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Anisotropy and dimensionality of Bi2Sr2CaCu2O81x from transport measurements
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We analyze measurements of the anisotropy in several Bi2Sr2CaCu2O81x films of different magnetotransport
properties: critical-current density, microwave dissipation, and resistively determined irreversibility line. It is
shown that all those measurements present the same angular scaling property, irrespective of the different
measured quantities. The anisotropy depends on the temperature, accordingly to the quasi-two-dimensional
~2D!, decoupled-layer picture. In the same picture, a single parameter«(T) ~anisotropy ratio! is sufficient to
describe the evolution of the angular scaling functions. All the data for all the samples follow the same
identical curve of« versus the reduced temperature. Departures from the quasi-2D model are observed very
close toTc . @S0163-1829~97!02017-1#
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The interest in anisotropic superconductors has gained
tensive attention after the discovery of the copper-oxide
perconductors. Due to their intrinsically layered structu
such compounds present strong anisotropic properties
particular, quantities that depend on the applied magn
field H show a strong dependence on the angleq between
the direction of the field and the superconducting (a,b)
planes. Experimental studies1 have shown that, in high-Tc
superconductors, several of these quantitiesQ obey an angu-
lar scaling law, at fixed temperatureT:

Q~H,q!→Q@H/ f ~q!#, ~1!

where the scaling functionf ~q! may depend on the tempera
ture. This scaling property has been predicted in general2 for
thermodynamical quantities, provided thatH@Hc1, the
lower critical field. In this case,Q should depend onH only
through the reduced fieldh5H/Hc2~q! so that, writing

Hc2~q!5Hc2' f ~q!, ~2!

whereHc2~q! is the angle-dependent upper critical field, a
Hc2'5Hc2~90°!, the experimental result~1! is easily ex-
plained. The obtained scaling functionf ~q! should reproduce
the angular dependence of the upper critical fieldHc2. We
have previously shown3–5 that in Bi2Sr2CaCu2O81x
~BSCCO! analogous scaling properties are verified also
transport measurements. This scaling is not trivial, si
transport properties might be affected by pinning pheno
ena, which are not taken into account in the mention
theory. Also, different dynamical regimes~low-high current,
low-high frequency! could bea priori differently affected by
the pinning, resulting in different angular scaling function
550163-1829/97/55~17!/11115~3!/$10.00
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In this work we analyze several experimental results c
cerning the anisotropic behavior of transport quantities
BSCCO epitaxial films, and we show that the obtain
curves f ~q! depend on the temperature but not on the p
ticular transport quantity under study. We also discuss a g
eral interpretative frame that allows one to consistently
scribe the scaling functions obtained at differe
temperatures: in particular, from a few K belowTc down to
low temperature thef ~q!’s are found to be in agreement wit
the angular behavior of the upper critical field as predic
for the case of weakly interacting superconducting th
planes~quasi-2D model!, while approachingTc the data de-
part from this simple 2D picture.

The samples under study are four epitaxial BSCCO film
grown by liquid phase epitaxy6 onto LaGaO3 and NdGaO3
substrates. Sample II was cut into three pieces for differ
measurements. Onto samples I and III the contacts were
tached after the microwave measurements. In Table I
report the main features of the samples. Large sets of m
surements of the surface resistance at microwave freque
Rs at 21 GHz, of the critical-current densityJc and of the
resistivityr were performed on these samples as functions

TABLE I. Sample parameters.Tc has been determined as th
zero resistance~within the experimental resolution!.

Sample Substrate Tc ~K! T2D ~K! Measurements

I LaGaO3 79.1 76.7 Rs,H*
II NdGaO3 82.4 82.2 Rs,Jc,H*
III LaGaO3 83.1 80.5 Rs,H*
IV NdGaO3 80.4 78.0 H*
11 115 © 1997 The American Physical Society
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T, H, q. This allowed one to check different dynamic
regimes @high-frequency (Rs), high current and low fre-
quency (Jc), low current and low frequency~r!#. The details
on the experimental setups and on the operative definit
of Jc and of the fieldH* ~onset field for the dissipation! were
given in the references quoted.

As can be seen in Fig. 1, where we have reported so
sample measurements, the scaling rule, Eq.~1!, applies very
well in BSCCO, forJc andRs . At each temperature, bothJc
andRs , measured at variousH andq, collapse onto a single
curve when plotted against a properly rescaled fieldH/ f ~q!.
Both quantities were measured from;40 K to a few K be-
low Tc and always showed the scaling property. AsT→Tc ,
the field variations of bothRs and Jc go below the experi-
mental sensitivity, and it is thus not possible to check t
scaling rule close toTc . However, in this region the fieldH*
for the onset of the resistivity~resistively determined irre
versibility line! could be accurately measured~inset of Fig.
1!. In this case,f ~q! is defined as the ratioH* (q)/H* ~90°!.

In Fig. 2 we report the experimental scaling functio
f ~q! as obtained from different techniques~Rs , Jc , andH* !
and on different samples~samples I and II, in the figure!, at
different temperatures. This figure exemplifies the first res
of this paper: while the angular behavior at various tempe
tures is markedly different, it is insensitive to the measur

FIG. 1. Upper panel: scaled data ofJc vs the reduced field
H/ f ~q! at various temperatures. At each temperature, the solid
is the curve forH' , the solid circles are the scaled data fro
Jc(H,q) for ten different angles. Lower panel: similar data for t
surface resistanceRs . Both kinds of measurements show success
scaling. Inset: angular behavior of the resistively determined i
versibility line,H* ~q!, showing the cusp atq50°. All the data in
this figure are taken on sample II.
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technique and, provided that a proper renormalization of
temperature is performed, to the sample under study. In f
data from the same sample give identicalf ~q! when taken
with different techniques but at the same temperature~seeJc
andRs of sample II atT'75.5 K!. In the same figure it is
also seen that, at different temperatures, the anisotrop
different @see f ~q! on sample II atT'75.5 and 80.6 K#.
Moreover,f ~q! from different samples~I and II in the figure!
coincide if the temperature of sample I is normalized by
factor'1.07 ~this reflects the differentTc’s!.

We will now show that the evolution of the obtainedf ~q!
can be described through a single temperature-dependen
rameter. To quantitatively define the anisotropy, one of
refers to the anisotropy ratio,«, defined as«5Hc2i/Hc2',
whereHc2i,Hc2' are the upper critical fields parallel an
perpendicular to the layers, respectively. In terms of the s
ing function @see Eq.~2!#, «5f ~0°!. However, it is a well-
known experimental fact7 that the angular magnetic respon
of BSCCO close toq50° has a strong anomaly~at least
from a few K belowTc down to low temperatures!, so that
the direct measurement off atq50° can be misleading, and
a model for f (q)5Hc2(q)/Hc2' is needed to obtain the
anisotropy ratio.

Since our experimentalf ~q! varies with the temperature
the effective-mass model~or, equivalently, the Lawrence
Doniach model in the strong-coupling limit8! cannot be con-
sidered: in fact, in that model« is temperature independen
The simplest theory where the apparent anisotropy depe
on the temperature is the Tinkham quasi-2D model.9 Consid-
ering the samples as constituted by superconducting s
~the double CuO layers, of thicknessd'3 Å!, separated by a
nonsuperconducting interlayer~of thicknesss'12 Å!, when
the transverse coherence lengthd,j',s/&,10 the quasi-2D
model predicts

f 2D~q!5
Hc2~q!

Hc2'
5

Asin2q14«22cos2q2usinqu
2«22cos2q

. ~3!

e
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FIG. 2. Scaling functionsf ~q! for different techniques, tempera
tures, and samples. Different techniques on the same sample
~a! same f ~q! at the same temperature,~b! increased anisotropy
with increasing temperature. Different samples present ident
f ~q! with a renormalization of the temperature. Continuous lin
fits of the scaling functions through Eq.~3!. The data are shown fo
q.0.3°, due to the anomaly atq50°.
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In this casef ~q! shows a cusp atq50°, and« is an effective
anisotropy that turns out to increase with the tempera
according to the expression

«~T!5
«~0!

A12T/T2D
. ~4!

Here,T2D is the critical temperature of an isolated superco
ducting layer, in principle different from the critical temper
ture of the bulk~see Ref. 11 for a theoretical discussion
such a case!. More complete models take into account n
only the limiting cases, but also the intermediate situatio
in which the magnetic field strength is effective in the det
mination of the angular dependence ofHc2~q!.11,12

The values of« can be deduced from the fit of the expe
mentally determinedf ~q! with Eq. ~2!. In Fig. 2 we show
that the fits accurately reproduce the data. It must be m
tioned that this procedure, valid from low temperatures
about 2 K belowTc , loses its validity at high temperature
where the shape of the curveH* ~q! changes from a cusplike
to a rounded behavior through a continuous crossover.
presence and the properties of such a crossover were alr
studied, and interpreted as a signature of a dimensio
crossover~2D→3D! asT→Tc , due to the divergence ofj'

at Tc .
3 In this regime the only possible definition of« is the

ratio H i* /H'
* .

To compare the data from all our samples, it is necess
to plot « as a function of some reduced temperaturet. A
consistent choice of this reduced temperature ist5T/T2D.
The temperatureT2D is determined by plotting«22 vs T,
since according to Eq.~4! one has«22~T2D!50. As shown in
the upper panel of Fig. 3 for sample II, this linear behavio
verified andT2D ~sample II!582.25 K. The values ofT2D for
the other samples are given in Table I. As can be seen in
3, all the anisotropy ratios collapse onto one single cur
when plotted vs the reduced temperatureT/Tc2D .

In conclusion, we have shown that a large set of differ
transport properties present a unified behavior of their an
tropic dependence on the magnetic field, following a gene
scaling rule. The overall temperature and angular dep
re
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dences of the scaling functions can be interpreted in a nat
way within a decoupled-layer model, with a crossover to
more three-dimensional behavior atTc . It is a result that
properties that should depend differently on the pinning ob
the same angular scaling law. This common scaling beha
is still looking for a complete theoretical explanation. Mor
over, the scaling function coincides with the one predic
for the upper critical field in the quasi-2D model.

This work was partially supported by CNR, und
‘‘Progetto finalizzato Tecnologie Superconduttive
Criogeniche.’’

FIG. 3. Lower panel: universal behavior of the anisotro
«~T/T2D! as determined from the scaling procedure on all samp
through the different experimental techniques. Upper panel: de
mination ofT2D from the linear fit of the data for«22(T) through
Eq. ~4! ~data for sample II!.
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