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The broadening of resistivity curves is measured for a c-axis-in-plane-aligned a-axis-oriented
YBa;Cu3 O, epitaxial thin film in the vicinity of the superconducting transition in magnetic fields up
to 12 T with various current and magnetic-direction configurations. The direction of the magnetic
field with respect to the crystallographic axis is the most important factor governing the broadening
of the resistive transition. The direction of the current with respect to the crystallographic axis and
to the magnetic-field direction is of less importance. Based on the results, flux-flow resistivity is
extracted for the film in the 12-T magnetic field running parallel to the c-axis direction.

I. INTRODUCTION

One of the most significant features of high-critical-
temperature (7.) superconductors is the broadening of
the resistivity transition in magnetic fields! over a wide
temperature region below T.. This broadening phe-
nomenon was explained by the energy dissipation related
to thermally activated flux creep and flux flow.2”® Con-
troversial results were reported by Kitazawa et al.” using
single-crystalline (La;j_.Sr;)2CuQy, indicating that the
broadening depends not on the magnetic-field direction
with respect to the current direction but on the magnetic-
field direction with respect to the crystallographic axis.
This indicated that the broadening was due to non-flux-
flow-type mechanisms. This finding was also followed
in YBay;CuzO,, single crystals.®° However, the sample
length along the c axis in YBayCu3O,, single crystals is
usually shorter by a few orders of magnitude than that
along the a or b axes. Consequently, there remained some
ambiguities in the transport properties with a current di-
rection along the c axis.

On the other hand, the resistivity transition in the
presence of a magnetic field showed a parallel shift in c¢-
axis-oriented YBayCuzO,, epitaxial thin films!%!! rather
than the broadening observed in YBa;Cu3O, single crys-
tals. This parallel shift was well explained in terms of a
thermally activated flux-flow model by introducing the
temperature-dependent pinning potential for the depin-
ning of vortices. Here, the resistivity curves along the
current direction of only the ab plane were observed.
There were no resistivity curve measurements along the
c-axis current direction.

Therefore, it is important to clarify the broad resistiv-
ity transitions along the c and b axes in the presence of a
magnetic field in order to confirm the broadening mecha-
nism of YBa;CuzO,. This paper reports on the broaden-
ing of resistivity curves by using c-axis-in-plane-aligned
a-axis-oriented YBayCu3O, epitaxial thin films.!? This
is being observed for the first time in magnetic fields up
to 12 T with various current and magnetic direction con-
figurations.
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II. EXPERIMENT

Thin films of YBa;Cu3O, were deposited on single-
crystalline StLaGaO4 (100) substrates by a pulsed laser
deposition method described earlier.!? The films with a
thickness of about 2700 A, as measured using a mechan-
ical stylus, were grown by a self-template technique.!?
The axis of the films normal to the substrate surface
were characterized by estimating lattice constants of the
films, which were determined by x-ray diffraction (XRD)
with Cu-Ka radiation. In-plane alignment was con-
firmed by ¢-scan (in-plane rotation) x-ray diffraction, re-
flection high-energy electron diffraction (RHEED), and
planar, as well as cross-sectional-view transmission elec-
tron microscopy (TEM). The film was patterned into two
500-pm-long and 140-pum-wide rectangular lines along
the b axis and along the ¢ axis with four electrodes for
the four-probe method. The current density to mea-
sure the resistivity was 26.5 A/cm? and 132.3 A/cm?
for the current direction along the c axis and along the
b axis, respectively. The magnetic field was applied
with a superconducting solenoid using a rotating sam-
ple holder. The temperature was determined with a car-
bon glass thermometer with detailed correction for the
magnetoresistance.!*

III. RESULTS AND DISCUSSIONS
A. Crystal structures

Samples used in this experiment were YBa;Cu3O, thin
films on SrLaGaO4 (100) substrates. Since the electrical
properties strongly depend on the quality of the sam-
ple, the crystalline structure of the film was estimated
in detail. A typical x-ray-diffraction pattern of as-grown
YBa;CuzO,, thin films is shown in Fig. 1. Peaks are ob-
served at around 23° and around 47.6°. The lattice spac-
ing of these peaks was 3.82(0) A, which is considered to
be the same as that for (h00) peaks of the YBayCuzO.
Then the YBa,Cu3zO, thin films were determined to be
a-axis oriented.
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FIG. 1. A typical x-ray-diffraction pattern of YBa;Cu3O,
thin films on SrLaGaO, (100) substrates. The films were
determined to be a-axis oriented.

Figure 2 shows RHEED patterns for YBa;CuzO,
thin films aligned to the (010) [Fig. 2(a)] and (001)
[Fig. 2(b)] azimuths of the substrate. A RHEED pattern
corresponding to the characteristic trilayer structure of
YBa,Cu30, is clearly observed in the direction of the
(010) azimuth for the substrate [Fig. 2(a)], while no such
pattern is observed along that direction for the (001) az-
imuth [Fig. 2(b)]. These results suggest that the ¢ axis
for the grown a-axis-oriented thin film is aligned in-plane
to the (001) azimuth for the (100) SrLaGaO, substrate.
The same result was obtained by ¢-scan measurements.!2

Actually, planar view TEM images of the a-axis ori-
ented YBa;Cu3O, thin films revealed that the c axis of
the film was aligned one direction as shown in Fig. 3.
Therefore, the films were confirmed to be c-axis-in-plane-
aligned a-axis-oriented YBa;CuzO,, thin films.
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FIG. 2. RHEED pattern of the YBa;Cu3O,. films on
SrLaGaO, (100) substrates with (a) (010) SrLaGaO, inci-
dent beam azimuth and (b) (001) SrLaGaO, incident beam
azimuth. RHEED patterns associated with a trilayer struc-
ture were observed only in the (010) SrLaGaO, incident beam
azimuth.

FIG. 3. A planar-view trans-
mission electron microscopy im-
age. The Cu-oxygen planes are
clearly observed that they are
aligned in one direction, which
is the (010) substrate azimuth.
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B. Electrical properties

The zero-magnetic-field resistivity curves over the
whole temperature range below 300 K are shown in Fig. 4
for both current directions along the ¢ axis (a) and along
the b axis (b). The temperature dependence of the
normal-state resistivity is different between the two crys-
tallographic orientations. The temperature dependence
of the resistivity with the current along the b axis is more
metallic than that along the ¢ axis, resulting in a large
resistivity difference. The resistivity in the c-axis direc-
tion is 24 times larger than that in the b-axis direction
(anisotropy: y2=24) at a point just above the transition
temperature (95 K).

The resistivity curves in magnetic fields along the a
axis are shown in Fig. 5 with the current direction along
the c axis (a) and along the b axis (b). The resistiv-
ity curves in magnetic fields along the c axis are shown
in Fig. 6 with the current direction along the c axis (a)
and along the b axis (b). The resistivity broadening in
(a) and (b) in the figures corresponds to the current di-
rection running parallel to the ¢ axis and to the b axis,
respectively. The resistivity broadening in Fig. 5, where
the magnetic field runs parallel to the a axis, is much
smaller than that in Fig. 6, where the field runs paral-
lel to the ¢ axis. Notice that a high degree of broad-
ening was observed when the magnetic field direction
was along the c¢ axis, independent of the current direc-
tions. From this, it was concluded that the direction of
the magnetic field with respect to the crystallographic
axis was the most important factor governing the broad-
ening of the resistivity transition. These results were
similar to those of (La;_,Sr,)2CuQy, single crystals” and
YBa,;Cu30, single crystals.® The direction of the current
with respect to the crystallographic axis and with respect
to the magnetic-field direction is of less importance. The
experimental data are difficult to understand within a
standard flux-flow model.

There were some reports explaining this broadening
by intrinsic Josephson coupling between two-dimensional
strong superconducting planes.!®>!¢ In these explana-

T T T T T T

6F
E a
5 r
G
E 4t
z
£ g
£ 2 r
A
=4

0 | T i 1 " 1 -

0 50 100 150 200 250 300
Temperature (K)

FIG. 4. Zero-magnetic-field resistivity curves of

c-axis-in-plane-aligned a-axis-oriented YBa,;Cu3sO. epitaxial
thin film (a) along the c axis and (b) along the b axis. These
samples were prepared from the same film.
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tions, the CuO; plane is assumed to be a strong super-
conductor and the CuO chain is assumed to be a weak
superconductor in YBa;Cu3O,. As a result of proximity
effects from the adjacent strong superconductor, the re-
sistivity transition broadening in the perpendicular con-
figuration of ILB [Fig. 5(a)], where Josephson vortices
are driven along the b axis in the weak superconductor by
the Lorentz force, should have been a broad transition.
However, it is not broad but instead is almost the same
as that in Fig. 5(b), where vortices are driven along the
c axis, against the strong superconductor of the CuO,
planes by the Lorentz force. This makes it difficult to
explain the broadening by citing intrinsic Josephson cou-
pling and/or the anisotropy of the superconductors.
This phenomenon has been explained qualitatively by
vortex lattice melting in the CuO; planes. When vor-
tex lattice melting occurs in the YBayCuzO, films, a
large flux-flow resistivity should have appeared. Figure 7
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FIG. 5. The resistivity curves of c-axis-in-plane-aligned
a-axis-oriented YBaz;CusO. epitaxial thin film in the vicin-
ity of the superconducting transition for different values
of the magnetic field parallel to the a axis with vari-
ous magnetic-field current configurations; from right to left
0,2,4,6,8,10, and 12 T; (a) I|c axis, Bl|a axis, and ILB; (b)
1)|b axis, B||a axis, and ILB.



50 BROAD RESISTIVITY TRANSITIONS IN ¢c-AXIS-IN-. ..

shows the normalized resistivity curves (p) in a 12 T mag-
netic field running parallel to the ¢ axis for different cur-
rent directions at 90 K. The precise comparison between
the two curves reveals a small Lorentz-force-induced flux-
flow resistivity shoulder with a perpendicular configu-
ration of I1B. The difference between two curves were
thought to be flux-flow resistivity. The flux-flow resistiv-
ity (pb — pc) could be extracted from the curves as shown
in Fig. 7, where p, and p. correspond to the normalized
resistivity with the current direction running parallel to
the b axis and to the c axis, respectively. It was found
that the flux-flow resistivity had a peak at around 79 K
and was induced from 73 K by Lorentz force in this sam-
ple. The shoulders can also be seen in Fig. 6(b) with a
magnetic field. These shoulders are very small compared
to those observed in YBa;Cu3O, single crystals, indi-
cating a strong pinning force in the YBa,;CuzO, films.
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FIG. 6. The resistivity curves of c-axis-in-plane-aligned
a-axis-oriented YBa;Cu3zO, epitaxial thin film in the vicin-
ity of the superconducting transition for different values of the
magnetic field parallel to the c axis with various magnetic-field
current configurations; from right to left 0,1,2,4,6,8,10, and
12 T; (a) I||c axis, Bl|c axis, and || B; (b) I||b axis, B||c axis,
and ILB.
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FIG. 7. The normalized resistivity curves in the vicinity of
the superconducting transition for different current directions
(ps, b axis; pc, c axis) in a 12-T magnetic field parallel to the
c axis. Besides the flux-flow resistivity, broadening is almost
the same in both the py and p.. Flux-flow resistivity was
calculated as pp — p.

Therefore, it is also difficult to explain the broadening by
citing vortex lattice melting in YBa;Cu3O,, films with a
strong pinning force.

Besides this small shoulder, the resistivity curves are
almost the same. This result is thought to imply that
the broadening mechanism is clearly related to the di-
rect contribution of the magnetic field to the quasi-two-
dimensional Fermi surface of YBay;CuzO,.

IV. CONCLUSIONS

The resistivity curves for four different configurations
between the current and the magnetic-field directions
with respect to the crystallographic axes were measured
in the vicinity of the superconducting transition in mag-
netic fields up to 12 T using c-axis-in-plane-aligned a-
axis-oriented YBa;Cu30, epitaxial films. The direction
of the magnetic field with respect to the crystallographic
axis was determined to be the most important factor
that governs the broadening of the resistive transition.
The less important current direction with respect to the
magnetic field direction clearly indicated that the less
important flux-flow effect induced by a Lorentz force
than the intrinsic magnetic field effect on the quasi-two-
dimensional Fermi surface of the oxide high- T, cuprate
superconductors. Flux-flow resistivity was extracted by
comparing the normalized resistivity with the perpendic-
ular configuration of ILB to that of the parallel config-
uration of I||B.
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FIG. 2. RHEED pattern of the YBa;Cu3O, films on
SrLaGaO, (100) substrates with (a) (010) SrLaGaO4 inci-
dent beam azimuth and (b) (001) SrLaGaO, incident beam
azimuth. RHEED patterns associated with a trilayer struc-
ture were observed only in the (010) SrLaGaOj4 incident beam
azimuth.



FIG. 3. A planar-view trans-
mission electron microscopy im-
age. The Cu-oxygen planes are
clearly observed that they are
aligned in one direction, which
is the (010} substrate azimuth.



