
o-ku,

PHYSICAL REVIEW B 1 APRIL 1998-IIVOLUME 57, NUMBER 14
Double sign reversal of the Hall effect in the mixed state of YBa2Cu3Ox

K. Nakao, K. Hayashi, T. Utagawa, Y. Enomoto, and N. Koshizuka
Superconductivity Research Laboratory, International Superconductivity Technology Center, 10-13 Shinonome 1-chome, Kot

Tokyo 135, Japan
~Received 10 November 1997!

The Hall effect in a YBa2Cu3Ox thin film was measured using high current densities of the order of
106 A/cm2, and the second sign reversal was observed clearly in the irreversible regime. The shape of the
boundary between the positive and the negative Hall effect plotted on aB-T plane is similar to those of Bi- and
Tl-based materials reported previously. Feigel’manet al.’s theory reproduces the experimental results quali-
tatively. @S0163-1829~98!04814-0#
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According to the conventional models of the vort
dynamics,1,2 the Hall effect in the mixed state of superco
ductors should have the same sign as that in the normal s
However, many high-Tc materials exhibit a sign reversal o
the Hall effect nearTc . Although the origin of the sign re
versal has not been clarified yet,3–8 the mechanism seems n
to be related to peculiarities of oxide high-Tc materials, be-
cause the sign reversal has also been observed for lowTc
materials.9–11

In addition to the sign reversal nearTc , a second sign
reversal has been observed in Bi2Sr2CaCu2Ox ,12

Tl2Ba2CaCu2O8,
4,13 ~BiPb!2Sr2Ca2Cu3Od ,14

Tl2Ba2Ca2Cu3Od ,14 and HgBa2CaCu2O61d .15 In these mate-
rials, the sign of the Hall effect is positive in the normal sta
and changes to negative nearTc and becomes positive aga
at a lower temperature that depends on magnetic field. In
case of YBa2Cu3Ox ~YBCO!, however, such behavior ha
not been studied systematically so far, although some da
the literature indicate the existence of the second s
reversal.16–18 One possible reason for this difference is th
in YBCO, the second sign reversal is masked by the pinn
effect that is so strong at temperatures where it should
place.19 In order to investigate this possibility, we must e
plore the irreversible regime using high current densit
larger than the critical current densities.

There have been some pioneering works in the nonlin
region of the Hall effect for YBCO. Kunchuret al.16 mea-
sured the Hall effect just belowTc using high current densi
ties up to 0.7 MA/cm2. Wöltgens and co-workers20 observed
the scaling relation between the longitudinal and the H
voltages in the region of the negative Hall effect. Bo
groups, however, did not search for the second sign reve
at lower temperatures. In the present work, we measured
Hall effect in a YBCO thin film in the nonlinear region usin
pulsed high currents and searched for the possible se
sign reversal.

Films were grown on MgO substrates by a laser ablat
technique. Thec axis was oriented perpendicular to the fil
surface, and the thickness was 200 nm. The supercondu
transition temperatureTc was 87 K. Films were patterne
photolithographically into a Hall bar, whose width was 1
mm. Magnetic fields were applied along thec axis. Figure 1
shows the temperature dependence of the Hall resistiv
measured by a conventional technique. The Hall resisti
570163-1829/98/57~14!/8662~5!/$15.00
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exhibits sign reversals and stays negative until it becom
smaller than our experimental resolution at lower tempe
tures, which is the typical behavior of YBCO.

For the measurements with large current densities in
irreversible regime, we used triangular current pulses wh
width was as short as 33ms in order to avoid excessiv
heating. For such a short current pulse, the total dissipa
induces negligible temperature increase if the generated
is absorbed by the substrate that has a large heat capaci
this situation the temperature increase of the film is mai
controled by the thermal boundary resistance, which ex
between the film and the substrate.21 It is known that the
thermal boundary resistance of YBCO films is nearly ind
pendent of temperature and the substrate material.22 There-
fore, we can rather easily estimate the temperature incre
during the current pulse as was done in Ref. 21. Before e
measurement of the Hall voltage, we measured the long
dinal voltage in the same experimental condition and e
mated the temperature increase. The maximum tempera
increase we allowed in the present work was 0.2 K.

In order to achieve the sufficient signal to noise rat
measurements were repeated with a low frequency~4–20
Hz! and 1000 pulses were recorded and averaged in a di
oscilloscope~Nicolet Pro92!. Measurements were performe
in positive and negative magnetic fields and in normal a
reversed current directions. The true Hall voltage was ca
lated from a combination of these four records, which can
symbolically expressed as

FIG. 1. Hall resistivity as a function of temperature in 1, 2, 3,
5, and 7 T, measured by a conventional technique.
8662 © 1998 The American Physical Society
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Vxy5~ 1
4 !@Vxy~1B,1I !2Vxy~1B,2I !2Vxy~2B,1I !

1Vxy~2B,2I !#. ~1!

The reversal of the magnetic field was definitely necessar
order to cancel the residual longitudinal voltage because
typical Hall angle in the irreversible regime was on
;1024. The reversal of the current turned out to be ve
effective to cancel out spurious voltages due to the poss
motion of the sample and/or the voltage lead wires indu
by a strong Lorentz force exerted on a large current. It w
crucial to perform the measurements of four component
Eq. ~1! in exactly constant experimental circumstances,
pecially the temperature, in order to achieve reproduc
results. Temperature was stabilized within630 mK. Note
that the possible temperature increase up to 0.2 K mentio
above does not harm the data quality provided the four c
ponents in Eq.~1! are measured in exactly the same con
tions.

Figure 2 shows an example of the measurement. One
riod of the triangular current wave form, rather than a h
period, was used for the purpose of confirming the perf
mance of the measuring system. It was verified that the
and the second half of the current wave form gave a con
tent result.

Figure 3~a! shows the Hall voltages in 7 T plotted against
the current density at several temperatures in the irrevers
regime. The current-voltage relations are strongly nonline
but they are monotonic. Therefore, the sign of the Hall eff
can be defined without any ambiguity at each temperature
sign reversal takes place at about 67.6 K. This is the sec
sign reversal back to the positive Hall effect. The results
the measurements in 5 T are shown in Fig. 3~b!. The evolu-
tion of the Hall voltage is very similar to that in 7 T, exce
that the second sign reversal takes place at a lower temp
ture in 5 T. The same measurements were also performe
3, 4, and 6 T.

Thus defined sign reversals as well as the first sign re
sals observed by a conventional technique in the revers

FIG. 2. An example of the measurement using a pulsed h
current.
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regime are plotted on aB-T plane in Fig. 4. The data on
Bi2Sr2CaCu2Ox and Tl2Ba2CaCu2O8 taken from Refs. 12 and
13, respectively, are also plotted in the figure. The Hall eff
is negative only in the region below the boundary. The sh
of the boundary is similar for three materials. The differen
is that, for YBCO, the boundary extends from the reversi
to the irreversible regime. The similarity of the sha
strongly indicates the existence of a common mechanism
the sign reversal for these material. The mechanism must
be related to the pinning effect because the location of
irreversibility line does not affect the shape of the bounda

There have been many proposals of mechanisms for
sign reversal of the Hall effect. Among them, only a few c
account for the existence of the second sign reversal. Ha
et al.4 modified the model proposed by Nozie`res and Vinen,1

so that a frictional force proposed by Bardeen and Steph2

h

FIG. 3. Hall voltage against current density in~a! 7 T and~b! 5
T at several temperatures in the irreversible regime.



o
y
an
o
,
p
in
an
c

nt

th
e
tu

ex
d

ch
i.e
e

to
ig

ro
n
or
e

a
m

gn

e

ll

ting
of

ence
e

in
ect.

we
the
x-
mp-
the
o-

sly

tic

we

l in

he
x-
tic

o

b-
e.
r
hat
nt in
on-

s.
or-

Ha

re
-
rv

a

8664 57NAKAO, HAYASHI, UTAGAWA, ENOMOTO, AND KOSHIZUKA
could be included. According to this model, the boundary
the positive and the negative Hall effect is determined b
delicate balance of two types of frictional forces. If we c
assume that the effect of the pinning is equivalent to a ren
malization of the Bardeen-Stephen-type frictional force23

then the boundary should depend on the strength of the
ning effect. Our experimental results, however, strongly
dicate that the boundary is determined by a common
intrinsic mechanism, and independent of the pinning effe
Therefore, in our opinion, it is difficult to explain the prese
results by this model.

Freimuth and co-workers’ explanation5 for the sign rever-
sal of the Hall effect is based on the assumption that
transverse motion of vortices develops a transverse temp
ture gradient, and the Seebeck effect due to this tempera
gradient modifies the apparent Hall voltage. Using the
perimental results on the Seebeck effect, they succeede
explaining the double sign reversal of Bi2Sr2Ca2Cu3Od .
However, the temperature gradient developed by this me
nism should strongly depend on experimental situations,
single crystals or thin films, dc measurements or pulse m
surements, and so on. In this respect, this model seems
inconsistent with the experimental facts that the double s
reversal is rather common and robust.

In the present article, we tentatively adopt the model p
posed by Feigel’manet al.19 This model attributes the sig
reversal to the effect of the excess charge of the vortex c
In general, superconducting transition induces a chang
the chemical potential, and if the vortex core is in the norm
state, the difference in the chemical potential must be co
pensated by a redistribution of charge carriers. The ma
tude of the difference of the carrier densitydn/n0 is of the
order of (D/«F)2, wheredn5n02n` , n0 andn` being car-
rier densities in the core and far outside the core, resp
tively, D is the superconducting energy gap, and«F is the
Fermi energy.24 According to this model, the sign of the Ha
effect is determined bydn and the relaxation ratet of the
normal carrier in the vortex core.25 In the refined version of
this model19 the Hall conductivitysxy in the mixed state is
expressed as

FIG. 4. Boundaries between the positive and the negative
effect. Closed circles are for Tl2Ba2CaCu2O8 ~Ref. 12!, open circles
are for Bi2Sr2CaCu2Ox ~Ref. 11!, and open and closed squares a
for YBa2Cu3Ox ~present work! obtained by a conventional tech
nique and by the pulse current technique, respectively. Solid cu
are guides to the eye. The broken curve shows the calculation
cording to Eq.~5!. See text for details.
f
a

r-

in-
-
d
t.

e
ra-
re
-
in

a-
.,
a-
be
n

-

e.
of
l
-
i-

c-

sxy5
n0ec

B

D2

«F
2 @~Dt/\!2g2sin~dñ!#1sxy

n ~12g!, ~2!

whereg is a parameter which expresses the superconduc
portion of the carrier,dñ is related to the excess charge
the vortex core and modified by the screening effect, andsxy

n

is the Hall conductivity of the normal state.
This model, as many other theories, assumes the abs

of the pinning effect, which is the dominant factor for th
vortex motion in the irreversible regime. Vinokuret al.23

pointed out phenomenologically that the Hall conductivity
the mixed state should be independent of the pinning eff
Although this idea works well very often,20,26 it is not sup-
ported by any microscopic theory. In the analysis below,
concentrate on the boundary between the positive and
negative Hall conductivity, which can be more safely e
pected to be independent of the pinning effect. This assu
tion is supported by our observation that the evolution of
Hall voltage with the increase in the current density is mon
tonic and the sign of the Hall effect can be unambiguou
defined as a function of temperature and magnetic field.

First, we consider the boundary in the small magne
field limit, where the second term in Eq.~2!, which should be
proportional toB, is negligible. Just belowTc , whereD and
g are very small, and in a small magnetic field,

sxy'2
n0ec

B

D2

«F
2 sin~dñ!. ~3!

As long as sign reversals are observed experimentally
must assume sin(dñ)511. Then the Hall effect just belowTc
is negative. Thus, this model predicts the first sign reversa
the limit of zero magnetic field atTc , which agrees with the
experimental fact.

At lower temperatures and in small magnetic fields, t
condition (Dt/\)2g51 gives the second sign reversal. E
perimentally, the second sign reversal in small magne
fields takes place at 50–60 K, which is well belowTc .
Therefore, as a reasonable approximation we can putg51
and D(T)5D0 , whereD0 is the energy gap atT50. Then
the condition for the second sign reversal is reduced tt
5\/D0 . If we adopt 20 meV as the value ofD0 , we obtain
t50.33310213 s. Gaoet al.27 and Bonnet al.28 estimatedt
below Tc from their microwave measurements. They o
served a rapid increase int with a decrease in temperatur
Their estimation oft at 50–60 K is about one order large
than the above estimation. Taking into account the fact t
both the sample and the measuring technique are differe
two estimations, the difference of one order is not unreas
able.

Next, we consider the boundary in finite magnetic field
Because the normal state Hall conductivity should be prop
tional to magnetic fieldB, sxy

n can be written as

sxy
n 5sxy

n B, ~4!

wheresxy
n is positive and independent ofB. Substituting Eq.

~4! and sin(dñ)511 into Eq. ~2! and puttingsxy50, we
obtain

ll

es
c-
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B25
n0ecD2@12~Dt/\!2g#

«F
2sxy

n ~12g!
. ~5!

This relation gives the boundary between the positive and
negative Hall effect on aB-T plane. For the calculation o
the boundary according to Eq.~5!, we need temperature de
pendences ofD(T) andg(T). For D(T), we simply assume
that29

D~T!51.74D0S 12
T

Tc
D 1/2

, ~6!

where the magnetic field dependence ofD(T) is neglected
because the magnetic fields where the second sign reve
occur are much smaller than the upper critical fieldBc2 . For
g(T), we adopt the two-fluid model29 as a simplest approxi
mation,

g~T!512~T/Tc!
4. ~7!

It was observed that the Hall conductivity of the prese
sample in the normal state has an approximate tempera
dependence}T23, as was reported for many othe
samples.30 For sxy

n belowTc , we assume that the temperatu
dependence can be extrapolated from the normal state,
obtain,

sxy
n 53.7531014

1

T3 . ~8!

At the second sign reversal in small magnetic fields,
relation (Dt/\)2g51 holds, andD0t/\ should be slightly
larger than 1. For simplicity,D0t/\ is fixed to be 1.1 rather
arbitrarily in the calculation. Then the fitting parameter
Eq. ~5! is only n0(D0 /«F)2. The broken curve in Fig. 4
shows the boundary calculated according to Eq.~5!, where
n0(D0 /«F)25731017 is substituted. Widely accepted value
are n051021– 22 cm23,31 and D0 /«F50.1– 0.2.32 Therefore,
v.
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if we use these value forn0(D0 /«F)2 in the calculation, we
obtain magnetic fields for the boundary larger than the
perimental results by more than one order. Furthermore,
shape of the boundary is not perfectly reproduced. Howe
the disagreement does not seem to rule out the applicab
of the theory if we consider large ambiguity in the evaluati
of physical parameters of this material and approximation
the theory.

It is reported thatt has stronger temperature dependen
below Tc ,28 and it is naturally expected thatsxy

n at tempera-
tures belowTc , which is not experimentally accessible d
rectly, has also a stronger temperature dependence than
above Tc .17 Assuming a steeper temperature depende
than}T23 for sxy

n in Eq. ~5!, we obtain a better agreemen
between the theory and the measurement. However,
would not pursue this possibility further, because it is n
sure whether the present stage of both the theory and
experimental determinations of basic constants of the ph
cal property of YBCO allow more quantitative compariso
between the theory and the experiment.

In summary, the Hall effect of YBa2Cu3Ox was measured
using high current densities at temperatures down to 58
and the second sign reversals were observed. The sign o
Hall effect does not depend on the current density and ca
defined unambiguously at each point on aB-T plane. The
boundary of the sign of the Hall effect is qualitatively simil
for Y-, Bi-, and Tl-based highTc materials. This fact
strongly indicates that the existence of the region of
negative Hall effect is the very intrinsic property of highTc
materials and should be explained without including the p
ning effect. Feigel’manet al.’s theory can explain reasonabl
well the character of the boundary, but the quantitat
agreement with the experiment is not satisfactory.

This work was partially supported by NEDO for R&D o
the Industrial Science and Technology Frontier Program.
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