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Scaling behavior of conductivity and magnetization in high-temperature superconductors

A. Wabhl
Universitede Tours, LEMA (Laboratoire d’Electrodynamique des Miatex Avancs), UFR de Sciences, Parc Grandmont,
37200 Tours, France

V. Hardy, F. Warmont, A. Maignan, M. P. Delamare, and Ch. Simon
Laboratoire CRISMAT, ISMRA et Universite Caen, URA 1318 assoei@au CNRS, Bd du Mackal Juin, 14050 Caen Cedex, France
(Received 24 June 1996; revised manuscript received 18 Octobe) 1996

Through magnetization and conductivity measurements, the effect of dimensionality on the superconducting
fluctuations has been investigated fosB&,CaCuyOg (TI-2212), YBa,Cuz;O; (YBCO), and(Tl,Bi)Si,CaCyO;,
(TI-1212). Our results show that the bilayered thallium compotre, TI-2212 which is the most anisotropic
compoundl is clearly two-dimensional2D) while a 3D-2D crossover is evidenced for TI-1212 and YBCO.

This crossover occurs through an intermediate region between two asymptotic behaviors: 3D near the transition
and 2D at higher temperaturd§0163-182€27)01906-1

I. INTRODUCTION (2D) behavior for TI-2212 whereas the results for TI-1212
suggest a three-dimension@D) description. In order to be

One of the most important features in the high-more explicit in our conclusions, we have carried out con-
temperature superconductdi4TSC’s) is the large width of ductivity measurements on the TI-1212 and YBCO samples.
the temperature window in which the fluctuations are impor{This latter compound is used as a referenée finally find
tant. This is due to their very short coherence lengths whiclthat the fluctuations for both compounds are three dimen-
determine the unit volume of the fluctuations and the highsional near the transition with a crossover to 2D away from
operating temperatures because each fluctuation mode is dbe transition.
sociated with the energy-kgT. In addition, the layered
structure of the HTSC effectively reduces the dimensionality
of the fluctuations.

These fluctuations in the HTSC have been observed in Details on the preparation of JBaCaCyOg and
magnetization, conductivity, and specific-heat measurementg1,Bi)Sr,CaCy0, single crystals are given elsewhér¥.
among others. Usually, the analysis of the fluctuations isThe YBaCu,0; sample was processed using a MTG tech-
carried out through scaling laws because of the lack of anyique. Its complete preparation description is described in
general expression applicable in both the pure threeRef. 11.
dimensional (3D) or two-dimensional(2D) case for the The magnetization measurements with the field parallel to
whole temperature range. Recently, on the basis of this scalhe ¢ axis were carried out using a SQUID magnetometer
ing approach, numerous experimental papérbave suc- (Quantum design MPMS The dataM(T,H) (1<H<5 T)
ceeded in discussing the phenomenon of the critical fluctuanere recorded following the procedure given in Ref. 4. In
tions in terms of the lowest Landau levelLLL) our resistive measurements, the magnetic flRldH<7 T)
approximatiorf;” which holds in a region of the phase dia- was applied parallel to theaxis and the current was injected
gram close to a renormalizeldc (T). The relevance of a perpendicular to the field direction in thal§) planes of the
scaling behavior exhibited by physical properties within thissamples.
approximation has been presented for many types of
HTSC’s®*5 Through such an analysis it is then possible to
study the influence of the dimensionality effects on the fluc-
tuations. These dimensionality effects are directly related to
the degree of anisotropy of the system which increases from The contribution to the enhancement of conductivity and
YBa,Cu;O; to thallium-based compounds such assusceptibility are known to arise from Cooper pairs that be-
Tl,Ba,CaCuyOg (TI-2212). The thallium system is of great gin to form, even forT>T,, due to thermal fluctuations.
interest because many phases having intermediate anisotropyie expressions for the excess of conductivity and suscepti-
are available. Thus, one can compare the behavior of phasedlity, as obtained in a Gaussian fluctuation regime for a
such as TI-2212, considered as anisotropic 88BCaCy0Og  three-dimensional systetd, predict an unobserved diver-
(Bi-2212), and(Tl, BiSr,CaCuy0; (TI-1212) which is struc- gence of conductivity and susceptibility as—T.. Such a
turally and physically very close to YBE&u;O;. deviation results from entering the critical region where cor-

In this paper, we report on magnetization measurementsection terms of higher order in the superconducting order
on TI-2212 and TI-1212 single crystals in magnetic fieldsparameter¥, are not negligible in the Ginzburg-Landau
applied parallel to the axis. By analyzing the data through (GL) free energy. In the Gaussian approximation, individual
the LLL scaling, we have concluded to a two-dimensionalfluctuations are considered and only tNg? terms are in-

II. EXPERIMENT

Ill. FLUCTUATION CONDUCTIVITY
AND MAGNETIZATION
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cluded. The lack of any experimental evidence for such a — .
divergence from the Gaussian fluctuation theory has led to =
the development of a thedf{7'5that goes beyond the Gauss-
ian approximation. For instance, the Kyoto gréuff has M, 1) g
calculated the fluctuation conductivity based on the model of ©
Lawrence and Doniach by including tf#|* term with the =

T 2212

o - . o : 5.5T
renormalization effect due to interactions between fluctua- -5 o - 35T .
tions. Ullah and Dorséy have included this quartic term o 28T

within the Hartree approximation and showed that experi-
mental results for transport properties, including electrical L ‘
conductivity due to the fluctuations, are in quantitative agree- 90 1901 (k) 110
ment with their calculation. In either two or three dimen-

sions, they found, for various thermodynamic properties, FIG. 1. Temperature dependence of the magnetization at various
scaling forms which are valid only under strong magneticmagnetic fieldg5.5, 3.5, and 2.5 Jifor Tl 2212.

fields where electrons are confined to the Landau levels due

to the orbital motion around an axis along the field direction for different magnetic fields cross at a single point. This
This limits the spatial correlation transverse to the field di-Phenomenon has often been observed in bismuth- and
rection and, thus, the effective dimension is reduced becaudballium-based compount’s*®* and is considered as a
the only free motion available is along the field direction. Mmanifestation of critical superconducting fluctuations in Jo-

The scaling forms for magnetizatioM() and conductiv- Sephson coupled layered superconductors.
ity (o) are given by Among other compounds, we have recently reported for

TI-2212 that the 2D scaling form works much better than the
2\ 13 1 3D one for which the data never collapse onto a single curve
0= (ﬁ) FSD(A (AT)?? 8H) for 3D, (D whatever the values df,(H) chosen(see Ref. & Within the
framework of this 2D analysis, we have obtained
~(dHe,/dT)y, =2.6+0.2 TIK with T, =103 K.

172
0= (ﬁ) FZD( B (HT)™2 8“) for 2D, @ Moreover, the 2D nature of the superconducting transition
i for TI-2212 and TI-2223 has been confirmed in Ref. 4 by
with e, =T—Tc(H). Here, the® represents the measured iy the Tesanoviet al® function. These latter authors
quantities:M/H or g _The valuesA gnd B are appropriate e gptained an explicit form of the scaling function for the
constants characterizing the materials & andFap are  fcryation’s contribution to thermodynamic quantities in
the scalmg funcnons. . . ) two-dimensional(2D) superconductors on the basis of the
_According to this model any physical properties, includ-|,est | andau level approximation. In addition, in bismuth-
ing magnetization and conduct|V|1t2, will follow tlrlle SaMme pased superconductors, et all”® have also successfully
scaling behavior. The plo®(H/T)™ vs [EH/(HT) ] for analyzed the fluctuation magnetization in high magnetic
2D, and its respective plot for 3D, will determine the dimen-q|45 ysing the above 2D analysis. For these very anisotropic
sionality of the fluctuation mode. The difficultly lies in the compounds, there is indeed no difficulty to account for the

fact that the d_|men5|onallty of the scaling is set for the Wh°|eexperimental magnetization data by assuming a bidimension-
range of studied temperature.

; . ality on the whole range of temperature.
The parametefl (H), in Egs.(1) and (2), is the mean- Let us now turn to the TI-1212 sample. This compound

field transition temperature in the presence magnetic fields. i hipits the double advantage to belong to the thallium sys-
is determined by optimizing the scaling using linear and nonyey, 4 that is shows a marked layered structure, and to be,
linear T,(H) curves. If we set the linear approximation for structurally speaking, very close to the Y&axO, (the Tl in

the upper critical field line, TI-1212 replaces the Cu in the square coordination of
dH YBa,Cu0;). Thus, it is interesting to understand how the

T(H)=T, +H °2> 3) fluctuation phenomenon adapts to this peculiar characteristic.

¢ o daT T ’ We present in Fig. 2 the temperature dependence of the

‘o magnetization at different applied fields for TI-1212. We ob-
the determination off . can well definedH,,/dT|;_, the ~ Serve, once again, the existence of the crossing point
‘o (M*,T*) discussed above. Figures 3 and 4 show the data

scaled by the 3D and 2D scaling forms, respectively. From
o the magnetization measurements, no distinction could be
A. Magnetization measurements made between the 3D and 2D plots. The upper critical field

In this section, we present magnetization measurements #lope corresponding to Figs. 2 and 3 are the same, i.e.,
the critical region for TI-2212 and TI-1212, analyzed through—dHc,/dT=2.2+0.2 T/K with T, =86 K. This behavior

upper critical field slope.

the scaling behavior predicted by Ullah and Dorséyn illustrates the difficulty existing for the less anisotropic com-
addition, we compare our results for TI-1212 with the datapounds to account for experimental data by assuming a fixed
available in the literature for YB&u;0;. dimensionality.

Figure 1 shows the temperature dependence of the mag- Indeed, a similar feature has already been encountered for
netization at various magnetic fields for TI-2212. We observeyBa,Cu,0; by Welpet al® and Wilkin et al*® For this com-
here a temperatur& where all theM (T) curves registered pound, these authors could hardly determine the more appro-
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e ' ' for TI-1212. The units of the variabled/(HT)Y? ande,/(HT)2

are G?K Y2 and G Y2K'2 respectively.
priate scaling form, the two plots being very similar. Never-
theless, they have finally estimated that the three-
dimensional mode is more satisfactory near the transition —M(T*)=—-M*= I_l . 4
while, at higher temperatures, YRB2u;0; cannot be accu- ¢ Ve
rately treated as a continuum and the vestiges of its micro- ) i
scopic layered structure has to be considered by using the 2D N quasi-2D  systems, the fluctuations of the order-
form. This appears to agree with recent experimental data dfarameter amplitude has been considered by Tesanovic
Piersonet al?® These authors have measured the specifi(,et al”In the f_ramework of a h|gh-f|e|_d scaling theory, the_se
heat of YBaCu,O, and LuBaCu,O, in magnetic fields. authors predict the same relation without the In factor, i.e.,

They found that the scaling is, as a whole, clearly better forln(”a/‘/é)zl' Although the reliability of such an assumption

the 3D case than for the 2D one. Nevertheless, Piersoft 11aINS uncleafsee, for instance, Refs. 4 and)2de con-

et al2° have found, once again, some evidence for a 2D beS|der that it holds in our case. As emphasized by Pierson

) e . et al,?’the lengthl describes a length scale in tbelirection
havior away from the transition. Indeed, the scaling behavior 9 9

he high ide is a little b p h of the crystal and is frequently associated with the thickness
on the high-temperature side is a little better for 2D. At the ¢ 1o g perconducting planes within a unit &8
sight of our magnetization data for TI-1212, such a distinc- |, qur case. for TI-1212. we havg,; =50 A. This value

tion between two temperature ranges where the 3D and 2R5s to pe compared withgco=55 A obtained by Pierson in
scaling forms would successively work is not evidenced. YBa,Cu,0, from the data of Ref. 23. The fact tha,;,

As experimentally observed in Figs. 1 and 2, an interestappears large compared to the periodicity of the structure
ing feature of the Josephson coupled layered supercondu@=12 A, obtained from x-ray-diffraction datd leads to the
ors is the existence of a field-independent magnetizatiogonclusion that the sample is not close to a pure 2D system
point at a temperatur@* #5118 This peculiar behavior is and that a 3D anisotropic description does not have to be left
usually explained by the vortex fluctuations effect, i.e., theout.
entropy contribution to the free energy due to the thermal
distortions of two-dimensional vortex pancakes as suggested 0.8 ey S
by Bulaevskiiet al?

In this model, the field-independent magnetization is de- YBCO
fined as of, ST, &T, OT

ksT*  7pa
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FIG. 3. 3D scaling of the magnetization data based on(Ex. FIG. 5. Resistive transitions for YB&u;O,. The dashed line
for TI-1212. The units of the variabled/(HT)?® andey/(HT)?®  represents the linear background obtained by the high-temperature
are GBK?3 and G 23 K¥3, respectively. resistivity.
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and the observed conductivity deviates from the scaling behavior
T <K> more and more as the temperature approa@hegasx approaches
0).

FIG. 6. Resistive transitions for TI-1212. The dashed line rep- ] o N
resents the linear background obtained by the high-temperature re- Figures 7 and 8 show the scaled resistive transitions of
sistivity. YBCO for fields parallel to the axis with the 3D and 2D

scaling formulas, respectively. The two parameters used in

To summarize, our magnetization analysis has shown thdtigs. 7 and 8 are-dH. /dT=1.9+0.2 T/K with T, =92
the TI-1212 is not clearly 2D contrary to TI-2212 and TI- K. The value of the upper critical field slope agrees very well
2223. Indeed, the behavior of the TI-1212 seems to be quit@ith the magnetization data of single crystaland results of
close to the one of YBEu;0,, at least in a restricted range Ref. 5. The fluctuation conductivities have been analyzed in
of temperature. Moreover, through this study, we have enthe same way for TI-1212. The scaled data with the 3D and
lightened the great influence of the layered structure on theD scaling forms are exhibited in Figs. 9 and 10, respec-
dimensionality of the fluctuation mode. We started with a 2Dtjvely, with the parameters initially found in the magnetiza-
description for Tl-2212characterized by a double thallium tjon analysis:—dH,,/dT=2.2+0.2 T/K andT =86 K. For

layer imposing a weak couplingo come to an intermediate ) cases, YBCO and TI-1212, it is shown that the higher
2D-3D description for TI-1212which contains a single thal- o temperature igi.e., x>0; x=0 for T=T,, see Figs
ey ’ c .

lium layen. This latter feature is developed in the following 7_1 the petter the conductivity data are scaled in terms of
by considering transport measurements in YB&0; and  {he 2p LLL variable. In contrast, when the temperature is
Tl-1212. decreasing nedf., the data better scaled with the 3D vari-
able. This phenomenon can be presented as evidence of a
B. Conductivity measurements dimensional crossover, from 2D behavior away framto

The fluctuation conductivity was just determined by sub-3D_near it. This feature had already been reported in
tracting the normal-state conductivity from the total conduc-Y B&Cus07. 77
tivity. The linear background is obtained by extrapolation of _'Ndeed, for such compounds, we do not expect the effec-
the high-temperature resistivity. Typical resistive transitionsiVe interlayer coupling to be sufficiently strong to validate a

are shown for YBsCwO, and TI-1212 in Figs. 5 and 6 full description in terms of 3D anisotropic homogeneous su-
1.0 T T 1.0 )
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FIG. 7. 3D scaling of the conductivity data based on @&gfor FIG. 9. 3D scaling of the conductivity data based on @gjfor

YBa,Cu;0;. As can be seen, the scaling is very good neafasx TI-1212. As can be seen, the scaling is very good rigatas x
approaches)dand the observed conductivity deviates from the scal-approaches)dand the observed conductivity deviates from the scal-
ing behavior more and more as the temperature increases. ing behavior more and more as the temperature increases.
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FIG. 10. 2D scaling of the conductivity data based on @gfor FIG. 11. Crossover lines determined from the points where the
TI-1212. As can be seen, the scaling is very good away ffemnd  experimental conductivities deviate from the 2D and 3D scaling
the observed conductivity deviates from the scaling behavior morgyyy, The full lines correspond to the limit of the 3D description and
and more as the temperature approachegasx approaches )0 the dashed ones to the beginning of the 2D regime.

perconductors in the whole range of temperature. To undettal data when the 2D and 3D scaling forms fall. However,
stand this fundamental feature, it is important to take intathis analysis is only valid for the Gaussian regime and does
account the very weak nature of the interlayer coupling innot take into account the critical regime.
this highly anisotropic material and to picture their layered Another important point concerning Fig. 11 is the relative
nature as a stack of Josephson junctitgt is well known  width of the pure 3D and 2D regimes when one compares
as well that the presence of a magnetic field within a JosephFl-1212 and YBaCu;O;: the pure 2D regimégi.e., the re-
son junction causes strong suppression of the Josephson cgien above the lingH, T53%9] is clearly larger for the TI-
rents across it because of its influence on the phase of thE212 than for YBaCu;O;. Such an observation is consistent
order parameter’) Moreover, the two-dimensional behavior with the weakly coupled behavior expected for this com-
of those compounds at high temperatures means that the cqpound. Moreover, for TI-1212, within the high-field range,
relation length in thec direction (¢,) must be less than the the x55°° and x55°° become temperature independent and
spacing between the superconducting copper-oxide plandend, within the experimental uncertainty, to the asymptotic
(=15 A in the thallium bilayers so that the layers are iso- values:T55°°%=90.5 K andT35°°*=87.8 K for the 2D and
lated and act independently. In this caggrepresents the 3D crossover lines, respectively. The existing crossover lines
spatial extent of the superconducting coherence volumeredicted in the literature do not actually explain the exist-
along thec axis. ence of such a discontinuity in the dimensionality of the
In order to gain quantitative information, we have furtherfluctuations(see, for instance, Ref. 27Finally, it should be
investigated the location of those crossover lines at highementioned that the scaling analysis of the magnetization is
fields. If we define for TI-1212 and YB&u,O; x55°°and  mainly relevant aff <T., whereas the conductivity scaling
x55°; the points where the 3D and 2D scaling, respectivelypnly applies forT>T,.
falls and succeeds, it is possible to determine, through Egs.
1-3, the corresponding temperatufgg;>*and T 55> associ-
ated to each value of the applied field. Thus, each (Fjr
x$5%. ,p) characterizes a point of the crossover lines. The In conclusion, we have studied the fluctuation magnetiza-
latter are shown in Fig. 11. tions and conductivities for TI-2212, TI-1212, and
We observe here that the different regimes do not overlapYBa,Cu;O; using the LLL 2D and 3D scaling forms. For
This supposes a zone where the two compounds are truly ifl-2212, the scaled magnetizations data have shown an un-
an intermediate case as regards the dimensionality of supemmbiguously better agreement with the 2D scaling forms
conductivity: neither a pure 2D nor a pure 3D can describevhereas no difference between the 3D and 2D description
the excess of conductivity in this zone of the critical fluctua-could be seen for TI-1212. Although no general expressions
tions regime. This limitation comes from the fact that theseare available for both the 2D and 3D regime, we have man-
scaling laws describing the critical fluctuations exist only foraged to gain quantitative information. Indeed, the scaled con-
asymptotical regimes. Recently, Baradeical? obtained a  ductivities data of the TI-1212 compound have allowed us to
theoretical expression which was able to describe experimerevidence two decoupling lines in the high-field regime.

IV. CONCLUSION
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