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Resistive transition, magnetoresistance, and anisotropy in La2 „Sr„Cno4 single-crystal thin films
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The temperature dependence of the resistivity p( T) in the vicinity of the superconducting transition
temperature T, has been measured for thin-film single crystals of La2 Sr Cu04 as a function of an ap-
plied magnetic field, both parallel and perpendicular to the c axis. The resistive transition exhibits
characteristic behavior, depending on the Sr concentration x, when a field is applied. For small x the ap-
plication of a field causes a significant broadening of the resistive transition —a behavior thought to be

typical of high-T, cuprate superconductors —while for x exceeding 0.15, it simply causes a parallel shift
of the curves to lower temperatures. From the analysis of the magnetoresistance above T, based on the

theory of field-dependent Auctuation conductivity for layered materials, it is shown that the behavior of
the field-induced resistive transition can be ascribed to the Aux motion, especially when Hlc. The
analysis also shows that the out-of-plane Ginzburg-Landau coherence length g, (0) increases systemati-

0 0

cally with x from 0.55 A at x =0.08 to 3 A at x =0.3, while the in-plane Ginsburg-Landau coherence
0

length g,„(0) is almost constant and g', b(0) —31—33 A, irrespective of the value of x as long as 1,
remains high. The anisotropy g,b(0)/g, (0) estimated from these results exceeds 50 at low Sr concentra-
tions and is still larger than 15 even for x )0. 1.

I. INTRODUCTION

To shed light on the nature and origin of high-T, su-

perconductivity in cuprates, it is of significant impor-
tance to know accurate values for superconducting prop-
erties including coherence lengths g or upper critical
fields H, 2, by which one can gain an insight into the fun-
damental microscopic parameters of the superconduc-
tors. Usually coherence lengths are directly obtainable
by measuring H, 2, i.e., ordinarily by observing the shifts
of the resistive transition curves as a function of an ap-
plied field. In high-T, superconductors, however, es-
timating H, 2 values by such a conventional resistive
method is difficult due to the field-induced broadening of
resistive transition, ' which masks the true shift of T,
under magnetic fields.

In high-T, superconductors, the application of a mag-
netic field causes a pronounced broadening of resistive
transition. ' The above-mentioned difficulty in the
resistive approach to H, 2 is inherent to high-T, supercon-
ductors, which are characterized by a structure consist-
ing of electrically conducting Cu02 layers. At the earli-
est stages in the study of high-T, superconductors, speci-
men inhomogeneity was invoked to explain this anoma-
lous broadening. Soon thereafter single crystals of high
quality became available, however; these observations
were then ascribed to anomalously large flux creep and
flow phenomena or giant flux creep by Yeshrun and
Malozemoff. Also, the observation of thermally activat-
ed resistive behavior in the Bi-Sr-Ca-Cu-O system by
Palstra et al. revealed that very short coherence length
reduces the pinning energy, enhancing motion of flux
lines at high temperatures, and causing resistivity due to
their dissipative flux motion. Consequently, the short-

ness of the coherence length itself makes it very difficult
to determine its value accurately. The H, 2 or g values so
far estimated using the resistive method are thus ques-
tionable.

Concerning causes for the broadening, explanations
have been attempted other than the dissipation due to
flux motion. Tsuneto and Ikeda, Ohmi, and Tsuneto
calculated resistive transition curves induced by a field
based on the renormalized fluctuation theory, and ex-
plained the resistivity p in a limited region below T, for
Ba2YCu3O7 —y Oh et ah. ' attempted to interpret the
broadening of resistive transition in terms of critical fluc-
tuation. Thus the resistive behavior under fields below
and close to T, is still an issue and is yet to be explained,
though it is likely that the dissipation due to flux motion
is dominant in the region where p —+0.

Taking this anomalous resistive behavior into account,
several approaches to H, 2 values have been proposed.
Welp et ah. " attempted to determine the H, z values for
Ba2YCu307 by observing a linear-in-temperature part
of the magnetization in the vicinity of T„which results
from the Ginzburg-Landau (GL) theory. Another
method by Suzuki and Hikita' utilized the temperature
dependence of the thermally activated resistive transition,
which scales with the nth power of 1 —t, where
t =T/T, (H) is the reduced temperature. These method
are essentially the same in that the ( 1 —t)" dependence is
taken into consideration in the vicinity of T, based on the
GL theory.

While the resistive behavior below T, is subject to the
influence of flux motion, resistivity p above the thermo-
dynamic T, is free from it. The methods in which super-
conducting fluctuation is involved take this advantage.
Matsuda et al. ' and Hikita and Suzuki' have estimated
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values for g for BazYCu307 from the fluctuation con-
ductivity above the thermodynamic T, or mean-field T,
obtaining values of g, b (0)= 11.5+0.5 A and g, (0)
=1.5+0.5 A.

In the present study we have measured resistive transi-
tions under fields in the La& Sr Cu04 system, a proto-
type material for understanding the mechanism of high-
T, superconductivity, and estimated coherence lengths
and anisotropy as a function of the Sr concentration x,
covering a wide compositional range from x =0.08 to
0.3, by the method of analyzing fluctuation-induced mag-
netoresistance above T, . It is found that the values for
coherence lengths and anisotropy factor thus obtained
are totally difFerent from those estimated resistively, '

though there are a few reports describing coherence
lengths and anisotropy factor of La2 Sr„Cu04 and the
data are available only in a limited compositional range.
It is shown that with increasing x the out-of-plane coher-

0
ence length g, (0) increases systematically from 0.55 A at

0
x =0.08 to 3 A at x =0.3, while the in-plane coherence
length g,&(0) is almost constant irrespective of x as long
as T, remains high. The anisotropy of the electronic
structure estimated from these results exceeds 50 at a low
Sr concentration and is still larger than 15 even for
x )0. 1. We discuss these results in relation to the dimen-
sionality and the abrupt disappearance of superconduc-
tivity at x =0.3. We also show that the behavior of resis-
tive transition induced by a magnetic field changes sys-
tematically from the broadening to the parallel shift be-
havior as x increases. We compare these results with the
consequence of fIuctuation analysis.

In relation to the origin of high-T, superconductivity
or its dimensionality, determining anisotropy factor is
also important. Recently Iye et a/. ' have revealed, by
improving their measurement method, that anisotropy of
the Bi-Sr-Ca-Cu-0 system is significantly higher than the
earlier results. In the present study we also show that the
anisotropy factor in the La2 Sr Cu04 system is much
larger than the values previously estimated.

The organization of the present paper is as follows.
Section II deals with experimental details. Comprehen-
sive experimental data on the resistive transition curves
induced by a magnetic field are accumulated in Sec. III.
The analytical method of the magnetoresistance based on
the field-dependent Auctuation conductivity is explained
in Sec. IV, followed by discussions on resistive transition
and the coherence lengths in Sec. V.

II. EXPERIMENTAL DETAILS

servation that the films are single crystalline with the c
axis perpendicular to the substrates. Since in the present
study the determination of the true anisotropic properties
is of primary importance, particular attention was paid to
exclude specimens which include crystallo graphically
misaligned grains or other phase ingredients.

There is an issue that the La2 Sr Cu04 system has
only one single-phase composition at x -0.15 and speci-
mens having other compositions are electronically inho-
mogeneous mixtures of superconducting and nonsuper-
conducting phases. ' This argument is based on the x
dependence of the Meissner fraction, which peaks at
x -0.15. No crystallographic evidence for the phase sep-
aration, however, has been provided except for high-
pressure synthesized LazCuO&+s (Ref. 19). For our
single-crystalline thin films, the (001) reflection peaks
were examined and no trace of phase separation was
found within our instrumental limit. The mean FWHM
of, e.g. , the (006) reAection peak was 0.246' with a stan-
dard deviation of 0.0223', showing no shoulders nor no-
ticeable increase in the FWHM when x increases or de-
creases from 0.15. Unlike polycrystalline specimens,
such phase separation, if it exists, is unlikely in single-
crystalline specimens, as in the present case.

Films were patterned into a rectangular shape, typical-
ly 4.6XO. 8 mm, with 8 terminals extending to electrode
pads. Silver wires 50 pm in diameter were used for leads
and attached to samples with silver paste, followed by
heat treatment at 400'C for 0.5 h.

From the specimens thus carefully chosen, more than
25 samples were taken for the measurements of resistive
transitions under magnetic fields with the field direction
parallel and perpendicular to the c axis. At each Sr com-
position x, at least two samples were taken for the mea-
surements to confirm that the properties observed are in-
trinsic to the composition. Figure 1 shows the tempera-
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A. Sample preparation

Samples measured are La2 Sr Cu04 single-crystal
thin films. Sample preparation details were reported else-
where. ' In brief, thin films were epitaxially grown on
SrTiO3 (100) single-crystal substrates heated at about
800 C by rf single-target magnetron sputtering. To at-
tain stoichiometry of the films, targets were enriched with
CuO by 20%. It is shown by Rutherford backscattering
and channeling analysis, x-ray difFraction analysis, and
reflection high-energy electron diffraction (RHEED) ob-
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FIG. 1. Temperature dependence of the resistivity p{T) for
La& „Sr„Cu04 single-crystal thin films used in the present study
for various Sr concentrations. Samples are labeled from A to J
for convenience. Several physical properties are also listed in
Table I.
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ture dependence of the resistivity p( T) for representative
samples chosen in this way. The composition x varies
from 0.08 to 0.3 and the samples are labeled from 2 to J.

B. Transport measurements

The resistivity was measured with a rotating sample
holder in a superconducting solenoid which generates a
field up to 12 T. Temperatures were determined with a
carbon glass thermometer with detailed correction for
magnetoresistance. Resistivity was measured in the vi-
cinity of the superconducting transition temperature T,
as a function of a field H, both parallel and perpendicular
to the c axis. Prior to the measurements, sample align-
ment was carefully adjusted under a field by rotating a
sample around the angle where the Cu02 planes become
parallel to a magnetic field.

Field-induced resistive transition curves were measured
with a digital nanovoltmeter by scanning temperature
very slowly under a fixed magnetic field. Using these
data, magnetoresistance values at given temperatures
were calculated by the spline interpolation method.

III. RESISTIVE TRANSITION

As commonly observed in high-T, cuprate supercon-
ductors, applying a magnetic field causes a profound

broadening of the resistive transition also in the
Laz Sr Cu04 system. ' In this system, however, the
way of broadening varies quite characteristically with the
Sr content. In a lightly doped region, as shown in Fig. 2
for the case of x =0.08, resistive transition exhibits a
significant broadening under fields. In particular, this is
conspicuous when a field is parallel to the c axis (H~~c).
When a field is perpendicular to the c axis (Hlc), the
broadening is observed only in a region of p-O, and little
change is seen in the resistive transition curve for
p & 0.5p„, where p„ is the normal resistivity, clearly
refIecting that the La2 Sr„Cu04 system is highly two
dimensional (2D).

As the Sr concentration is increased from O. l to 0.15,
resistive transition starts to change the way of broadening
in a systematic way. In Figs. 3 and 4, resistive transition
curves under fields are shown for x =0. 1 and 0.15, re-
spectively. ' Thus the field-induced broadening of resis-
tive curves becomes modest as x increases. Kitazawa and
co-workers also reported characteristics similar to those
of Fig. 3 for a La, 86Sr0,4Cu04 bulk single crystal. Simi-
larly in Fig. 5 —7, resistive transition curves are shown for
x =0.2, 0.24, and 0.3, respectively. For these composi-
tions, T, of the samples ranges from 17 to 30 K, depend-
ing on x. However, the behavior of the resistive transi-
tion under fields is almost the same irrespective of a value
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FIG. 2. Resistive transition curves for a La& 92Sro0, Cu04
single-crystal thin film (sample 2) under various applied mag-
netic fields from 1 to 12 T with the field direction perpendicular
to the c axis (upper panel) and parallel to the c axis (lower
panel). The inset into the upper panel shows an extended view
of p( T).

FIG. 3. Resistive transition curves for a Lai 9Sro &Cu04
single-crystal thin film (sample 8) under various applied mag-
netic fields from 1 to 12 T with the field direction perpendicular
to the c axis (upper panel) and parallel to the c axis (lower
panel). The inset into the upper panel shows an extended view

of p(T).
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for T, . For these compositions, applying a field causes al-
most no broadening and, instead, it causes a parallel shift
of the curves to lower temperatures. This behavior clear-
ly contrasts with that shown in Figs. 2 —4.

The parallel shift behavior shown in Figs. 5 —7 resem-
bles that of conventional type-II superconductors, where
the shift of the curves under fields directly corresponds to
the shift of T„by which the values for H, 2 are directly
determined. If we simply apply this method to the
present case for the La2 „Sr Cu04 system and define

T, (H), e.g. , at the midpoint of the resistive transition, we
obtain "H,z" values, which do not necessarily coincide
with H, 2. These values are seriously underestimated be-
cause the resistive transition is for the most part caused
by the energy dissipation due to vortex motion and the
shift of the transition curves is much larger than the T,
shift. In Fig. 8 we plot these values for "H,2" or H' as a
function of reduced temperature t=T, (H)/T, (0). It is
interesting to note that the curvature of H' —T plots for
H

~ ~

c changes from the minus to the plus as x increases.
This eventually causes a linear portion near T, for
x =0.15. The negative curvature of such H'-T plots is
also found in Ba2YCu307 when T, is defined at a
larger fraction of p„ in the resistive transition. For
Hlc, the curvature is positive irrespective of x values,

and the shift of the curves becomes larger as x increases.
This behavior, together with the almost invariant behav-
ior of the H' t-plots for H~~c, appears to imply that the
anisotropy of H, 2 or the electronic structure of the
La2 Sr CuO& system changes systematically as the Sr
doping. Indeed, when x is small, the slope of H'-t plots
for Hlc is significantly large, probably rejecting the large
anisotropy of more than 50. For x )0. 15, however, we
should not rely on these plots in estimating H, z values or
electronic anisotropy, as will be explained in Sec. V.

IV. MAGNETORESISTANCE

A. Anisotropic magnetoresistance

Below the mean-field transition temperature T,
significant fraction of resistivity in the resistive transition
comes from the energy dissipation due to vortex motion.
Working on these dynamics might provide T, (H) in-
directly and, hence, H, 2 (Ref. 12). Since the vortex dy-
namics involves pins in a statistical way, it needs detailed
information about the defect structure included in speci-
mens on a submacroscopic scale. Compared with this
method, on the other hand, the thermodynamic Auctua-
tion effect provides a more direct approach to the GL
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FIG. 4. Resistive transition curves for a La~ &5Sro»CuO4
single-crystal thin film (sample E) under various applied mag-
netic fields from 1 to 12 T with the field direction perpendicular
to the c axis (upper panel) and parallel to the c axis (lower
panel). The inset into the upper panel shows an extended view
of p(T).

FIG. 5. Resistive transition curves for a La& 8Sro &Cu04
single-crystal thin film (sample G) under various applied mag-
netic fields from 1 to 12 T with the field direction perpendicular
to the c axis (upper panel) and parallel to the c axis (lower
panel). The inset into the upper panel shows an extended view
of p(T).
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coherence len ths &&engths &&GL. Among the physical properties in
which the thermodynamic fluctuation manifests itself,
such as specific heat or magnetic susceptibility, the ex-
perimental approach of measuring fluctuation-induced
resistivity is most common because of the accuracy of
measurements.

In an&sotropic materials, goL differs with respect to the
crystallographic axes, and, therefore, single-crystalline
samples are necessary to obtain anisotropic information.

or t is reason, it is also necessary to measure the mag-
netoresistance as a function of H direction, i.e., along one
o the crystallographic axes. In conventional approaches,

uctuation conductivity is determined by subtracting
measured resistivity from the linear extrapol t' frapo a ion rom

ig temperatures. In high-T, superconductors, this
method involves uncertainties to an un-negligible extent
even near T„because the normal resistivity p, does not
necessarily coincide with the linear extrapolation, ' and
usually provides less information concerning anisotro
As will be 1clear in the next section, analyzing magne-

niso ropy.

toresistance above r, provides values for goL. The ad-
vantage of this method is that it needs no assumption for
the normal state resistivity p .n

Magnetoconductivity Ao. observed for the present
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The inset into the upper panel shows an extended view of p( T).

La& „Sr„Cu04 samples are plotted in Fig. 9 for represen-
tative samples at selected temperatures. When compared
with the Ba2YCu307 system, the resistive transition of
the La Srh z „Sr CuO4 system has an appreciable width of
order of 1 K, which corresponds to e-0.03 with
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e=T/T, —1, even in high quality crystals. Due to this
broadness of the transition, the data too close to T, (for

example, e (0.08) result in unsatisfactory analytical fits.
At higher temperatures, where e ~ 0.5, the accuracy of
the 50. data is not sufficient for the analysis, mainly due
to the scatter in temperature data and the lack in voltage
resolution in the measurements. These conditions limit
the e range for analysis of 0.05 & e & 0.5.

As seen in Fig. 9 the magnetoconductivity ho. shows
significant anisotropy with respect to the c axis at smaller
x. At larger x, the anisotropy becomes less noticeable.
For example, the anisotropy for Ao. at 33 K is 40 for
x =0.08 and 4 for x =0.15. For this and reasons men-
tioned above, the scatter in the Ao. data is large when
Hlc. The H dependence also changes as x increases. Ex-
cept for a region close to T„ the H dependence of Ao. is
approximately quadratic or shows linear behavior in the
case for x & 0. 15, while in the case for x ~ 0. 15 it appears
that Ao. ~ H~ where p & 1. The latter behavior cannot be
accounted for by theories and remains to be explained.

8. Analysis on Auctuation-induced magnetoresistance

The present analysis of the magnetoconductivity due to
thermodynamic fluctuation is based on the theories by

Hikami and Larkin, and by Aronov, Hikami, and Lar-
kin. There are two contributions to the superconduct-
ing fluctuation conductivity Ao". the Aslamazov-Larkin
(AL) term and the Maki-Thompson (MT) term. Each
further involves two effects: the orbital effect and the
Zeeman eff'ect. In layered materials like cuprate super-
conductors in the present case, the orbital effect is
confined within the Cu02 planes, i.e., in the case of Hlc,
while the Zeeman effect is independent of the field direc-
tion. Therefore, there are four contributions: the orbital
effect AL term (ALO), the orbital effect MT term (MTO),
the Zeeman effect AL term (ALZ), and the Zeeman effect
MT term (MTZ). Then the field-dependent fiuctuation
conductivity b, o(H) is

50 (H) =KCTALo(H) + ACTMTQ(H) +ko ALz(H)

+~a MTz(H)

where ~ITALO(H)=o. „Lo(H)—o„LQ(0) and so on. Using
the relations, oo=e /SAd, e=(T —T, )/T„a=2/, (0)/
d e, and h =2eg, b(0)H/Pic, each term in Eq. (1) is ex-
pressed in the following way:

o.~Lo(H) = — f ek g(e') f(e'+ —,
' —)+ d0,

2nh
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FICx. 9. Magnetoconductivity Ao.(II} for La2 Sr„CuQ4
single-crystal thin films for (a) x =0.08, (b) x =0.1, (c) x =0.15,
and (d) x =0.24, with an applied field parallel and perpendicular
to the c axis at several temperatures.

Op
aALo(0) =

2@&1+2a

MTo(H) = I 0 e'+ g(e') d() (4)
2&+ 0 2h

ao 6 1+a+&1+2a
p a 1+5+&1+25

where

1
E = +

2 2h

16$,(0)k~ Tr~5=
~d A

ek =e[1+a(1—cosO)],

p =@a(6 ' —a '),
with hatt(e') being the digamma function, r& the phase re-

0
laxation time, and d =6.65 A the spacing of CuOz layers
for La2 „Sr CuO4. For the Zeeman effect expressions
for o&Lz(H) and o MTz(H), which are used in calculating
e dependence of each component, we use the Eqs. (5) and
(12) in Ref. 26.

These expressions are derived on the basis of the
Ginzburg-Landau theory applied to layered superconduc-
tors in the dirty limit. On the other hand, Bieri and
Maki recently proposed a theory for the Auctuation-
induced magnetoconductivity applicable to superconduc-
tors in the clean limit. Regarding the Ba2YCu307 y sys-
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FIG. 10. Fits of Eqs. (2)—(5) and Eqs. (5) and (12) in Ref. 24
to the magnetoconductivity data for La& 76Sro ~4Cu04 (sample
H) at 22 K. The data for Ao. H&, are compared with the ALZ
and MTZ terms to show that the low-field approximation is
inappropriate in the present study. Fits are made so that the
sum of the ALO and MTO terms coincide with the values for
kcTH~~ Ao HJ values. The parameters for the fits are shown in
the figure.

tern in the clean limit, they applied their theory to the
experimental results, obtaining the values of g,b(0)
=8.05-9.2 A and g', (0)=3.36 A, which are dif-
ferent by a factor of 1.5-2 from those obtained by using
the theories of Hikami and co-workers. ' While the
Ba2YCu307 ~ system may be regarded as being in the
clean limit, it is not necessarily the case for the
Laz Sr Cu04 system. If we temporarily assume that
the Fermi velocity is of the order of 10 cm/s for this sys-
tem, then the mean free path I is estimated using a car-
rier scattering time ~= 1.5 X 10 ' s obtained from opti-
cal measurements' to be about 15 A and no greater than
30 A, suggesting that the system can be regarded as still
being in the dirty limit. Consequently, in the present
study we analyze the Ao data based on the theories by
Hikami and co-workers. ' It must be reminded here
that the expression for ho. ALQ, the most dominant term
in the T range considered, is the same regardless of
whether the system is in the clean limit or in the dirty
limit.

In Fig. 10 magnetoconductivities b,o
~~,

for H~~c and
Ao.~, for Hlc are plotted as a function of H for x =0.24.
(This composition is chosen for clarity because b,o ~, is
large as compared with smaller x samples. ) In the theory
for the Zeeman effect magnetoconductivity, both AO. ALz

and 60 MTZ depend on H quadratically in the low field ap-
proximation, provided that the temperature range con-
sidered is not too close to T, . In the Zeeman effect mag-
netoconductivity, magnetic fields in ordinary laboratories
are regarded as sufficiently low. Then the present experi-
mental data should be viewed from this approximation.
When we compare the experimental data for Ao. z, with
the theory (b,o~Lz and ho M~z), it is clear that b,o~, ex-
hibits linear H dependence when H exceeds 5 T rather
than the quadratic dependence. (When H is low or e is
large enough, we observe quadratic H dependence rather
than linear dependence, for example, for x =0. 1 in Fig.
9.) Thus it seems that the magnetoresistance for Hlc
cannot be explained solely with the theory by Aronov,
Hikami, and Larkin in the region where H is higher
than a few tesla and T is very close to T, . In order for
the theory of Aronov, Hikami, and Larkin to be applic-
able, measurements should be performed apart from this
region. In that case, however, the magnitude of Ao.~, be-
comes small beyond the accuracy attainable in the
present experiment. Thus the detailed analysis on Ao. ~,
using the low-field approximation of ho ALz and ~MTz
needs a more sophisticated experimental method, e.g. ,
like that employed by Matsuda et al. '

Instead, the present study focuses on the orbital-effect
terms since the analytical expressions for H dependence
are available only for these terms for the time being.
Therefore, we subtract the Zeeman-effect terms and, for
this reason, the phase relaxation time ~& cannot be deter-
mined uniquely as in the study by Matsuda et aI. ' To
obtain the values for w&, we take, as a starting point, the
values for the inelastic carrier scattering time determined
from the Drude fits to the optical spectra of
La2 Sr Cu04 single-crystal thin films, ' assuming that
the phase breaking mechanism in this system mostly
arises from the inelastic carrier scattering. We also as-
sume here that ~& depends on T in the same way as the
carrier scattering time, i.e., ~&~ T . The same argu-
ment was also applied to the Ba2YCu307 system. '

Again we assume here that the magnetoconductivity
comes only from the superconducting Auctuation. Tak-
ing into account that Ao.

~~,
=Ao.ALQ+ Ao M TQ

+~ ALZ+ ~o MTZ a ~gc ~o ALZ+ ~~MTZ
values for the difference Ao. '=ho.

~~,

—Ao. ~, are p1otted
also in Fig. 10 and compared with Ao.ALQ+AoMTQ cal-
culated using Eqs. (2)—(5). In Fig. 10 the values for
Ao.

~~,
and Acr~, are also plotted to show that fits are poor

except for Ao. '. The calculation shows that the ALZ
and MTZ terms deviate from the Ao. data more seriously
as H increases.

The present method to obtain the values for got is
completed by fitting the theory to both the T dependence
and the H dependence. More specifically, values for the
out-of-plane coherence length g, (0) are most dominantly
determined by the T dependence of Ao', while values for
g,&(0) are determined by the H dependence. Figure 11
shows the results of calculations for Eqs. (2)—(5) and the
Zeeman-effect terms in Ref. 26, together with the experi-
mental data for Ao' at x =0.15, which are to be com-
pared. The mean-field transition temperature T, used in
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the calculation is determined primarily by this fitting of
the T dependence in the same spirit as taken by Paalanen
and Fiory. Also we introduce the C parameter, first
adopted by Oh et al. ,

' to normalize material-dependent
variation in p(T) values. To obtain better fits, the pro-
cedures involved in Figs. 10 and 11 are repeated until the
parameters converge. For example, the fits in Figs. 10
and 11 are the best reached by this process. In the fitting
procedure, the T and H dependences play the most im-
portant and decisive role. In this sense, voids or nonsu-
perconducting impurities have little inhuence on the re-
sults, because the eQ'ect of these impurities is absorbed
into the C factor. Thus, again, the essential point re-
quired for specimens in the present study is that they are
completely crystallographically oriented.

In Figs. 12(a)—12(f), the fits of ho ALo(F)+ Acr Mro(F) to
the experimental data ho'(e) are shown for x =0.08 to
0.3 at H=1 T and 8 T. Compared with the case for
H=8 T, the fits at H=1 T seem less adequate. This is
explained by the experimental limit in the accuracy of the
Acr data due to a small change in p at H=1 T. As is
common to all the compositions, the deviation increases
as e decreases (at lower temperatures). This is presum-
ably explained by a finite transition width, which ranges
from less than 1 K to a few K in the case of x =0.3. Tak-
ing this into account, the fitting should be weighed at
larger e values, e.g. , e & 0. 1. In other words, the inhuence
of a rather broad transition width, which seems inherent
to the La& Sr Cu04 system, is significantly reduced as e
increases, providing applicability for the fluctuation
analysis to other materials which are inevitably bothered
by a broad transition width. As seen in Fig. 12 we can at-

tain reasonably good fits except for x =0.3, implying that
the profound rounding above T, is explained by Auctua-
tion, especially in the case for x &0. 15.

As for x =0.3 we observe a clear shoulder in b o '(e),
like a crossover of the dimensionality. This is, however,
highly questionable when we consider that only a com-
bination of extraordinary parameter values can explain
the steep e dependence of Ao. at larger e values. This
might be related to the fact that the composition x =0.3
just lies on the boundary of the phase diagram of the
La& „Sr Cu04 system, ' ' which separates the super-
conducting region and the normal metallic region. Al-
though we failed to find evidence of the phase segregation
suspected in this system, ' the behavior seen in Fig. 12(f)
might admit, for the time being, no interpretation other
than the lack of electrical uniformity.

Figures 13(a)—13(f) show the experimental data for Acr'

as a function of H at several e values ranging from 0.07 to
0.4 for the same compositions in Fig. 12. In Figs. 13 lines
are fits of hcr&Lo(H)+b, oMro(H) to the data. The fits
are improved as e approaches and increases beyond 0.1,
as in the case of e dependence. The curvature of the
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FIG. 12. Temperature dependence of Ao. '=Do~I~, —AoHi,
for La& Sr„Cu04 single-crystal thin films with (a) x =0.08, (b)
x =0.1, (c) x =0.15, (d) x =0.2, (e) x =0.24, and (f) x =0.3 at
H = I T (circles) and H = 8 T (squares). Lines are fits to the data
using only the ALO and MTO terms. The parameters for the
fits are listed in Table I.
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b, o' II—curves reflects values for g,&(0) and r&. An in-
crease in g,b(0) enhances the curvature, while an increase
in ~& reduces it, since the latter increases Ao MTO, which
is approximately linear in H in the H region considered.
The general tendency seen in the series of Ao' —H plots
and the fits to these data is that the curvature of the
Ao' —H curves gradually increases with x when x & 0. 15,
implying a gradual increase in g,b(0). When x )0. 15,
this tendency becomes less apparent due to the result of

cancellation between the increase in g,b(0) and an in-
crease in r&. The errors in g,b(0) and (,(0) involved in
the fitting are at most +2 A and +0.2 A for x ~0.2, re-
spectively. The values for ~& are adjusted around the
starting values so that they give good fits to the e depen-
dence at larger e values. The results obtained for z& al-
most reproduce the original x dependence. It is also not-
ed that the values for the C parameter range from 1 to 4.
This means that the samples are generally of good quality
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FICx. 13. Field dependence of magnetoconductivity Ao'=AoHII, —ho.», for La2 „Sr„CuO4 single-crystal thin films with (a)
x =0.08, (b) x =0.1, (c) x =0.15, (d) x =0.2, (e) x =0.24, and (f) x =0.3 at several temperatures. The lines are the fits to the data us-

ing only the ALO and MTO terms. The parameters for the fits are listed in Table I.
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as suggested by Matsuda et al. ,
' though there is some

scatter among samples.
It should be noted here that the values for ~& for the

La2 ~ Sr CuO4 system is about 1 X 10 ' s at 300 K,
roughly corresponding to 3 X 10 ' s at 100 K. Matsuda
et al. ' obtained the value of w&

= 1.OS X 10 ' s, about a
factor of 3 greater than in the present case. If the same
arguments hold in the present case, this result for ~& im-
plies that there is a very strong pair-breaking mechanism
in the La2 Sr„CuO4 system. It further implies that

T, = 130 K is expected, e.g. , for x =0.1S in the absence of
pair breaking. Although the pair-breaking mechanism
for high-T, superconductors is not well understood at
present, it, once known, provides a very important clue to
the understanding of high- T, superconductivity.

From the analysis of the field-dependent fluctuation
conductivity b,cr(H), we obtain the coherence lengths

g,b(0) and g, (0) for the La& Sr, Cuo4 system with x
ranging from 0.08 to 0.3. Table I lists these values to-
gether with the parameters used for the fits in Figs. 12

TABLE I. Physical properties of La2 „Sr CuO4 single-crystal thin-film samples used in the present study. Values for the
Ginzburg-Landau coherence lengths g,b(0) and g, (0), the mean-field superconducting transition temperature T, ", and the C parame-
ter are determined by the fits described in Sec. IV. The values in brackets for g,b(0), g, (0), and the anisotropy g, i, (0)/g, (0) are deter-
mined by the conventional method using resistive transition curves, and listed here only for comparison. The errors involved are, re-
spectively, +2 A and +0.2 A approximately for g,„(0)and g, (0), unless otherwise noted.

Sample

0.08

0.1

0.1

0.1

0.15

0.15
0.2

0.24

0.3

[A]

3360

3630

2780
3700
3700

3350
2810

3410

3550

p (40 K)
[0cm]

4.74 X 10

6.43 X 10

5.00 X 10
2.84 X 10
2.17X 10

1.76 X 10
9.96 X 10-'

1.04 X 10

1.16X 10

g.b (0)
[A]

31
[37]
31

37
31.5
32
[37]
33
33
[39]
39+5
[37]
52+10
[41]

g, (0
[A]

0.55
[1.1]
1.8
[3.1]
1.7
0.9
2.2
[7.1]
2.2
2.4
[8.7]
2.5+0.3
[10.5]
3+0.5
[13.6]

T.
[K]

29.7

31.6

25.2
29.1

31.6

31.4
30.4

19.0

17.8

2.0

2.0
1.25
2.0

2.5
2.4

1.0

wp (300 K)
[10-'4 s]

0.55

0.7

0.6
0.6
0.8

0.8
0.8

0.98

56
[34]
17
[121
22
35
14.5
[5.1]
15
13.8
[4 5]
17.2
[3.5]
17
[3.0]
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and 13. The physical implications of the results are men-
tioned in the next section.

V. DISCUSSIC)N

A. Resistive behavior below T,

As shown, the conventional approach to the coherence
length through the measurements of resistive transitions
under fields is ineffective. In order to show this more
clearly we brieAy consider the resistive method for the
coherence lengths and compare with the present results.

For conventional superconductors, values for H, 2 are
determined by measuring T, (H) from the shift of resis-
tive transition curves induced by an applied field. In this
sense, the plots in Fig. 8 correspond to this definition. It
seems useful to understand the resistive behavior below
T, by elucidating the discrepancy between such g values
and the results obtained in the preceding section. This is
easily done if we simply assume that, in Fig. 8,

dH, ~( T = T, ) /d T~
=8/[T, (H=8 T)—T, (H =0)],

dH, 2(T=T, )

T, (0)=
d T ' 2~/, b (0)g, (0)

dHii~(T =T, )
T, (0)=

dT 2vr[g, b(0)]

where No is the Aux quantum. Table I also lists these re-
sults in brackets. Two features are clear. First, the value
for the in-plane coherence length g,b(0) are almost equal
within a factor of 1.2 to the values obtained by the Auc-
tuation analysis, while the out-of-plane coherence length
g, (0) is much larger by a factor of more than 4. Second,
the values for g,&(0) thus obtained show a gradual in-
crease as x increases beyond 0.15, while the values for
g, (0) show a rapid and systematic increase with x, thus
resulting in a rapid decrease in the apparent anisotropy
factor. Then the most significant difference between the
two estimation methods is seen in g, (0). Namely, when
the shift of resistive transition curve is used, the values
for g, (0) are seriously overestimated. This overestima-
tion of g values in high-T, superconductors is most prob-
ably associated with the Aux motion dissipation. There-
fore, when the resistivity p due to this dissipation be-
comes comparable to p„, the shift of resistive transition is
always larger than the shift of T, .

When the broadening of resistive transition is
significant, as in x =0.08-0. 15, the inAuence of the Aux
motion dissipation becomes less noticeable when T, (H) is
defined at a higher fraction of p„. And, in this case, the
values for g,b(0) and g, (0) changes depending on how
T, (H) is defined. Indeed, for example, when T, (H) is
defined at the point where p(T)=0.7p„, the values of
g,b (0)=29.5 A and g, (0)=0.52 A are obtained for
x =0.08, and similarly the values of g,b(0) =32.9 A and
g', (0)=4.7 A for x =0.15. These values are much closer
to the values estimated from the Auctuation analysis than

those determined at 0.5p„(the values in brackets in Table
I). From this, it is very clear that the small change in the
T, definition causes a drastic change in the coherence
values, especially for g, (0). Since the fiux motion dissipa-
tion is considered to prevail over the whole resistive tran-
sition region, however, we have no basis to claim which
definition of this kind leads to a good approximation
method for estimating accurate g values. Therefore, the
method dealing with Auctuation-induced magnetocon-
ductivity is more reliable for studying high-T, supercon-
ductors.

In relation to the T, (H) definition in the resistive
method, it is interesting to note that for x )0. 15 the
values for g,b(0) or g, (0) scarcely change irrespective of
the fraction value for p/p„used by the T, (H) definition.
This is due to the parallel shift behavior seen in Figs.
5 —7. Although such behavior appears free from the Aux
motion behavior, it is known that the thermally activated
depinning of Aux lines also results in a behavior of the
kind seen in Figs. 5 —7 (Ref. 12).

From the above discussion, values for g,b(0) and g, (0)
determined resistively are larger than those determined
from the Auctuation above T, . However, this is not the
case for x =0.24 and 0.3, as seen in Table I. This implies
that the H, 2

—T curve has still positive curvature at
lower temperatures for these composition. It further im-
plies that, since T, is low for these two compositions, the
inAuence of thermally activated Aux motion is
significantly reduced at lower temperature and the shift
of resistive transition is considered to reAect the shift of
T, to a substantial extent. The reason for the possibly
positive curvature of H, 2

—T curves for x =0.24 and 0.3
may be ascribed to the Coulomb interaction effect in
quasi-2D dirty superconductors. The increase in disor-
der which this explanation invokes may be found in the p
data at 40 K, where p is much larger than expected from
carrier density or Sr doping level. Consequently for
x )0. 15, the resistive behavior below T, for H~~c sufFers
much less inAuence of dissipative flux motion than the
case for Hlc at higher x values and at lower tempera-
tures.

B. Coherence lengths and anisotropy

Coherence lengths of superconductors is closely related
to the microscopic physical parameters, at least in the
framework of the Bardeen-Cooper-Schrieffer (BCS)
theory, and probably in the high-T, superconductors. In
Figs. 14 we plot the values for g,& (0), g, (0), and anisotro-

py factor g,b(0)/g, (0) as a function of Sr concentration
x, and the values for g,b(0) as a function of the mean-
field T, on a double-logarithmic scale. From the present
analysis of the field-dependent Auctuation conductivity, it
is revealed that the anisotropy of the electronic structure
in the La2 „Sr Cu04 system is significantly larger than
the values ( —5) reported previously. '5 In particular, for
a lightly doped composition of x =0.08, the anisotropy
factor exceeds 50, which value compares with that ob-
served for the Bi-Sr-Ca-Cu-O system. ' On the other
hand, there is a significant difference in the anisotropy
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FICx. 14. (a) In-plane coherence length g, b (0) for
La2 „Sr Cu04 single-crystal thin films as a function of Sr con-
centration x. (b) Out-of-plane coherence length g, (0) as a func-
tion of x. (c) Anisotropy factor g,b(0)/g, (0) as a function of x.
(d) S,b vs T, on a double-logarithmic scale, showing a negative
correlation, g,b(0) ~ T, '

factor between the values estimated resistively from Fig.
8 and those from the fluctuation analysis. If we take into
account that [g,&(0)/g, (0)j -p, /p, b, where p,& is the
in-plane resistivity and p, is the out-of-plane resistivity,
the latter anisotropy factors well correspond to the exper-
imental values of p, /p, b ) 100, which Uchida et al. re-
cently reported for the La2 Sr Cu04 bulk single crys-
tals, confirming the validity of the present analysis.

As for g,&(0), the correlation with x is weak and the
change with x can probably be explained by the variation
in T, . Figure 14(d) shows a weak but definite negative
correlation with T„which is reminiscent of the BCS rela-
tion (Bcs=hv~/orb, o A'vF/k~T„where gBcs is the BCS
coherence length.

The important point associated with the origin of
high-T, superconductivity in the La2 Sr Cu04 system
is that the system changes systematically by the Sr dop-
ing from being an insulator to a metallic nonsupercon-
ductor through a superconducting region. Therefore it is
of primary importance to find changes in physical param-
eters which accompany the appearance and/or disap-
pearance of superconductivity, seems more important
and it is imperative to seek the reason why the
La2 Sr CuQ4 system loses superconductivity when

heavily doped with Sr despite the system remains metal-
lic. The anisotropy g,b(0)/g, (0) shown in Fig. 14(d) ex-
hibits an abrupt decrease when x increases from x =0.08
and remains almost the same for x )0. 15, implying that
the anisotropy itself shows essentially no change when
the system undergoes a phase transition from a supercon-
ductor to a nonsuperconductor. On the other hand, the
out-of-plane coherence length increases systematically
from 0.55 A at x =0.08 to 3 A at x =0.3, and it seems
that, among the physical parameters shown in Fig. 14,
g, (0) has the closest relevance to the disappearance of su-

perconductivity of the La2 Sr„Cu04 system. In other
words, there may be some correlation between the disap-
pearance of superconductivity as x approaches 0.3 and
the tendency that the system loses two-dimensionality. It
is interesting to remind that the nuclear quadrupole reso-
nance experiments led to the idea that holes in

La2 Sr„Cu04 may reside at apical oxygen sites by dop-
ing. If we admit this idea, increasing carrier density may
facilitate electrical conduction along the c axis, thus in-
creasing g, (0). We believe that the present results reAect
that the two-dimensionality is essential to the high-T, su-

perconductivity in cuprates.

VI. CONCLUSION

From the measurements of resistive transition under
fields for the La2 „Sr„Cu04 system, we find that the
resistive behavior changes systematically from a type of
the broadening near the transition tail at lower x to a
type of the parallel shift of the whole transition curves at
higher x. These behaviors are ascribed to the change in
the vortex dynamics accompanying the Sr doping in this
system. The magnetoresistance is analyzed based on the
theory of thermodynamic Auctuation above T, for lay-
ered materials. It is found that the magnetoconductivity
for Hlc at H ) 1 T cannot be explained by the theories
including the Zeeman eFect. The analysis of the magne-
toconductivity, allowing for only the orbital AL and MT
terms, provides values for g, b (0) and g, (0). For x ~ 0.2,

g,&(0) takes an almost constant value of 31—33 A and
tends to increase for x )0.2, while g, (0) increases sys-
tematically from 0.55 A at x =0.08 to 3 A at x =0.3.
The anisotropy g, b (0)/g, (0) estimated from these results
exceeds 50 at low Sr concentration and is still higher than
15 even for x )0. 1.
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