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Hall coefficients of YBa2Cu3Oy /PrBa2Cu3Oy superlattices in the flux-flow regime
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In this work, we measured the longitudinalrxx and transverserxy resistivities as a function of the current
density in the flux-flow regime in YBa2Cu3Oy /PrBa2Cu3Oy superlattices. According to these measurements,
the Hall electric field is a nonlinear function of the current density in the vicinity of the local minimum of
negative Hall coefficient. Also, the Hall resistivity is independent ofJ in the low current density. Furthermore,
the rxy andrxx are found to obey the power lawrxy5Arxx

b with b51.760.05 over a wide current densities
and temperatures. Above results are discussed in terms of the existing theories.@S0163-1829~97!03626-6#
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INTRODUCTION

The study of longitudinalrxx and transverserxy resistiv-
ities of high-Tc superconductors, especially in the mixe
state, is important in the understanding of vortex dynam
One striking feature of vortex dynamics is the sign rever
of rxy caused by the vortex motion in mixed state. Anoth
interesting issue that has attracted special attention is
scaling relationship betweenrxy and rxx , i.e., rxy and rxx
follow rxy;rxx

b : in pinned regime as first observed by Lu
et al.1 The anomalous Hall effect is influenced by many fa
tors, which include transport current density,2 pinning
force,3,4 and magnetic-field strength. To investigate curre
dependent anomalous Hall effect, Kunchuret al.2 has mea-
sured the Hall coefficients of YBa2Cu3Oy epitaxial films over
an extended current-density range, where high curr
density suppresses flux pinning. With increasing current d
sity, they observed an enhancement of the sign reversa
the Hall anglea5rxy /rxx . Li, Zhang, and Adrian3 and
Wang, Yang, and Horng4 recently reported the effect of flu
pinning on the mixed-state Hall coefficient in YBa2Cu3Oy /
PrBa2Cu3Oy superlattices, indicating that the Hall anoma
diminished or even disappeared with decreasing pinn
strength. A scaling lawrxy;rxx

b holds good for all samples
with some variation in the exponents. Among those fact
affecting therxy andrxx , the effects of transport current o
the mixed-state Hall effects of (YBa2Cu3Oy /PrBa2Cu3Oy)n @
~YBCO/PBCO!n# are seldom examined; the superscriptn is
the number of modulation layer in~YBCO/PBCO!n superlat-
tices. Herein, we report measurement of mixed-state H
effects over a wide range of current density~13103–1
3105 A/cm2! for (YBCO/PBCO!n superlattices in the flux-
flow regime. In this regime, the Lorentz force exceeds
pinning force and the flux line moves in a viscous flo
Thus, Hall measurements with varied current density prov
information on the anomalous Hall effect’s evolution wh
the pinning force is systematically suppressed and the L
entz force becomes larger. We observed that therxy is inde-
pendent ofJ in the low current density and the Hall electr
field is a nonlinear function of the current density in t
560163-1829/97/56~1!/99~4!/$10.00
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vicinity of the local minimum of negative Hall coefficient
Furthermore,rxy and rxx obey rxy;rxx

b with b51.760.05
in a magnetic field over wide current densities and tempe
ture ranges in YBCO/PBCO superlattices.

EXPERIMENT

YBCO/PBCO superlattices were prepared in a hig
vacuum radio-frequency~RF! magnetron sputtering system
The RF magnetron sputtering system’s detailed descrip
and the sample’s characterization have been previously5 re-
ported. TheI -V curves were measured by sending a puls
dc current to the current leads of the five-leads Hall patt
with a duration time of about 1–2 sec and the Hall volta
was measured by a nanovoltmeter. The temperature was
trolled by a temperature controller and the temperature
measurements became stable at around 0.05 K. The cu
density of Hall and resistivity measurements varied from
to 13105 A/cm2. To avoid the cumulative heating in th
Hall measurement, the interval between two adjacent cur
pulses was set as long as 15 sec. All samples were patte
to a five-lead Hall geometry in the transport Hall and res
tivity measurements. Gold pads were evaporated onto
Hall and resistivity leads. Current leads had a negligible c
tact resistance.

RESULTS AND DISCUSSION

Figures 1~a! and 1~b! reveal the double-logarithm plots o
rxx versus J and rxy versus J for a YBCO/PBCO
(60 Å/48 Å)16 superlattice at a fixed magnetic field of 2
and temperature range of 75–84 K. The resistivityrxx in-
creases steadily asJ is increased and has an Ohmic behav
in the limit of high current density. Therxy-versus-J curves
show sign reversal when the current density is increase
each fixed temperature range of 75–84 K. Furthermore,
rxy-versus-J curves show two plateaus; one plateau is
cated at low current density while the other is located at h
current density. Therxy is J independent at low current den
99 © 1997 The American Physical Society
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sity whereas therxy at high current-density plateau
emerged to a value of 731027 V cm. The current density
at which sign reversal occurred shifts to a lower current d
sity with increasing temperature. Notably, the sign-rever
densityJsr ~the current density at whichrxy equals zero! is
close to the plateau region of theJxx(J)-versus-J curve. This
finding suggests that the sign reversal ofrxy occurs near the
free flux-flow regime.

Figures 2~a! and 2~b! reveal double-logarithm plot o
rxx versus J and rxy versus J for a YBCO/PBCO
(96 Å/48 Å)10 superlattice at a fixed magnetic field of 2
and temperature range of 81–87 K. The behavior ofrxx ver-
susJ andrxy versusJ resembles that of Figs. 1~a! and 1~b!,
demonstrating that the behavior ofrxx(J) and rxy(J) in a
magnetic field is a universal characteristic of YBCO/PBC
superlattices.

Based on the normal core model of Bardeen and Step6

and by considering both the backflow effect and therm
fluctuation, Wang, Dong, and Ting7 ~WDT! developed a uni-
fied theory on flux motion and derived the following equ
tion:

rxy5~b0rxx
2 /F0B!$h~12ḡ !22ḡG~VL!%, ~1!

whereb0 denotes (te/m)Hc2, h representsF0Hc2 /rn and is
the viscosity coefficient,ḡ5g(12H̄/Hc2) with H̄ the aver-
age magnetic field over the core,g denotes the paramete
describing the contact force on the core’s surface,G(VL)
represents a scaling function which depends onVL . Equa-
tion ~1! can be rewritten in terms ofExx andExy , yielding

FIG. 1. ~a! The double-logarithm plot ofrxx-vs-J and ~b! rxy-
vs-J curves for a YBCO/PBCO (60 Å/48 Å) superlattice at
fixed magnetic field of 2 T and temperature range of 75–84 K. Th
increment of the temperature in each curve is 1 K.
-
l

n
l

Exy5~b0Exx
2 /JF0B!$h~12ḡ !22ḡG~VL!%. ~2!

We discuss the behavior ofrxx versusJ and rxy versus
J for a YBCO/PBCO (60 Å/48 Å)16 superlattice with the
model proposed by WDT. For fixed temperatures and m
netic fields, in the regime ofg;0 orh@G(VL) andg;0 the
relation Exy5(b0Exx

2 /JF0B) holds. In the low current-
density regime (J<53103 A/cm2 and J<13104 A/cm 2!
for YBCO/PBCO for (60 Å/48 Å)16 and (96 Å/48 Å)10
superlattices, respectively~Figs. 1 and 2!, Exx is linearly pro-
portional toJ, i.e.,Exx5Jrxx . InsertingExx5Jrxx into Eq.
~2! reveals thatExy is proportional toJ. Therefore,rxy is
independent of current density in the low-J regime. The
J-independent behavior ofrxy is indeed experimentally ob
served, as shown in Figs. 1~b! and 2~b!. Furthermore, in the
high current-density regime @J>33104 and J>8
3104 A/cm 2! for (60 Å/48 Å)16 and (96 Å/48 Å)10 su-
perlattices, respectively#, the rxx is independent of curren
density. In the middle range current density arou
Jmin @Jmin is the current density at whichrxy has a maximum
negative value~in the vicinity of the glass transition!#, the
Ey is a strongly nonlinear function of the current densi
This regime reveals the vortex moving in a viscous flow a
a sign reversal of Hall coefficient.

Figure 3 reveals the double-logarithm plot ofrxy versus
rxy for a YBCO/PBCO (60 Å/48 Å)16 superlattice in a
magnetic field of 2 T and at fixed temperature range
75–77 K. Regarding the current dependence ofrxx and
rxy , the important finding is thatrxx andrxy form straight
lines for all temperatures considered, i.e.,rxy relies onrxx
according torxy5Arxx

b all the way into the nonlinear range
The exponent is around 1.760.05 in a magnetic field of 2 T
at all temperature ranges near the vortex glass transition.

FIG. 2. ~a! The double-logarithm plot ofrxx-vs-J and ~b!
rxy-vs-J curves for a YBCO/PBCO (96 Å/48 Å) superlattice at
fixed magnetic field of 2 T and temperature range of 81–87 K.
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also measuredrxx andrxy in a magnetic field of 2 T for a
(60 Å/48 Å)16 superlattice at fixed current densityJ51
3104 A/cm2. The rxy and rxx obey the power lawrxy
5Arxx

b with b51.760.05 in a magnetic field of 2 T. From
Fig. 3, we can infer that the current and temperature dep
dence ofrxy and rxx , over a wide range, obey the scalin
relation

rxy~Jx ,T!5C@rxx~Jx ,T!#b,

with b51.760.05 in a magnetic field of 2 T, whereC is a
constant for YBCO/PBCO (60 Å/48 Å)16 superlattices.

The scaling behavior of the Hall resistivity has been
tributed to the vortex flux pinning while the origin of the sig
reversal generated a variety of possible explanations.7–15

First, inspired by the results of Luoet al.1 for epitaxial
YBa2Cu3Oy film ~b51.760.2!, Dorsey and Fischer16 ~DF!
proposed interesting concepts to account for the power
rxy5Arxx

b near the vortex glass transition. Furthermore,
made an explicit prediction that the nonlinear Hall elect
field should scale with a universal scale law at the vor
glass transition. The prediction correlates well with the e
perimental results of Wo¨ltgens, Dekker, and de Wijn17 in
YBCO film. Wöltgens, Dekker, and de Wijn measured t
nonlinear Hall resistivity in YBa2Cu3Oy films near the vortex
glass transition. According to their results, the Hall elect
field Ey is a strongly nonlinear function of current densi
Jx . Furthermore,rxy andrxx obey the scaling behaviorrxy
5Arxx

b with b51.7 over wide current densities and tempe
tures. An alternative model for the scaling law ofrxy
5Arxx

b with b52.0 has been put forward by Vinokur, Ges
kenbein, and Feigel’man, and Blatter~VGFB!.18 They indi-
cated that the scaling ofrxy andrxx is a general feature o

FIG. 3. ~a! The exponentb as a function of temperature near th
vortex glass transition.~b! The double-logarithm plot ofrxy vs
rxy for a YBCO/PBCO (60 Å/48 Å)16 superlattice in a magnetic
field of 2 T and at fixed temperatures of 75 and 77 K.
n-

-

w

x
-

-

any vortex state. The prediction is consistent with expe
mental results of Somoilov19 in Bi2Sr 2CaCu2Oy single crys-
tal.

Recently, Li, Zhang, and Adrian3 reported the effect of
flux pinning on the mixed-state Hall coefficient, indicatin
that the Hall anomaly diminished or even disappeared w
increasing anisotropy parameter and decreasing pinn
strength. A scaling law inrxy andrxx was observed and th
power lawrxy5Arxx

b holds good for all samples with som
variation in the exponentsb51.6–2. Their results are con
sistent with the WDT theory and are similar to our rece
work3 on the scaling behavior of YBCO/PBCO superlattic
in magnetic fields. The present work examines theJ depen-
dence ofrxy andrxx . Therxy andrxx obey the power law
rxy5Arxx

b with b51.760.05 over a wide range of curren
densities and temperatures. The Hall electric field is a n
linear function of the current density in the vicinity of th
local minimum of negative Hall coefficient which is consi
tent with the prediction of the DF model. Meanwhile,rxy is
independent ofJ in the low current density where the beha
ior of rxy is Ohmic.

Finally, we compare the results derived with the VGF
DF, and WDT theories. These theories are self-evidently
an entirely different nature. The DF theory predicts tha
nonlinear Hall fieldEy should scale with a universal powe
of the current density at the vortex glass transition, while
WDT theory predicts that, in the regime ofg;0 or h
>gG(VL) and g;0, Exy5(b0Exx

2 /JF0B) holds even in
the nonlinearExy regime for fixed temperatures and ma
netic fields, and varied current. The fact thatb predicted by
the VGFB theory is retrieved from the DF critical scalin
analysis, leads to the conclusion that the DF and VGFB th
ries are mutually comparable in the sense that the spe
combination of the critical components~z1g21)/(z21) of
the scaling lawrxyarxx

(z1g21)/(z21) in the DF theory is
equal tob. Notably, neither the DF nor the VGFB can e
plain the sign reversal of therxy in type-II superconductors
while the WDT theory predicts a sign reversal.

CONCLUSION

In summary, this study measures longitudinalrxx and
Hall rxy resistivities as a function of current density und
different currents and temperature regimes for YBCO/PB
superlattices. According to those results, the Hall elec
field is a nonlinear function of the current density in th
vicinity of the local minimum of negative Hall coefficient
The Hall resistivity is independent ofJ in the low current
density whererxx is Ohmic. Furthermore,rxy andrxx obey
rxy5Arxx

b with b51.760.05 over a wide range of curren
densities and temperatures in a magnetic field of 2 T.
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