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The mixed-state Hall conductivity behavior has been studied systematically on a series of superconducting
~YBa2Cu3O7)n /~PrBa2Cu3O7)8 ~heren53,8,16,24,45,60) superlattices in three magnetic fields withHuuc
axis andH'J. It was found that the Hall sign anomaly diminishes and even disappears with the decreasing of
the YBCO layer thickness, i.e., the increase of the anisotropy parametere, and the decrease of the pinning
strength. The scaling relationship between the Hall resistivityrxy and the longitudinal resistivityrxx , i.e.,
rxy}rxx

a holds for all of the samples with variouse. This indicates that the anomalous Hall sign reversal is
independent of the scaling law betweenrxy andrxx . The present work supports the Wang, Dong, and Ting
theory which suggested that the mixed-state Hall sign anomaly originated from the backflow current due to the
pinning force and the thermal fluctuations.

The study of the Hall effect, especially in the mixed state,
plays an important role for the understanding of some as-
pects of superconductivity and vortex motion in type-II su-
perconductors. The Hall resistivity in the mixed state has two
evident properties. One is the sign reversal of the Hall resis-
tivity when the temperature is decreased belowTc0 , and the
other is the pronounced scaling relationship between the Hall
resistivity rxy and the longitudinal resistivityrxx , i.e., rxy
}rxx

a , here the theoretical value of the exponenta is about
2. The anomalous behavior of the Hall sign nearTc0 has
been observed widely in ceramics, single crystals as well as
in epitaxial thin films of high-Tc superconductors1–5 and
even in some conventional low-Tc superconductors.6–8

The scaling law has been found not only in YBCO,9

but also in strongly anisotropic superconductors such as
Tl2Ba2Ca2Cu3O10.

10

In response to this anomalous behavior of the Hall con-
ductivity, various kinds of theoretical interpretation have
been proposed. Freimuth, Hohn, and Galffy11 attributed the
sign reversal to the large thermomagnetic effect in the mixed
state. Harris, Ong, and Yan12 suggested that the sign reversal
is a unique feature of vortices parallel to theabplane, but, in
fact, it can also be explained by anisotropic time-dependent
Ginzburg-Landau~TDGL! theory.13,14 Hagenet al.15 argued
that the sign reversal is due to the general properties of vor-
tex motion. Moreover, Luoet al.9 proposed that the scaling
law of rxy}rxx

a is a result of vortex-glass transition. Several
theoretical explanations have also been put forward. Ferrell16

considered the effect of the opposing drift of thermal excited
quasiparticles which collide quasiclassically with the hydro-
dynamic superfluid velocity field. His calculated Hall angle
has sign opposite to that in the normal state. Dorsey17 and

Kopnin, Ivlev, and Kalatsky18 showed that the Hall anomaly
could be a consequence of the time-dependent Ginzburg-
Landau~TDGL! theory. Meilikhov and Farzetdinova19 inter-
preted the anomalous Hall effect based on the models of
Bardeen and Stephen~BS! and Noziéres and Vinen~NV!
models by considering Andreev reflection at the interface
between the normal core and the superconducting periphery.
Recently, Wang, Dong, and Ting20 ~WDT! have developed a
unified theory for the flux motion, particularly for the mixed-
state Hall effect in type-II superconductors based upon the
normal core model of BS and by taking into account both the
backflow effect and thermal fluctuations of the vortex. To
explain the Hall sign reversal, the pinning force still plays an
essential role, although the thermal fluctuations of the vortex
have been taken into account in WDT theory. Budhani, Liou,
and Cai21 have studied the mixed-state Hall effect for differ-
ent pinning strengths in Tl2Ba2Ca2Cu3O10 samples by cre-
ating linear defects through irradiation of high-energy silver
ions, and they argued that the sign reversal inrxy at low
magnetic field diminishes with increasing defect concentra-
tion, contrary to the theory of Wang and Ting~WT!.22

However, in recent experiments of Samoilovet al.23

where the authors investigated the mixed-state Hall effect in
epitaxial Tl2Ba2CaCu2O8 thin films and YBa2Cu3O7
single crystals before and after irradiation with high-energy
Pb ions, the irradiation-induced columnar defects do not
modify the behavior of the Hall conductivity, which is con-
trary to the result of Budhani, Liou, and Cai. In order to
clarify the role of the pinning force acting in the interpreta-
tion of Hall sign anomaly in high-Tc superconductors, we
have selected the~YBCO! n /~PrBCO!m multilayer as candi-
dates in which the pinning strength can be modified easily by
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adjusting the interplanar coupling between YBCO layers,
i.e., by varying the modulation ration:m. The mixed-state
Hall resistivity behavior has been studied systematically
on a series of superconducting~YBCO! n /~PrBCO! 8
(n53,8,16,24,45,60) multilayers. One result is that the Hall
sign anomaly changes~diminishes or even disappears! sys-
tematically with increasing anisotropye which corresponds
to the decreasing of the pinning strength in
~YBCO!n /~PrBCO!8 multilayers. The scaling lawrxy}rxx

a

holds always for all of the samples with variouse.
A series of high-qualityc-oriented high-Tc superconduct-

ing @~YBCO! n /~PrBCO! 8]N superlattices were prepared by
sequential continuous high pressure d.c. sputtering onto
heated~100!SrTiO3 substrates in pure oxygen atmosphere
(PO2

'3 mbar! from planar, stoichiometric YBa2Cu3O72d

and PrBa2Cu3O72d targets as reported elsewhere.24 The
thicknesses of the films range between 200 and 300 nm. The
repeated periodsN have been summarized in Table I for each
sample. All of the samples were characterized by x-ray dif-
fraction ~XRD! with good modulation structure. Other de-
tailed superconducting properties as well as structural char-
acteristics can be seen in Refs. 25 and 26.

The measurements of the longitudional voltageVxx and
the Hall voltageVxy as function ofT in three magnetic fields
(H51, 3, and 5 T! were performed on six selected superlat-
tices with modulation ratio 3:8, 8:8, 16:8, 24:8, 45:8, and
60:8, respectively. In our measurements,Huuc axis and the
current densityJ of about 500 A/cm2, with H'J, was ap-
plied to the samples. The Hall voltageVxy was obtained from
the antisymmetric part of the transverse voltage under
magnetic-field reversal.

In Table I we have given the critical transition tempera-
ture of zero resistanceTc0 for each sample at zero field.
Tc0 was suppressed by decreasing the thickness of the super-
conducting YBCO layer. The resistivity at room temperature
~about 300 K!, rxx~300 K! and the ratio ofrxx(300 K!/
rxx(100 K! are also given in Table I. There was no evident
systematic change of these values related to the thickness of
the YBCO layer. For all of the samples,rxx(300 K!/
rxx(100 K! exceeds 2, which is larger than that reported by
Affronte et al.and is very close to that of YBCO.27 This very
good metallic conductivity ofr-T curves in the normal state
indicates that the scatter by the interface is much less impor-
tant in our multilayers.

The sharpness of the interface and its higherTc0 show
that the samples which are investigated in our experiments
do not consist of the Y12xPrxBa2Cu3O7 alloy. Even if a

little of Y 12xPrxBa2Cu3O7 is present in the interface, the Pr
concentrationx will not exceed 15%. This can be shown by
the XRD studies28 and TEM investigations29 in YBCO/
PrBCO superlattices. Therefore, what we will discuss
below is different from the mixed-state Hall effect in
Y12xPrxBa2Cu3O7,

30,31 or the result of Y0.5Pr0.5Ba2Cu3O7
reported by Affronteet al.,27 since Tc0 and rxx(300 K!/
rxx(100 K! in our samples are far larger than that of
Y0.5Pr0.5Ba2Cu3O7.

The normal-state Hall resistivityrxy /H as function ofT
for six samples is shown in Fig. 1. As the conductivity of
PrBa2Cu3O7 is much lower than that of YBa2Cu3O7, here
in the calculation ofrxy /H for the multilayer, only the thick-
ness of YBa2Cu3O7 layer has been taken into consideration.
No evident systematic variation ofrxy /H related to the
thickness of YBCO layers can be obtained from this figure.
But the magnitude ofrxy /H for 3:8, 8:8, and 16:8 is obvi-
ously larger than that in 24:8, 45:8, and 60:8. The value of
rxy /H at 95 K was also shown in Table I. It is about 0.3
mV cm T21 for these samples with a thinner YBCO layer,
while it is in the range of 0.1 to 0.2mV cm T21 for those
with a thicker YBCO layer. The increase ofrxy /H with the
decreasing YBCO-layer thickness in YBCO/PrBCO superlat-

TABLE I. Transport properties of~YBCO!n /~PrBCO!8 multilayers. In calculation ofrxy , only the
thickness of YBCO layers has been taken into consideration.

Sample
specification N Tc0 ~K!

rxx ~300 K!
mV cm rxx~300 K!/rxx ~100 K!

rxy ~95 K!/H
mV cm T21

dnH/dT
1019 cm23 K21 e2

3:8 13 70 491.7 2.56 0.29 1.51 6400
8:8 11 75 430.5 2.76 0.30 2.12 144
16:8 9 88.5 673.2 2.2 0.31 1.32 44
24:8 8 89 427.8 2.26 0.10 5.58 28
45:8 5 90.5 586.3 2.19 0.20 2.29 25
60:8 4 90 515.2 2.23 0.16 3.95 25

FIG. 1. Normal-state Hall resistivity as a function of tempera-
ture for six superlattices with different modulation ratio, there is no
systematic change ofrxy /H related to the thickness of the YBCO
layer.
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tices has also been reported by Affronteet al. Our results
support the point of view proposed by Affronteet al. The
increase ofrxy /H is related to the fact that the layer under-
goes a mechanical strain that is only weakly thickness de-
pendent for thin layers. This strain arises from the mismatch
between the YBa2Cu3O7 and PrBa2Cu3O7 lattices. This
strain may have an influence on the oxygen ordering in the
YBa2Cu3O7 layers and this may lead to a slightly different
carrier concentration between multilayers with different
modulation lengths. If we assume thatnH51/eRH holds in
the YBCO/PrBCO multilayer system, too, we find that the
linearity of nH-T is still valid for all of the samples. The
slopes of thenH-T curves are, however, different from
sample to sample. ThednH /dT values are also given in
Table I. They are about 1.5 (1019 cm23 K 21) for the 3:8,
8:8, and 16:8 samples, whilednH /dT is larger than 1.5
(1019 cm23 K21! for 24:8, 45:8, and 60:8. However, there is
no evident systematic change in them, either. We admit that
Tc0 might be related tonH , but there is no certain connec-
tion between them, sincerxy /H anddnH /dT differ from one
sample to another, but theirTc0 are almost the same~about
90 K! at least for those samples with the thicker YBCO layer.

However, the mixed-state Hall resistivity changes more
systematically in relation to the layer thickness and they are
shown comparatively in Fig. 2 at the three magnetic fields.
Clearly, for samples 24:8, 45:8, and 60:8, whenT is de-
creased below their individualTc0 , rxy changes from posi-
tive to negative, i.e., there exists a so-called sign reversal of
rxy . For 16:8, there also exists a sign reversal at low mag-
netic fields (H51 and 3 T! but the Hall sign anomaly is
diminished compared with that in 24:8, 45:8, and 60:8, i.e.,
the maximum magnitude of the negativerxy ,Dmax, defined
as that shown in Fig. 2, becomes smaller. AtH55 T, the
Hall sign anomaly has simply disappeared. In 3:8 and 8:8, no
sign reversal has been observed at three magnetic fields
within the experimental accuracy. Therefore, this systematic
change of Hall sign related to the layer thickness of YBCO
must reflect some important features in the mixed state, and
therefore gives some information on the origin of Hall sign
reversal in the high-Tc superconductors.

Li et al.32 found that the characteristics of the magnetic
field and angular dependence of the critical current density
crosses from three dimensions to two dimensions by increas-
ing the temperature from below to above theTc

in of the inter-

FIG. 2. rxy /H vs T in three magnetic fields
for six ~YBCO!n/~PrBCO!8 superlattices with dif-
ferent unit cells of YBCO layer. No sign reversal
in rxy has been observed in samples 3:8 and 8:8.
For 16:8 there is no Hall sign anomaly atH55 T,
but atB51 and 3 T there is sign reversal present
in rxy . In other samples with a YBCO layer
thicker than 24 u.c., their Hall resistivity behavior
are just like that in pure YBCO thin films.
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calating PrxY 12xBa2Cu3O72d layer in YBa2Cu3O72d /
PrxY12xBa2Cu3O72d superlattices. This result demonstrates
that the interplanar coupling is a very important parameter in
determining the flux motion in high-Tc superconductors.
When x51, PrxY 12xBa2Cu3O72d is replaced by
PrBa2Cu3O72d . Fu et al.26 argued that the magnetoresis-
tance in~YBCO! 1/~PrBCO! 3 and~YBCO! 1/~PrBCO! 5 has a
strong anisotropy. They estimated that the anisotropy param-
eter e is about 50 and̀ , for a 1:3 and a 1:5 superlattice,
respectively. In those samples, which are investigated in our
experiment, the superconducting layer YBCO is not a one
unit cell, but the PrBCO layer is thick enough to weaken the
interplanar coupling between YBCO layers, so that the an-
isotropy parametere will change systematically related to
decreasing YBCO layer thickness. Generally, we could not
get e5Hc2

i /Hc2
' because it is very difficult to measure the

upper critical fieldHc2
i andHc2

' , directly. However, if one
defines the depinning field as the field at which the magne-
toresistance is about 10% of the normal resistance, i.e.,
r(T,H CR)50.1rnormal(Tc0),

33 in the flux-flow region, the
depinning field is directly proportional to the upper critical
field, so e5Hc2

i /Hc2
' 'HCR

i /HCR
' . The depinning fieldHCR

i

andH CR
' , for magnetic field parallel and perpendicular to

the ab plane, can be obtained from the magnetoresistance
curves which correspond toHuuab plane, andHuuc axis, re-
spectively. In terms of this method, we have estimated
e2'6400, 144, 44, and 28 in Table I for the 3:8, 8:8, 16:8,
and 24:8 samples, respectively. For other samples,e2 is
about 25 which is very similar to that in the pure YBCO thin
film.34

Brunneret al.35 have pointed out that the flux-creep acti-
vation energy is proportional to the thickness of the YBCO
layer in ~YBCO!/~PrBCO! superlattices, so that the flux-
creep activation energy decreases with the decreasing
YBCO-layer thickness. That means the flux-creep activation
energy decreases with increasing anisotropy in~YBCO!/
~PrBCO! multilayers. If one assumes that the activation en-
ergy is determined by the pinning of the vortices, then the
pinning strength changes systematically with the increasing
anisotropy in these multilayers. Therefore, we argue that the
interesting mixed-state Hall sign behavior arises from the
systematic change of the pinning strength in a series of
~YBCO! n /~PRBCO! 8 multilayers with thinner YBCO lay-
ers. It will be discussed in the frame of Wang, Dong, and
Ting ~WDT! theory as follows in detail.

Wang and Ting,22 based upon the Bardeen and Stephen
normal-core model for flux lines and by taking into account
the backflow current due to pinning force, demonstrated that
the anomalous Hall effect could be explained in terms of the
existence of pinning forces in the samples. Recently, Wang,
Dong, and Ting20 developed the WT theory by taking into
consideration both the backflow effect and thermal fluctua-
tions. They analytically derived the relationship between the
longitudional resistivityrxx and the Hall resistivityrxy writ-
ten as follows:

rxy5
b0rxx

2

F0H
@h~12ḡ !22ḡG~vL!#, ~1!

where b05mmHc2 with mm5te/m, the mobility of the
charge carriers and wheret is the Drude relaxation time,
Hc25F0/2pj2 being the usual upper critical field withj the
superconducting coherence length, andh5NeF0b0
5F0Hc2 /rn is the usual viscous coefficient with
rn5(Ne2t/m)21 the resistivity of the normal state.
ḡ5g(12H̄/Hc2) with H̄ the average magnetic field over the
core andg the parameter describing the contact force on the
surface of the core, which depends onT in the following
way:22 g;0 ~NV limit ! for j/ l!1 andg;1 ~BS limit! for
j/ l>1 with l as the mean free path of the carrier.G(vL) is
determined by the equation̂Fp& t52G(vL)vL , where

FIG. 4. ln(urxyu) vs ln(urxxu) plot for YP144 atH51 T ~tri-
angle!, 3 T ~square!, and 5 T~circle!. The base of logarithm in this
figure ise. Solid lines represent a fit to the power-law dependence
rxy}rxx

2 ~for H51 T!; rxy}rxx
1.6 ~for H53 and 5 T!.

FIG. 3. rxy as function ofH at several temperatures for 8:8
superlattice. No evident sign reversal inrxy(H) has been observed
even in very low magnetic field at the temperature 74.5 K which is
slightly below itsTc0575 K.
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vL5^vf( i )& t is the time average drift velocity fori th flux
vortex, and^Fp& t time averaged pinning force in which the
thermal fluctuations have been considered.

First, let us discuss the sign reversal. For fixedJ and
magnetic fieldH, the sign ofrxy is simply determined by the
sign of h(12ḡ)22ḡG(vL). If the pinning is relatively
strong, i.e.,G(vL).h(H̄/Hc2), when the magnetic fieldH is
within the intermediate region,rxy will change its sign from
positive to negative by decreasing the temperature below
Tc0 . This predication is in agreement with the experimental
result for 24:8, 45:8, and 60:8.

It has already been mentioned above that when the super-
conducting layer YBCO becomes thinner, due to the de-
crease of the flux-creep activation energy, i.e., the interplanar
coupling between YBCO layers becomes weaker and subse-
quently the superconductivity in the multilayer is suppressed.
It leads to an enhancement of the thermal fluctuations and
consequently it enhances the flux motion, therefore the fric-
tion due to the pinning decreases with decreasing YBCO-
layer thickness. As a result of that, the condition that the
friction due to the pinning is much smaller than the Bardeen-
Stephen friction, i.e.,G(vL)!h(H̄/Hc2) can be satisfied in
this case in the intermediate field. The condition for the dis-
appearance of the negative Hall in Eq.~1! is simply
h(12ḡ).2ḡG(vL), which leads to the following expres-
sion if we insertḡ5g(12H̄/Hc2) into the above formula:

H̄.Hc2S 12
h

g@2G~vL!1h# D . ~2!

Provided thatH̄/Hc2,1 ~for H̄/Hc2>1,rxy is always posi-
tive!, thenG(vL)!(H̄/Hc2),h, which leads to

H̄.Hc2S 12
h

g@2G~vL!1h# D'Hc2S 12
1

g D . ~3!

Since g lies between 0~lower temperature limit! and 1
~higher temperature limit!, Eq. ~3! can be always satisfied in
the whole temperature range even in very smaller external
magnetic field,rxy is therefore always positive. Actually, no
Hall sign reversal has been observed at very small magnetic
field in the 8:8 sample. Therxy as a function of the magnetic
fieldH at several temperatures for the 8:8 is shown in Fig. 3.
Within the experimental accuracy, no evident negative
rxy(H) has been observed even at the temperature
(T'74.5 K! slightly below itsTc0575 K.

When the thickness of the YBCO layer increases, the
flux-creep activation energy increases, and the thermal fluc-
tuations decrease, which leads to the increase of the friction
due to the pinning, e.g., in the 16:8 sample, the magnitude of
G(vL) may be comparable with Bardeen-Stephen friction
h(H̄/Hc2) in the intermediate field (H51 and 3 T!, so that
there is a Hall sign reversal, but at higher field (H55 T!, no

sign anomaly can be observed. Moreover, the maximum of
the negativerxy , i.e.,Dmax ~defined as that shown in Fig. 2!
at H51 and 3 T was suppressed. This indicates thatDmax

reflects the magnitude ofh(12ḡ)22ḡG(vL), and should
be determined byG(vL) andh(H̄/Hc2) quantitatively, which
is beyond our discussion in this paper.

Now let us turn to discuss the scaling law ofrxy}rxx
a . In

24:8, 45:8, and 60:8,rxy}rxx
q , hereq'1.7, holds in the

temperature region whererxy is negative. In 3:8 and 8:8, the
sign anomaly has disappeared, but the scaling relationship
rxy}rxx

q is still valid in a very large temperature range where
rxy is always positive. However, the exponentq depends
slightly on sample characteristics and magnetic field. Figure
4 shows ln(urxyu) vs ln(urxxu) for 3:8 in three magnetic
fields. WhenH51 T, q'2, andH53 and 5 T,q'1.6. In
8:8, it was found that the scaling lawrxy}rxx

1.7 almost holds,
in three different magnetic fields. These results demonstrate
that the anomalous behavior of the Hall voltage sign is inde-
pendent of the scaling relationship betweenrxy andrxx . A
similar result has been obtained by Samoilovet al.23

We tacitly admit that there exists the redistribution of
charge carriers in the YBCO/PrBCO multilayer system. But
we think with reservation that our experimental results could
not be explained by Ferrell theory.16 The essential reason is
that there is no systematic change ofrxy /H and dnH /dT
~shown in Table I! at normal state related to the thickness of
YBCO in our samples. Very recently, Liuet al.,36 based upon
the perturbation approach of Schmid and Larkin with a fric-
tional force of the form proposed by Vinen and Warren under
the influence of randomly distributed weak point pinning
centers, have calculated the mixed-state longitudinal and
Hall resistivity of superconductors. They have pointed out
that in the weak collective-pinning case, for sample thickness
much smaller than the penetration depth, no sign anomaly in
rxy is predicted, which is in good agreement with our experi-
mental results. In terms of the value ofDmax shown in Fig. 2
and its corresponding thickness of YBCO layer for different
samples in three magnetic fields, we estimated that the upper
limits of the sample thickness below which will lead to no
reversal inrxy , mentioned by Liuet al., are 10, 14, and 18
nm for H51, 3, and 5 T, respectively.

In conclusion, according to the systematic measurements
of the mixed-state Hall effect in a series of
~YBCO!n /~PrBCO!8 superlattices, we found that the Hall
sign anomaly is diminishing or even disappears with increas-
ing anisotropic parameter and decreasing pinning strength in
the samples. The scaling lawrxy}rxx

a always holds for all of
the samples with a somewhat different value of the exponent
a. This indicates that the sign reversal is independent of the
scaling relationship. Our experimental results are in good
agreement with WDT theory, and finally we have estimated
the upper limit of the thickness of the YBCO layer below
which yields no Hall sign reversal inrxy based on the col-
lective weak pinning mixed-state Hall-effect theory proposed
by Liu et al.
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