this model is discussed in detail belpv®dne
(Ref. 20 &(67m/M)Y? relative to the layer separatios,  finds that the peak height;(T,,)~10" Q"' m™1], the peak
indicates that a 2D to 3D crossover does not occur within thevidth, and the fact that;(T.,)~0»(T.,), are all reproduced
range of the experimental data for the Klemm fit. A con-by the simple model. However, this model does not explain
strained Klemm fit withgo(Gwm/M)l’zzo.SS A (giving a the detailed temperature dependence of the data for
d=2 to 3 crossover at~3x10 %) was essentially as good &>3x10"3,
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FIG. 3. NOY/NT) B vs T/T, for YBCO (T.=90.20 K) and Nb FIG. 4. Conductivity datao(T) (circles, calculated effective

(T¢=9.20 K) single crystals, and-wave BCS theory. The straight mediumo$"(T) (solid ling), and the same two quantities with 2D

line is a guide to the eye. Inset show$(0)/\*(T) vs T/T, for mean field conductivity subtracted awésquares and dashed line,

YBCO (T,=90.50 K) and Nb(T,=9.20 K) single crystals, as well respectively. The inset shows the total conductivities on a linear

ass-wave BCS theory. scale neafT., and also showsrgﬁ(T) from the effective medium
model (dotted ling.

A second possibility is critical fluctuations, suggested by . | 5 . )
examining the penetration depthT) belowT,, as shown in ation time scale—~ ¢, Whgre§~s is the correlatlon length,
Fig. 3. Mean field theory predicts that the magnetic penetraZ and » are the dY”ﬁm'Cajmdfcﬁ';[L%ﬁ';;’zgfggre'a“o” length
tion depth in a superconductor diverges as®Xponents, respectively, and-& ) .
NT)NO)~(1—T/T,) ™ with B=1/2, asT, is approached Note that abovd . for the 2D and unconstrained Klemm
from below? Henc?e a plot Of?\(O)/)\’(T)]Z \?ST should be a fits, the data points in Fig. 2 foas<3>_<10__3 fall on a Ii_ne
straight line intersecting zero at the mean field transitiorcdMent of sIo_pel/_S to good appr_o?qmatl(zrb,ssuggestwe of
temperatureT . The inset of Fig. 3 shows such a plot for a critical fluctuations in the conductivityy~¢~~"°. However,

Te. . L .
Nb single crystal, verifying that linear behavior is seen be-2S W€ Saw from examining the penetratlon.depth data pelow
tween 6.5 K andT, (~9.2 K), consistent with BCS theory. Te, crltlcalgfluctuat!ons have &, corresponding to the point
When data for theb-plane screening currents in YBCO is where 1R(T) vanlar;es(at T=90.20 KZTCU_)' A plot Of_
plotted, the data is clearly not linear from 65 K Tg, sug- o4(T), anday(T)—o7' (T), where the mean field conductiv-
gestind non-mean-field behavior ’ ity was that giving the best 2D fit, vers$—T.,)/T., is

To identfy 3D XY fluctu.ations one can plot shown in Fig. 4. From this figure it is clear that there is no
[NO)/N(T)TME, with B=0.332 vs tempera,turéshown in Fig. region nearT., in which the conductivity has a sir_nple
3). The YBCO data is now clearly linear from 85 K1g, a powerhlaw gependenced_o(ﬁ'—Tcggl/Tw. In§tead(j, W%g\';%d
region of reduced temperature in which the Nb data and BC %}f_lf ehe ective lr_r:jel_lum_ mFo_ e4 mentflro_lr_le h a
theory are clearly not linedf. This 3D XY critical regime is 91 (T) shown as solid lines in Fig. 4, ang"(T) shown as
at leas 5 K wide, not quite as broad as that of Kamal's a dotted line in the insgégives a good quantitative de§gr|p—
YBCO crystals but surprisingly wider than that estimated 10N Of the ou(T) and o5(T) data for (T—T¢,)/Te,<10°%
by Lobb (~1 K) on the basis of the Ginzburg criterigh?® T_he model reproduces the' slowing down of the conduqtlwty
The same critical behavior of the penetration depth has beeqfvergence using a Gaussian spread bf standard devia-
observed in thin films of La ,Sr,CuQ,_ 52 but not in thin
films of YBCO2’ Nevertheless, this asymmetry of the fluc-
tuations observed here, primarily 2D and Gaussian aligve
vs 3D and critical below, is in qualitative agreement with

3D Critical Fluctuations
and/or Inhomogeneities

" 2D Gaussian
Monte Carlo calculations in the anisotropic 30¥ model?® Mean 32%2{.,2{,‘3:; l Fluctuations
These results below, suggest that we look for similar Field? . (13~¢) (61~ oM ~ &)
behavior inoy(T) aboveT.. We can estimate the width of AN PN 0% gl
the critical region as the range betwe€&g, and the point Teom~5K Tes Test6K Too
where 2D Gaussian fluctuations no longer describe the data, (Not to Scale)

a width of approximately 0.6 K. Lobb has pointed out that
the conductivity in the 3DX'Y model is expected to enter two  FiG. 5. Schematic summary of conclusions regarding the nature
critical regimes ase—0, one characterized by~e ",  of superconducting fluctuations in the vicinity @ of a YBCO

v=2/3, and the second closer Ta.% The latter critical re- single crystalnot to scal@ HereT,,=90.11 K andT, represents
gime is dominated by the divergence of the fluctuation relaxihe dc zero resistance temperat(ifg,=92 K).
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tion 0.49 K, with a centrall, of 90.9 K,\(0)=1400 A, and etration depth temperature dependence that mean field be-
a two-fluid conductivity belowT. (Ref. 11) with a normal havior is ever fully recovered at lower temperatures.
state conductivity of 10° (2 m)~%. The same conclusions Whereas abové@, we find the data shows two-dimensional
are obtained whefl; is chosen as the point whereA{T)  Gaussian finite frequency conductivity fluctuations for
goes to zero(T,=90.20 K. Hence we conclude that the ¢>3x1073 and slowing down behavior most likely due to
response within 0.6 K abov&., cannot be attributed en- jnhomogeneities closer t6,. The width of the critical re-

tirely to critical fluctuations ino(T). ~ gion aboveT,, if it exists, is at most about 0.6 K wide.
Our conclusions regarding the nature of superconducting

fluctuations in this YBCO crystal are summarized in Fig. 5. The authors would like to acknowledge A. Dorsey, T.
Broadly speaking, we find that fluctuation effects in YBCO Hsu, C. J. Lobb, J. F. Annett, and M. Pambianchi for helpful
crystals are asymmetric abotit. The fluctuations are 3D discussions, and the NSF NYI prograi@rant No. DMR-
and critical below T, with evidence of 3DXY scaling 9258183, NSF Grant No. DMR-9123198, and NSF Grant
within 5 K of T,. It is not clear from our data on the pen- No. DMR-9209668 for support.
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