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We report a general scaling behavior of the dependence of the critical current density j.(B, T, ©)
on the direction of the magnetic field at low temperatures in c-axis-oriented high-T. superconduc-
tor thin films with different strengths of interlayer coupling. Measurements of j.(B, T, ®) for pure
YBa;Cu3O~, doped YBaz(Cul_zan)307, Bi,Sr2CaCuz0s, and YBa;CuzO7/PrBas;CusO7 super-
lattice films with different relative orientations of the current j, magnetic field B, and crystallographic
direction c allow the identification of the dissipation caused by flux parallel to the superconducting

layers moving in the c direction.

I. INTRODUCTION

In YBay;CugOy the layered structure results in a spa-
tial modulation of the superconducting order parameter.!
The absolute value of the order parameter is high in
the superconducting CuO» planes and low in the CuO
chains and BaO layers. This modulation causes a step-
like flux-line structure and acts as an intrinsic pinning
mechanism against motion of flux-line segments that are
parallel to the ab plane. Considering twin boundaries
as pinning centers which act in the ab plane, Tachiki
and Takahashi were able to account for the angular de-
pendence of the critical current density parallel to the
ab plane j2*(B,T,©) in magnetic fields B applied un-
der an angle © to the ¢ axis c at low temperatures.?
BiySroCaCuy0g shows a much stronger anisotropy than
YBayCuzO7 due to the nonmetallic BiO double layers.
The coupling between the superconducting Cu-O planes
is mediated by Josephson currents between them. Ac-
cordingly, it is described by a Lawrence-Doniach model.?
Flux penetrating parallel to the layers forms Josephson
vortices instead of Abrikosov vortices. For such an es-
sentially two-dimensional (2D) system Kes et al. have
proposed that the physical properties scale with the mag-
netic field component perpendicular to the layers.* Con-
cerning j2°(B, T, ©) this scaling was shown by Schmitt
et al. for BizSryCaCu,0s films® and by Jakob et al. for
YBa;Cu3O7/PrBay;CuzO7 superlattice films.5

In this paper we present measurements of j¢*(B, T, ©)
for pure YBayCu3O7, doped YBay(Cu;—,Zn;)s07,
BiySraCaCuz0s, and YBay;Cu3zOr7/PrBasCusOr super-
lattice films. The Zn doping in YBa;Cu3zO7 introduces
additional pointlike pinning centers in the CuQO; planes
but we do not expect a strong influence on the intrinsic
pinning mechanism. The anisotropy is enhanced in case
of BizSraCaCuy0s films and YBay;Cu3zO7/PrBa;CusOr
superlattices.

At low temperatures we find the same scaling for the
critical current density j2°(B, T, ©) = j**(B cos ©,T,0°)
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for all these different classes of materials. This seems as-
tonishing at first glance. However, we show that this
scaling is compatible with the different existing models.

II. EXPERIMENTAL

All high-T, films investigated in this paper were
prepared by high-pressure dc sputtering in pure oxy-
gen atmosphere from stoichiometric targets onto heated
(100) SrTiOs substrates. With only slightly differ-
ent parameters, this process is able to produce high-
quality films of the different high-T, superconduc-
tors. The film preparation, structural characteriza-
tion, and superconducting properties have been stud-
ied in detail [YBap;Cu307,” YBay(Cu;_;Zn.)307,%°
Bi2SraCaCus0s,® YBayCuzOr/PrBayCuzO7 super-
lattices®!!]. This paper concentrates on the scaling be-
havior common to all of these different types of films
at low temperature and the specific differences between
them at higher temperatures.

For measurements of the critical current density,
all films were wet chemically patterned. A criterion
of 1 uV was applied along a bar of 10-um width
and 0.1-mm length for the YBa;Cu3zO; based films
and YBa;Cu3zOr/PrBasCuzO; superlattices, resulting
in an electric field criterion of 100 pxV/cm. For the
BiySroCaCusOg films the values are 0.2 and 2.0 mm and
the corresponding electric field was 5 uV/cm. However,
the qualitative behavior of j.(©) was in no case found to
be dependent on this criterion. The films were mounted
on a rotatable copper block which allows sample rota-
tion at low temperatures.® In all experiments the current
direction j was parallel to the ab plane. The magnetic
field dependence of the critical current density was mea-
sured for fixed temperatures and magnetic field parallel
to the ¢ axis j.(B,T,0°). These measurements provide
the data for the scaling curves. In addition, we measured
the critical current density at fixed temperatures and at
fixed magnetic field strengths as a function of the angle ©
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FIG. 1. Sketch of the different geometries used.

between the magnetic field B and the c axis c. Here we
used two different orientations of the current direction
with respect to the axis of rotation. Figure 1 shows a
sketch of the different geometries. In setup 1 (2) the cur-
rent j is parallel (perpendicular) to the axis of rotation
and therefore always perpendicular (parallel) to the plane
spanned by B and c. In setup 1 (2) the current direction
does not (does) change with respect to the magnetic field
direction.

III. RESULTS AND DISCUSSION

The critical current density j. is reached if the macro-
scopic Lorentz-force density f;, = j x B acting on flux
lines equals the pinning force density f,. The Lorentz-
force density is given by

) = j x B = j B(sin Oe, + cos Oegp),
= f% + f%}’?
ff) =jx B=jBcosOey =2,

in setup 1 and setup 2, respectively. e, and e, are
unit vectors along the ¢ axis and the ab plane, respec-
tively. For the least anisotropic case of YBay;CuzO; and
YBaz(Cu;—;Zn,)307 there exists a steplike penetration
of the flux lines through the film at low temperature.
For the more anisotropic cases of BisSroCaCuyOg and
YBayCu3zOr/PrBay;CusOr superlattices there will exist
only pancake vortices in a wide temperature range.l?
This allows us to consider the flux motion parallel and
perpendicular to the ab planes independently. Accord-
ingly, a dissipation process starts if either the Lorentz-
force component along the ab planes equals the in-plane
pinning force density (fg?=fg") or if ff=Ff¢. Obviously
the conditions are equal for flux motion in the ab plane,
whereas flux motion in the ¢ direction can only occur
in case 1. Since the relative orientation of the magnetic
field and the film is identical for both setups, the flux-
line structure which penetrates the film will be identical.
Therefore the difference between the measured j. curves
in setup 1 and setup 2 can be directly related to the flux
motion in the ¢ direction. Setup 2 will always yield equal
or higher values for the critical current density since there
is no Lorentz force in the ¢ direction. This consideration
predicts equal values for the critical current density mea-
sured in both setups if no flux motion in the ¢ direction
occurs and flux motion in the ab plane limits the critical
current density. The value of £% is the same as that for a
magnetic field of reduced strength B..q = B cos © which

G. JAKOB et al. 47

is applied parallel to the ¢ axis and therefore a scaling
behavior of the critical current density can be expected.
Figure 2 shows this scaling behavior

iN(B,T,0) = j?(B,T,0) = j.(B cos©,T,0°)

for a zinc-doped YBayCusO7 film measured at reduced
temperature ¢ = T'/T.=0.13 and 3T. The curves are
nearly identical. Note that we have made no assumptions
about the nature of the pinning mechanisms neither in
plane nor perpendicular. It is an experimental fact that
there is no flux motion in the ¢ direction. In case of
YBayCusO7 films and YBaz(Cuj—;Zn,)307 films, the
intrinsic pinning mechanism proposed by Tachiki and
Takahashi prevents flux motion in the ¢ direction at
low temperatures. The latter authors proposed a pin-
ning mechanism by twin boundaries to be valid in the
ab plane. This mechanism results in a typical propor-
tionality j. o (cos ©)~1/2 which gives also a good fit to
the data. However, the detailed curve form depends on
the actual pinning mechanism in the ab plane and the
inclusion of pointlike pinning centers as Zn atoms, oxy-
gen vacancies, or screw dislocations besides twin bound-
aries in the Tachiki model can strongly affect the curve
form.® The density of these pinning centers, however, is
strongly sample dependent and therefore deviations from
je o (cos ©)~1/2 are easily understood. If the pinning in
the ab plane results from collective pinning of the vor-
tex kinks Pokrovsky et al. have shown that one should
expect a scaling of the critical current density with the
perpendicular field component.!3

In Fig. 3 we show the scaling of the critical
current density j.(B,T,0) = j.(B cos®,T,0°) for
a YBayCu307/PrBa;Cu3gO; superlattice film with
Y:Pr=10:1 (a) and a high quality BizSr,CaCu;0s film
(b). Note that for the latter the absolute value of
the critical current density is higher than 10°® A/cm?
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FIG.2. 3j2°(3T,10K,©) for setup 1 (triangles) and setup 2
(circles). For clarity only every third data point is shown. The
solid line labeled scaling curve is the critical current density
which was measured in a magnetic field parallel to the c axis
but with reduced strength Bieq = B cos ©.
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FIG. 3. Scaling of the critical current density for quasi-2D superconductor films.
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In (a) the data are from a

Y Ba;CusO7/PrBaz;CusO7 superlattice with YBazCuzOr sheets of 10-unit-cell thickness each and decoupling PrBa;CuszO7
sheets of one-unit-cell thickness. The data from a BizSr2CaCu20Os film at t=0.75 are shown in part (b).

at’ 62 K. Again no flux motion in the ¢ direction
occurs in these cases and the scaling works. The
perpendicular component results in pancake vortices
or short vortex line segments whereas the parallel
component causes Josephson vortices (BizSraCaCuzOs
or YBayCu3zO7/PrBa;Cu3zO- superlattices with thin
PrBa;CuzOr sheets) or penetrates without the existence
of vortices (decoupled YBayCuzOr7/PrBas;CusO7 super-
lattice with thick PrBasCu3zOy7 sheets). In any case there
are only weak, or no, shielding currents for this field com-
ponent and therefore it does not influence the critical
current density, i.e., these films are magnetically inert
against the component of the field parallel to the planes.
Near © = 90° there are always deviations from ideal scal-
ing behavior. But they do not necessarily imply flux mo-
tion in the ¢ direction. In the more anisotropic systems
even small fields parallel to the ¢ axis cause a large sup-
pression of the critical current density. Due to the mosaic
spread of the c-axis oriented grains (which is typically
0.3°) it is not possible to orient the whole film exactly
parallel to the magnetic field. Therefore some grains will
always experience a small perpendicular field component
which results in a weak magnetic field dependence of j..5
Furthermore, even if the field is exactly parallel to the
layers a spontaneous creation of pairs of vortex kinks or
vortex-antivortex pairs can occur. These kinks or vortex-
antivortex pairs in the superconducting layers are driven
apart by the transport current and cause dissipation.!4
In addition to the kinetic energy of the superconduct-
ing transport current, the kinetic energy of the shielding
currents surrounding the centers of the flux lines in 3D
systems must be taken into account. This is not the case
in the quasi-2D systems. Since the total local kinetic en-
ergy density is limited by the value of the depairing cur-
rent, higher fields will result in lower transport current
densities. In agreement with this we find better scaling
for B = 3T than for B = 6T for the film shown in Fig.
2.

So using the existence of the scaling behavior at low
temperature and in moderate magnetic fields we still can-
not decide whether the system is better described by a
3D anisotropic Ginzburg-Landau theory or 2D Lawrence-
Doniach model. The choice of description depends on
the ratio d of the superconducting coherence length in
the ¢ direction (&) to the periodicity of the layer struc-
ture D (d = D/&.). Since the coherence length di-
verges at 7. a 3D description must hold near T.. For
low temperatures, however, a Lawrence-Doniach model
is certainly appropriate in case of BisSraCaCu,0Og and
YBa;CuzO7/PrBay;CuzO7 superlattices. This contradic-
tion is resolved by a new model for layered superconduc-
tors, that has recently been proposed by Koyama et al.
which introduces spatially modulated Ginzburg-Landau
coefficients.'® This model can handle interlayer coupling
of arbitrary strength and interpolates between the above
limiting cases. In their paper the authors show that there
is a strong modulation of the order parameter for large
values of d which becomes weaker with smaller values
of d and higher temperatures. Since only lowest-order
Fourier coefficients of the Ginzburg-Landau parameters
are used in their model, a quantitative determination of
the variation of the intrinsic pinning strength is not pos-
sible. Therefore we treat the temperature dependence
of the critical current scaling in the following only with
qualitative phenomenological arguments. Figure 4 shows
the scaling behavior for a pure YBa;Cu3zO7 film at tem-
peratures of (a) t = T/T.=0.5 and (b) t = 0.85. At
low temperatures (¢=0.1) we found for this film excellent
scaling behavior for both setups. The © variation mea-
sured in setup 1, however, shows no scaling behavior at
t=0.5, though there are still peaks in the critical current
density for © = 90°. This demonstrates that the intrinsic
pinning mechanism still contributes considerably for hin-
dering flux motion. At temperatures near T, the angular
variation of the critical current density with © is com-
paratively small and there is no significant enhancement
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FIG. 4. Scaling behavior for a pure YBazCu3zO~ film at different reduced temperatures (a) t=T/T.=0.5 and (b) t=0.85.

for ® = 90° compared to the scaling curve. Therefore,
we conclude that the intrinsic pinning mechanism is al-
ready considerably weakened at t=0.85 for YBa;Cu3O-.
Since the distance between the CuO planes and CuO
chains is 4.1 A which is of the same order of magni-
tude as the Ginzburg-Landau coherence length at zero
temperature [£.(0)=3 A] even a small increase of £.(7)
due to a higher temperature can considerably smear out
the modulation of the order parameter along ¢ direction.
If we take the approximation &.(t) = £.(0)/+/1—t at
t=0.85, the coherence length is approximately 8 A which
is larger than the distance between the strong and weak
superconducting layers. In agreement with our measure-
ments, one therefore expects no significant intrinsic pin-
ning. In YBay;Cu3Or/PrBayCu3zO7 superlattices the in-
trinsic modulation of the superconducting order parame-
ter is much weaker than the extrinsic modulation due to
the synthetic structure with superconducting and semi-
conducting sheets. Here we find an excellent scaling be-
havior even at t=0.9 (see Fig. 3). Since the YBayCuzO-
layers are rather thick we find a high value of T, (89 K).
Accordingly the coherence length should not differ too
much from the value of pure YBayCu3zO7. But now the
distance between the decoupled superconducting CuO
planes, that are on top of the nth and on bottom of
the (n+1)th YBayCuzO7 sheet, is (11.7+2-4.1)A. Even
at this high temperature this value is larger than the
coherence length and enables strong intrinsic pinning.
However, the absolute values of the critical current den-
sity are lower than in pure YBapsCuzOy films. This re-
sults from the shorter correlated length of the flux lines
which are interrupted by the PrBasCugzO~ sheets. It is
remarkable that even PrBasCu3z O~ sheets of one-unit-cell
thickness can effectively decouple the flux motion in ad-
jacent YBazCu3zOr sheets at t=0.9. At higher tempera-
tures near T, we measured the activation energy U of this
sample for thermally activated flux creep in a magnetic
field applied perpendicular to the ab plane. The val-
ues of U are higher than expected from the linear thick-
ness dependence of U found by Fischer et al. for com-
pletely decoupled superlattices with thick PrBasCuzO7

layers.1® Also the lines in the Arrhenius plot are not
straight as is found for Bi;SroCaCuyOg and decoupled
YBayCuzO7/PrBasCuszOr superlattices where one deals
with pancake vortices but show the same curvature as
typical YBayCuszO7 films. We think that in the activa-
tion energy measurements the flux line shows a temper-
ature dependent correlation length which is larger than
the thickness of the YBayCuzO7 sheets. Therefore the
flux lines are not decoupled in this temperature range
and show a 3D behavior in contrast to the 2D behavior
found for the critical current measurements performed at
lower temperatures.

IV. CONCLUSIONS

Concluding, we found a general scaling behavior of
the critical current density for layered superconductors
at low temperatures. The dependence of the critical
current density on the angle between magnetic field
and c axis is governed by the magnetic field com-
ponent parallel to the ¢ axis. In YBayCu3zO; and
YBa3(Cui_;Zn,)307 films the scaling behavior breaks
down for reduced temperatures t >0.4 due to weakening
of the intrinsic pinning mechanism. In BiySroCaCuyOsg
and YBayCu307/PrBayCusO; superlattice films weak,
or no, shielding currents flow in the c¢ direction, which
causes a magnetic inertness for the field component par-
allel to the layers. The scaling works whenever there is no
dissipation due to flux motion in the ¢ direction regard-
less of the mechanism preventing dissipation. Therefore
one cannot conclude from the existence of scaling at low
temperatures alone whether the system is quasi-two or
three dimensional.
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