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The critical-current anisotropy j, (B,T,B) of epitaxial Bi2Sr2CaCuzOs+„ films has been measured in

detail. Below 70 K, the measured j, (B,T,B) can be fully accounted for by the assumption that only the
field component Bll =8cos6 inAuences j„as has been proposed by Kes et al. Above this temperature, a
2D-to-3D dimensional crossover results in additional dissipation. By comparison with results on poly-
crystalline samples, evidence is given for the absence of any inliuence of the grain boundaries on j,(B).

PACS numbers: 74.60.Ge, 74.60.3g, 74.75.+t

One of the fundamental questions concerning the
mechanism of superconductivity in high-temperature su-
perconductors (HTSC) is related to the dimensionality of
these systems at low temperatures. According to
Lawrence and Doniach [1],a dimensional crossover from
3D to 2D occurs in layered superconductors on the condi-
tion that the coherence length g, perpendicular to the su-
perconducting layers is small compared to the distance of
these layers. This condition is met by all HTSC at
sufficiently low temperatures. Tachiki and Takahashi de-
rived an intrinsic pinning mechanism from this fact [2]
and calculated the j,(6) anisotropy [3] as measured by
Roas, Schultz, and Saemann-Ischenko [4] for epitaxial
YBa2Cu307 —q films. The Aux lines are pinned between
the Cu02 planes in this model [5]. The experimental
data of Roas, Schultz, and Saemann-Ischenko [4] and
Kuwasawa et al. [6] are well described by this model at
low temperatures and high magnetic fields. Christen et
al. [7] demonstrated that an approach focusing on the
effective-mass anisotropy y(6) fails to explain j,(8) in
the case of YBa2Cu307 q, whereas a special kind of vor-
tex state has been shown to be in qualitative agreement
with the experimental data of Ref. [4] by Ivlev and Kop-
nin [8]. In the case of BiqSr2CaCu20s+», g, becomes
much smaller than dp„~, resulting in an extremely weak
coupling between the superconducting Cu02 layers. For
this reason, according to Kes et al. [9], this material rep-
resents a 2D Josephson-coupled system. They deduce the
following proposals from this model: (i) In external mag-
netic fields, only the field component perpendicular to the
layers should give rise to a dissipative behavior and (ii)
for the external magnetic field B aligned along the Cu02
planes, B should not inAuence superconductivity as long
as the temperature is below the crossover temperature To
from 3D to 2D behavior. These assumptions have been
shown to provide a good description of the diAerent ex-
periments cited by the authors. In this Letter, we will
demonstrate that for T ( 70 K the anisotropy j,(B) of
Bi2Sr2CaCu208+„epitaxial thin films can be fully ac-
counted for by this model.

Epitaxial Bi2Sr2CaCu208+„ films have been reproduci-
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FIG. 1. Schematic of the setup used for the j, (B,T, H) mea-
surements defining the angle 0 between the magnetic-field
direction and the c axis of the film. B=O corresponds to the
Bllc direction.

bly prepared on (100) SrTi03 by pulsed laser deposition
using a Siemens XP 2020 excimer laser (XeCl, 308 nm)
and have T, = 80 K and j,(4.2 K, 8 =0) & 2&&10

A/cm . Details of the preparation have been reported
elsewhere [10]. Contrary to the procedure described
there, after deposition, the films were kept at the deposi-
tion temperature in po, =1 mbar for 1 h. The films were
cooled to room temperature within 1 h by switching oA

the heater without changing the oxygen pressure, result-
ing in an improvement of both T, and the inductively
measured transition width h, T, . The epitaxial growth of
the films has been confirmed by TEM investigations [11],
revealing a twinning of the films as well. The FWHM of
the (0010) rocking curve ranges from 0.35' to 0.43' in-

dicating some scatter of the c axis. Rutherford-back-
scattering-channeling experiments yielded a X;„of0.34,
which is consistent with the FWHM of the rocking curve.

The films were patterned mechanically by scratching
1-mm-long and typically O. l-mm-wide strip lines along
the a or b axis of the film using a plotter equipped with a
stainless-steel needle. The critical-current density
j,(B,T,8) of 100-300 nm thin films has been measured
as a function of temperature T, magnetic field B, and the
angle 6 between the c axis of the film and the magnetic-
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FIG. 3. Critical-current density j;(e) of an epitaxial

Bi2Sr2CaCu20s+„ film at 54.3 K. Equation (2) has been used
for the calculation of the solid lines, and experimental data are
represented by symbols.

FIG. 2. Critical current of two epitaxial Bi2Sr2CaCu208+. ,
films at (a) 27 K and (b) 36 K, respectively, as a function of the
angle 8 between magnetic field and c axis. Symbols represent
experimental data, and solid lines have been calculated using

Eq. (2).

field direction, keeping magnetic field and current perpen-
dicular to each other. A voltage criterion of 3.5 pV
(Figs. 2-4) or 0.5 pV (Figs. 5-7) corresponding to an
electrical field criterion of 35 or 5 pV/cm, respectively,
has been adopted for the j, measurements. The angular
resolution of the setup used in these experiments (Fig. 1)
was about 0.01' with the absolute angle being accurate to
1' or 2 . The sharp maxima, which appear for the B&c
direction, were used for the calibration of the absolute 8
value. During the j,(8) measurements, the samples were
kept at constant temperature. As evident from the re-
sults, frozen-in magnetic Aux did not eAect the measured

j, values.
The j,(8) dependence is shown for several magnetic

fields and temperatures in Figs. 2 and 3. The symbols
represent the measured values, and the solid lines have
been calculated from the j,(Bllc) dependence following a
model proposed by Kes er al. [9]. According to these au-
thors, in the case of Bi2Sr2CaCu20q+ the CuOq planes
completely decouple for temperatures below the 3D-to-
2D crossover temperature To = [1 —[2(,b(0)/dc„o]']/r,
where g, t, is the coherence length within the Cu02 planes
and dc„o is their separation; I =m, /m, ~ is the eAective-
mass anisotropy [1]. At this temperature, g, becomes
smaller than half the distance of the Cu02 planes, assum-
ing the usual temperature dependence g(T) =g(0) (1
—T/T, ) '~ . The decoupling of the Cu02 planes results

in a 2D description with an almost vanishing order pa-
rameter in between the Cu02 planes. Following Kes et
al. , a magnetic field parallel to the Cu02 planes
penetrates, as if the material is "magnetically transpar-
ent. " For arbitrary field directions only the perpendicular
component will have to be considered.

Concerning the j,(8,8) measurements, this model

suggests that only the component B~~ =BcosB gives rise
to a decrease of j, in a magnetic field B declined by an
angle e with respect to the Bllc direction, whereas in the
B~c direction j, should be independent of B. Defining

j,~~(B):=j,(8) for Bllc and j,&(B):=j,(8) for BJ c, the
relation

j,(8,8) =min[j, &(8),J ~~(8cos8)] . (2)

The solid lines drawn in Figs. 2 and 3 have been calculat-
ed using this expression for j,(8,8), which contains no
adjustable parameters. In order to check consistency of
this model, we also calculated j,~~(8) from j,(8,8) using
relation (I), which will be erroneous only for very small
fields B as a result of releasing the minimum condition.
Each curve j,(8,8) gives a curve for j,~~(8). Figure 4
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FIG. 4. Magnetic-field dependence j,i(8) of different sam-
ples (1-4) at diff'erent temperatures as calculated using Eq. (I).
Each curve is deduced from at least four j,(e) curves measured
at diAerent magnetic fields B for each temperature.

J, (8,8) =j,~~(8cos8)

should therefore hold. As an experimental fact, however,
j,&(B) is not completely field independent, especially at
high temperatures. For the following, j„J (8) is used as
a cutoA' parameter for j,(8,8). Equation (I) is there-
fore rewritten
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which have been shown to play an important role for

j,~(B) in YBa&Cu307 —q films [4, 12], will, in the case of
Bi2Sr&CaCuqOs+, influence only j,ii(B). It is remark-
able that the model of Kes et al. [9] has been applied suc-
cessfully to polycrystalline T]&Sr2CaqCu30in+, thin films

by Nabatame et al. [13] as well as to polycrystalline
Bi2Sr2CaCu20s+„ thin fi[ms by Raffy et al. [14]. In ad-
dition, j,& has been shown to scale with j,ii with a
temperature-independent eAective texture angle 6*=10
in the case of textured Bi2Sr2CaCu20g+ bulk samples
[15]. By comparison with our results on epitaxial
Bi2Sr2CaCu208+ films, this gives evidence for the ab-
sence of any influence of grain boundaries on j,(8) in

these materials.
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