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Longitudinal and Hall resistivity measurements were performed on an unidirectionally twinned
YBa2Cu3O72d film, with current parallel and perpendicular to the twin boundaries, in fields up to 16 T. In the
normal state, the ratio between the longitudinal resistivity measured across and along the twin boundaries is
r'/r i'1.6, while the ratio for the Hall resistivity isrH

'/rH
i '1. These results are discussed in the framework

of existing theories for normal-state transport in the cuprates. In the mixed state, for high magnetic fields, the
ratios between the longitudinal and Hall resistivities diverge from the normal-state values for temperatures
below the characteristic temperature of twin boundary pinning: the ratior'/r i increases with decreasing
temperature, whereas the ratiorH

'/rH
i decreases with decreasing temperature; as a result, it is shown that the

Hall conductivity is influenced by twin boundary pinning. These high-field results are in qualitative agreement
with an extended version of the Wang, Dong, and Ting model, which takes into account the anisotropy
introduced by the twin boundaries.@S0163-1829~99!14201-2#
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I. INTRODUCTION

The Hall effect in high-temperature superconductors
been one of the most controversial and discussed sub
concerning these materials, both in the normal and in
mixed state. In the normal state, the anomalousT2 depen-
dence found for cotguH5rxx /rxy , where uH is the Hall
angle, together with the linearT dependence for the longitu
dinal resistivity, has been interpreted as evidence for the
istence of two different relaxation rates for magnetotransp
in the normal state. Anderson1 proposed that the two relax
ation rates, with a different temperature dependence, co
spond to the relaxation of two types of quasiparticles,
holons and the spinons, whereas other models invoke cha
conjugation symmetry2 or skew scattering3 to justify the ex-
istence of two relaxation rates. Alternative explanations s
gest that the relaxation rate has a different tempera
dependence on different regions of the Fermi surface4–6

leading to the observed experimental results.
In the mixed state, the vortex pinning effect on the H

conductivity sxy is still a highly debated issue. Vinoku
et al.,7 treating vortex pinning by point defects in an ave
aged way, arrived to the resultrxy5arxx

2 /F0B, where
a(T,B) is a microscopic parameter, pinning independe
consequently, the Hall conductivitysxy'a/F0B is also in-
dependent of pinning. In a different approach, Wang, Do
and Ting,8 considering the effect of backflow current due
pinning, arrived to a result formally equivalent to that
Vinokur et al., rxy5arxx

2 /F0B, but the parametera de-
pends explicitly on pinning, leading to a pinning-depend
Hall conductivity. Experimental results on irradiated samp
PRB 590163-1829/99/59~2!/1538~8!/$15.00
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have motivated some controversy, since they were in
preted as showing a pinning effect on the Hall conductivi9

or the independence of Hall conductivity on pinning,10 leav-
ing the question unanswered. In a recent theoretical w
Mawatari11 studied the dynamics of vortices in planar pi
ning centers and arrived to the conclusion that planar pinn
has no effect on the Hall conductivity. However, previo
results of Morgoonet al.12 and our own recent results,13 have
shown that pinning by twin boundaries~TB!’s in
YBa2Cu3O72d can affect the Hall conductivity.

In YBa2Cu3O72d , the TB’s play an important role in the
electric transport properties. Villardet al.14 using an unidi-
rectionally twinned YBa2Cu3O72d film have shown that TB’s
reduce significantly the electrical conductivity in the norm
state when current flows perpendicular to them. In the mix
state, it was early established15 that these defects act lik
strong pinning centers against vortex motion perpendicu
to them. On the other hand, it has been predicted16 that in a
d-wave superconductor, time symmetry-breaking states m
appear in the vicinity of TB’s, yielding spontaneous curren
along them.

In this article, to further clarify the TB’s role on electri
transport, particularly on the Hall effect, we report longit
dinal and Hall resistivity measurements performed on an u
directionally twinned YBa2Cu3O72d film, with current paral-
lel and perpendicular to the TB’s. In the normal state,
found a ratio of 1.6 between the longitudinal resistivity me
sured with the current perpendicular and parallel to the TB
in qualitative agreement with the Villardet al. results.14 For
the Hall resistivity, the ratio between the values measured
the two current directions is'1, leading to an Hall conduc
1538 ©1999 The American Physical Society
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PRB 59 1539MAGNETORESISTANCE AND HALL EFFECT IN . . .
tivity which is independent of the current direction with r
spect to the TB’s, contrarily to what happens for the lon
tudinal conductivity; these results are discussed in
framework of the various existing models for electric tran
port in the normal state. In the mixed state, the ratio betw
the longitudinal resistivities and the ratio between the H
resistivities, measured for both current directions, rem
equal to the normal state values in the fluctuation and fl
flow regimes; when the pinning by the TB becomes imp
tant, the longitudinal resistivity ratio increases with decre
ing temperature, while the opposite happens for the H
resistivity ratio. Consequently, the Hall conductivity in th
mixed state depends on the direction of the current with
spect to the TB’s, which constitutes an apparent violation
the Onsager reciprocity relations:sxy52syx . At the same
time, this fact implies that the Hall conductivity is affecte
by the pinning in the TB’s, as previously reported. The
results are shown to be in qualitative agreement with an
tended version of the Wang, Dong, and Ting model, wh
takes into account the anisotropy introduced by the TB’s

II. EXPERIMENTAL

The sample was grown on a YAlO3 ~001! substrate by
metal organic chemical vapour deposition~CVD!. The CVD
reactor description as well as the deposition conditions
be found elsewhere.17 The film is epitaxial with thec-axis
perpendicular to the substrate plane and has a thicknes
240 nm. A fourfold symmetry is observed on the 102/012f
scans demonstrating a strong in-plane orientation (Df2

51.5°). The twinning geometry was studied by performi
f scans on the 114 reflections of YBa2Cu3O72d and on the
044 and 404 reflections of YAlO3. It was found that the
twinning directions of YBa2Cu3O72d align only along one
direction of the substrate~namely thê 010& direction!. This
particular twinning was confirmed by grazing inciden
x-ray diffraction. Details about the analysis are given in R
18. A special patterning was used~Fig. 1!, which allowed the
measurement of the longitudinal and Hall resistivities
current parallel and perpendicular to the TB’s. Let us str
that, with this patterning, the Hall resistivity is measured
the same region of the sample for both current directio

FIG. 1. Sketch of the patterning used to measure the longit
nal and Hall resistivities, with current parallel~current contacts 3
and 4! and perpendicular~current contacts 1 and 2! to the twin
boundaries. Shaded areas~1–8! correspond to the electrical contac
~gold pads!; heavy lines stand for the twin boundaries.
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therefore possible effects due to sample inhomogeneities
avoided. To eliminate spurious effects due to the Hall co
tacts misalignments or to inhomogeneous current flow,
Hall resistivity is calculated using the transverse volta
measured for symmetric magnetic-field directions. The c
rent used was 100mA, and all the measuredI –V character-
istics were Ohmic. The magnetic field was applied perp
dicularly to the substrate, i.e., parallel to thec axis of the
film. The zero-field critical temperature,Tc589.7 K and the
transition width,DTc'1.5 K, are the same for both orienta
tions of the current.

The existence of TB’s exclusively in one direction brea
the fourfold symmetry of the transport properties and
transformation from the resistivity to the conductivity tens
must be cautiously made. In the following, we will establi
the notation used throughout the paper. The resistivity ten
is defined through the relations

Ex5rxxJx1rxyJy , ~1a!

Ey5ryxJx1ryyJy . ~1b!

Choosing they axis along the TB’s and thex axis perpen-
dicular to them~Fig. 1!, we will use the notation

r'5rxx , rH
i

52rxy ,
~2!

rH
'5ryx , r i5ryy ,

where the symbolsi and' indicate the direction of the cur
rent with respect to the TB’s. We have chosenrH

i
52rxy in

order to keeprH
i and rH

' with the same sign (rxy and ryx

have opposite signs!. The conductivity tensor componen
are

sxx5
ryy

rxxryy2rxyryx
>

1

rxx
,

sxy5
2rxy

rxxryy2rxyryx
>

2rxy

rxxryy
,

~3!

syx5
2ryx

rxxryy2rxyryx
>

2ryx

rxxryy
,

syy5
rxx

rxxryy2rxyryx
>

1

ryy
,

where the simplifications are due to the experimental f
that rxy ,ryx!rxx ,ryy . With our notation, we obtain

s'5sxx>
1

r' , sH
i

5sxy>
rH

i

r ir' ,

~4!

sH
'52syx>

rH
'

r ir' , s i5syy>
1

r i .

Again we have chosensH
'52syx in order to keepsH

i and
sH

' with the same sign.

i-
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III. RESULTS AND DISCUSSION

A. Normal state

Figure 2 shows the temperature dependence of the lo
tudinal resistivity in the normal state, in zero applied ma
netic field, with current parallel and perpendicular to t
TB’s. In accordance with the previously reported work,14 the
resistivity measured across the TB’s,r', is significantly
higher than the resistivity measured along the TB’s,r i. The
ratio r'/r i remains in the range 1.59–1.67 between 100
300 K, increasing slightly with temperature@Fig. 3~a!#. This

FIG. 2. Temperature dependence of the longitudinal resisti
for current perpendicular~full circles! and parallel~open circles! to
the twin boundaries.

FIG. 3. ~a! Temperature dependence of the ratio between
longitudinal resistivities measured for the two current directio
~full circles!; temperature dependence of the ratio between the
gitudinal resistivities measured for the two current directions a
subtracting the residual resistivity~crosses! ~see text!. ~b! Tempera-
ture dependence of the ratio between the Hall resistivities meas
for the two current directions, forB510 T.
i-
-

d

ratio is relatively lower than the ratio reported by Villar
et al. ~'6!, a fact that can be explained by a lower density
a shorter length of TB’s in our film. Both resistivity curve
are well described by a linear temperature dependence d
to 120 K: r'53.95 T194 ~mV cm!, r i52.33 T174
~mV cm!. It must be pointed out that the temperature dep
dence of the ratior'/r i, in the considered temperatur
range, is probably caused by the existence of a nonvanis
residual resistivity at zero temperature for both current dir
tions; if this residual resistivity is subtracted from ther(T)
curves, we obtain a reasonably temperature-independen
tio between 120 and 300 K:r'/r i'1.72 @Fig. 3~a!#. The
temperature dependence of the resistivity can be ascribe
the temperature dependence of the transport relaxation
r}1/t tr5aT1b, where the constant termb is due to impu-
rities. In our sample this constant term presents a mode
anisotropy between both current directions:b'/b i'1.3,
which may reflect the existence of anisotropic defects l
the TB’s. However, the experimental determination ofb, by
the means of a linear extrapolation, is not very accurate
the above interpretation may be questionable. In defect-
samples, the physical origin of a resistivity term depend
linearly on temperature is controversial and has been at
uted to electron-electron scattering mediated by s
fluctuations,4 to electron-phonon scattering5 or to the decay
of electrons in spinons and holons.1 Therefore, the un-
doubted anisotropy of the slopea'/a i'1.7 is not easily
understood, since we do not expect the TB’s to modify
relaxation rate of an intrinsic scattering mechanism as
ones mentioned above. Phenomenologically, we can desc
our results by introducing a scattering rate for the electr
by the TB’s, which is linear in temperature, leading to d
ferent relaxation rates for the two current directions:r i

}1/t tr
i
5a iT1b i andr'}1/t tr

'5a iT1aTBT1b', wherea i

andaTB correspond to the intrinsic and to the TB scatteri
mechanisms. A microscopic explanation for the temperat
dependence of the scattering mechanism by the TB’s is
quired.

Another type of explanation for the anisotropy of the r
sistivity may be found if we admit that the TB’s are regio
~7–40 Å wide19! with an associated relaxation rate also li
ear in temperature, but with electronic microscopic para
eters~density of states at the Fermi surface, effective ma
etc.! different from the bulk values. Then, our sample wou
behave as a collection of regions with different resistiv
~but with the same temperature dependence for the resi
ity!, linked in series when the current is perpendicular to
TB’s and linked in parallel when the current is parallel
them. The experimental values obtained forr' andr i would
not be intrinsic, but would also depend on the length a
width of the regions. However, since this explanation wou
also imply the existence of an anisotropy for the Hall res
tivity, it is ruled out by the results we obtained for the Ha
resistivity, which do not confirm this prediction.

The Hall resistivity measured for current parallel (rH
i )

and perpendicular (rH
') to the TB’s, atT5100, 150, and 200

K and in fields up to 16 T, is shown in Fig. 4:rH
i andrH

'

are approximately the same, with a temperature-indepen
ratio rH

'/rH
i '1, determined forB510 T @Fig. 3~b!#. The

temperature dependence of cotguH is shown in Fig. 5, for
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B510 T. Significant deviations of theT2 dependence are
present for both current directions below 200 K, also fou
in underdoped or overdoped samples.20 As established in Eq
~4!, sH

i
5rH

i /r'r i and sH
'5rH

'/r'r i; hence, the Hall con-
ductivities for the two current directions are simply relat
by sH

'/sH
i

5rH
'/rH

i . Then, according to our results, the Ha
conductivity in the normal state is the same for both curr
directions,sH

''sH
i and thus, the Onsager reciprocity rel

tions (syx52sxy) are obeyed. As mentioned above, to e
plain the temperature dependences found experimentally
the Hall angle (cotguH}T2) and for the Hall resistivity
(rH}1/T), two different relaxation rates have been intr
duced. The models diverge about the physical origin of th
two relaxation rates: several models link them to the anis

FIG. 4. Magnetic-field dependence of the Hall resistivity me
sured with current perpendicular~full circles! and parallel~open
circles! to the twin boundaries, atT5100, 150, and 200 K.

FIG. 5. cotguH versusT2 for current perpendicular~full circles!
and parallel~open circles! to the twin boundaries, forB510 T.
d

t

-
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e
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ropy of the Fermi surface,4–6 whereas in other models th
two rates correspond to scattering processes of diffe
physical origin.1–3 We will focus first in the latter group: in
Anderson’s model,1 the longitudinal conductivitys51/r is
proportional tot tr , and the Hall conductivitysH is propor-
tional to the productt trtH , t tr andtH corresponding to the
relaxation of different types of quasiparticles in the tw
dimensional Luttinger liquid. According to our results, w
have: s'/s i'1/1.6 andsH

'/sH
i '1; this leads to:t tr

i /t tr
'

5tH
'/tH

i '1.6. The existence of this close relationship b
tween the two types of relaxation times, with equal valu
ratios, seems difficult to conciliate with Anderson’s mod
which establishes a completely different origin fort tr and
tH .

In a different approach, Colemanet al.2 suggest the exis-
tence of two relaxation rates to be a consequence of sca
ing effects sensitive to the charge-conjugation symmetry
the quasiparticles. According to this model there are t
relaxation times: a short one,t tr and a long one,tH , corre-
sponding to quasiparticles of opposite parity. The longitu
nal conductivity is proportional tot tr , while the Hall con-
ductivity is proportional to the productt trtH . By the same
reasoning made above, our results imply thatt tr

''t tr
i /1.6,

which means that the shortest relaxation time is redu
when J'TB’s due to scattering of the quasiparticles in t
TB’s. At the same time, our results lead totH

''1.6tH
i , but it

is not clear to us why is this relaxation time affected by t
TB’s. Moreover, our results lead to a close relationship
tween the two relaxation times,t tr

i /t tr
'5tH

'/tH
i '1.6, contrary

to the spirit of the model.
Kotliar et al.3 solved a Boltzmann equation includin

skew scattering, arising from a different right- and le
handed scattering on the Fermi surface, with respect to
magnetic-field direction. In the framework of this model, t
longitudinal conductivity is proportional to the usual tran
port relaxation timet tr , whereas the Hall conductivity is
proportional tot tr

2(a1b/ts), ts being the skew scattering
rate. For YBa2Cu3O72d, the authors assumea'0, i.e., a qua-
siperfect particle-hole symmetry, thus obtaining for the H
conductivity: sH}t tr

2/ts . Our results fors and sH imply
that t tr

i /t tr
'5(ts

i /ts
')1/2'1.6. The resulting dependence ofts

on the current direction~and thus on defects! and the close
relationship between the two types of relaxation times
against the assumedintrinsic nature of the skew scattering

In summary, our results do not seem to fit into the pred
tions of these models, one reason being probably the mo
disregard for the defects influence on transport propert
However, in anisotropic samples and as far as the Ons
reciprocity relations hold (sH

'5sH
i ), any model involving

the product or quotient of two relaxation times~the so-called
‘‘multiplicative two-t models’’! will always imply a close
relationship between them, a fact that has to be taken
account.

Alternatively, in the framework of the Fermi-liquid
model, two relaxation times were introduced,t1 and t2 ,
associated with different parts of the Fermi surface~FS!, e.g.,
with the flat parts and with the corners. Using the Boltzma
equation for a fourfold symmetric FS, the longitudinal a
Hall conductivities can be approximately described by:s
}at11bt2 and sH}at1

21bt2
2, wherea, b, a, and b are

-
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integrals over the different parts of the F
Phenomenological,5 semimicroscopical,6 or microscopical4

models have suggested the dependences: 1/t1}T and 1/t2
}T2, which describe reasonably the temperature dep
dences ofs andsH . In our sample, the existence of TB’s i
one direction leads to the introduction of a third relaxati
time t3 , to account for the electron collision with the TB
when the current is perpendicular to them. The introduct
of this relaxation rate breaks the fourfold symmetry of t
mean free path curve orl curve @the l curve is obtained by
l (k)5v(k)t(k), as the wave vectork moves around the FS
v~k! is the Fermi velocity!, leading to the anisotropy of th
longitudinal conductivity shown by our results. As shown
Ong,21 the Hall conductivity is a direct measure of the ar
Al enclosed by thel curve; thus, it must not depend on th
direction of the current with respect to the TB, in agreem
with our results (sH

''sH
i ). In spite of this qualitative agree

ment, it is our belief that any attempt to obtain a quantitat
description of our results, namely of the temperature dep
dence ofs and sH , is not entirely reliable because of it
dependence on uncontrolled parameters, such as the lim
the FS corresponding tot1 , t2 , andt3 .

Nevertheless, the diminishing of the relaxation tim
caused by the TB provides a powerful way to test the p
dictions of these models. In the case of a sample with h
enough density of TB’s in two perpendicular directions, t
shortest relaxation time in any direction will be the one i
posed by the TB’s; therefore,t1 andt2 will have the same
temperature dependence and, according to this model
Hall resistivity rH'sH /s2 will become temperature inde
pendent. Using the fact that the experimental results for
longitudinal conductivity imply a linear temperature depe
dence for the relaxation rate associated with the TB’s;
predict a crossover fromrH}1/T at high temperatures to
rH'const at low temperatures, indicating that this relaxat
rate becomes more efficient than the one varying withT2. In
samples with only one TB direction, the areaAl enclosed by
the l curve will decrease as the TB density increases
thus, the Hall conductivity will also decrease. Information
the reduction of the areaAl can be obtained measuring th
ratio s'/s i, since s i will remain constant whiles' will
decrease. Measurements on samples with different TB s
ing would thus provide a test for these models, as long as
film makers succeeded on having a good control over the
density, keeping the other parameters unchanged.

B. Mixed state

The longitudinal resistivity as a function of temperatu
for high magnetic fields and for both orientations of the c
rent with respect to the TB’s, is shown in Fig. 6. As in th
normal state, the resistivity measured across the TB’s,r', is
significantly higher than the resistivity measured along
TB’s, r i. In Fig. 7, we show the ratior'/r i: for all fields the
ratio remains equal to the normal-state value~'1.6! down to
a temperatureTTB(B) corresponding tor/r(100 K)'0.3,
i.e., the characteristic temperature of TB pinning.13,15 Below
this temperature, the ratior'/r i increases rapidly with de
creasing temperature. The usual signature of TB pinnin
shoulder in ther(T) curves for r/r(100 K)'0.3, is not
clearly visible for any of the two current orientations, whic
n-
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may result from a small length of the TB’s. We interpr
these results as follows: aboveTTB , the vortices are in the
fluctuation or flux-flow regime, where pinning effects a
irrelevant; the viscosity coefficient for vortex motion is in
versely proportional to the normal-state resistivity, leading
a resistivity in the flux-flow region proportional to th
normal-state value; hence the ratior'/r i is the same as in
the normal state. BelowTTB , the TB pinning becomes effec
tive and the TB’s oppose vortex motion perpendicular
them; this happens when the current is parallel to the TB

FIG. 6. Temperature dependence of the longitudinal resisti
for current perpendicular~full circles! and parallel~open circles! to
the twin boundaries, for fieldsB516, 14, 12, and 10 T. Inset
Pinning energy versus magnetic field for both directions of the c
rent.

FIG. 7. Temperature dependence of the ratios between the
gitudinal resistivities~a! and the Hall resistivities~b! measured for
current perpendicular and parallel to the twin boundaries, at sev
magnetic fields. The arrows correspond to the onset temperatu
twin boundary pinning, determined asr/r(100 K)'0.3 for each
field.
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due to the Lorentz force acting on the vortices,FL5F0J
3 ẑ ~if we ignore the small component of the vortex veloc
parallel to the current, responsible for the Hall effect!; when
the current is perpendicular to the TB’s, the Lorentz force
directed along the TB’s, and the vortices can move ea
along them. Therefore, the resistivityr i drops more rapidly
to zero with decreasing temperature thanr', leading to the
observed increase in ther'/r i ratio. This is confirmed by the
pinning energy values~inset Fig. 6!, obtained as the slope o
ln r versus 1/T in the interval 0.1mV cm,r
,100mV cm: for all fields, the pinning energy presen
higher values for the parallel current orientation.

For the Hall resistivity~Fig. 7!, our results show a relate
behavior: aboveTTB , the ratiorH

'/rH
i remains'1, as in the

normal state; belowTTB , the ratio rH
'/rH

i decreases with
decreasing temperature, showing thatrH

' falls more rapidly
to zero thanrH

i , contrarily to the case for the longitudina
resistivity. The Hall conductivity ratio presents exactly t
same behavior since, as we showed before,sH

'/sH
i

5rH
'/rH

i

@cf. Eq.~4!#. As a first consequence of these results, the us
scaling relationrH}rb observed in the pinning regime9,10,22

cannot hold for both current directions; if this was the ca
we would have rH

'}(r')b and rH
i }(r i)b, i.e., rH

'/rH
i

}(r'/r i)b and thus, belowTTB , the two ratios should have
the same type of temperature dependence, a fact discard
our results. A failure of the scaling relation when the curre
is perpendicular to the TB’s was predicted by Mawatari,11 in
a recent theoretical paper. Extending the model for isotro
pinning of Vinokuret al.7 to the anisotropic case, Mawata
solved a Langevin equation considering explicitly the eff
of planar pinning centers, parallel to they axis. He arrived at
the conclusion that the Hall resistivity and the Hall condu
tivity do not depend on the direction of the current wi
respect to the TB’s:rH

'5rH
i andsH

'5sH
i ; furthermore, ac-

cording to his results, the Hall conductivity does not depe
on pinning effects, as in the isotropic case. AboveTTB , our
results are in agreement with Mawatari’s predictions, sin
rH

''rH
i and sosH

''sH
i . However, belowTTB , our results

show a clear dependence of the Hall resistivity and of
Hall conductivity on the current direction with respect to t
TB’s. Therefore, according to our results, the TB pinni
effects on the Hall resistivity and on the Hall conductivi
are not correctly described by Mawatari’s model. As reco
nized by Mawatari, it is probably necessary to take into
count the interaction of vortices and the superconduc
fluctuations to find a pinning-dependent Hall conductivity23

in agreement with our results.
We will show now that the Wang, Dong, and Ting~WDT!

model,8 extended to account for the anisotropy introduced
the TB’s, is in qualitative agreement with our results. In t
WDT model, the equation of motion for a single vortex is8

hvL5FL1^Fp&2b0~12ḡ !FL3 ẑ2b0~11ḡ !^Fp&3 ẑ,
~5!

where vL is the time-averaged velocity of the vortex,h
5F0Bc2 /rn5Ne2t trF0Bc2 /m is the usual viscosity coeffi
cient, andrn is the normal-state resistivity,FL is the Lorentz
force, ^Fp& is the time-averaged pinning force,b05mmBc2
with mm5t tre/m being the mobility of charge carriers, an
ḡ5g(12H̄/Hc2) with g describing the contact force on th
s
ly
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,

by
t

ic

t

-

d

e

e

-
-
g

y

surface of the vortex andH̄ being the average magnetic fie
over the core of the vortex. The term̂Fp&3 ẑ is induced due
to the backflow current inside the normal core and con
tutes the essential feature of the WDT model.

Considering now the existence of TB’s parallel to they
axis, h and b0 will depend on the direction of the curren
with respect to the TB’s, since both coefficients are prop
tional to the normal-state relaxation timet tr . Denoting the
coefficients byh i andb0

i when the current is parallel to th
TB’s and byh' andb0

' when the current is perpendicular t
the TB’s, we have the relations

h i

h' 5
b0

i

b0
' 5

t tr
i

t tr
' 5

rn
'

rn
i . ~6!

The pinning force has the form̂Fp&52ĜvL, where, as in
the Mawatari model,Ĝ is a diagonal tensor with elemen
Gxx5GÞ0 andGyy50, assuming that the pinning force wi
be always directed perpendicular to the TB’s. Solving Eq.~5!
with these assumptions, we obtain

r i5
F0B

h i1G
, ~7a!

rH
i

5b0
i h i~12ḡ !22ḡG

h i~h i1G!
F0B, ~7b!

for current parallel to the TB’s and

r'5
F0B

h' , ~8a!

rH
'5b0

'
~12ḡ !

h'1G
F0B, ~8b!

for current perpendicular to the TB’s.
The ratio of the longitudinal resistivities is simply

r'

r i 5
h i1G

h' , ~9!

which agrees qualitatively with our results~Fig. 7!: above
TTB the pinning by the TB’s is negligible (G'0) and we
obtain r'/r i'h i/h'5rn

'/rn
i ; below TTB , the pinning be-

comes more important as temperature decreases and s
ratio r'/r i increases with decreasing temperature.

The ratio of the Hall resistivities is

rH
'

rH
i 5

b0
'

b0
i

h i~h i1G!~12ḡ !

~h'1G!@h i~12ḡ !22ḡG#
, ~10!

which is also in agreement with our results~Fig. 7!: above
TTB , G'0 and we obtainrH

'/rH
i '(b0

'/b0
i )(h i/h')51; be-

low TTB , we make use of the WDT assumption thatḡ'0 at
relatively low temperature or high magnetic field and th
the ratio becomes

rH
'

rH
i '

b0
'

b0
i

~h i1G!

~h'1G!
5

Ah'1G

Ah'1AG
, ~11!
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where we have setA5rn
'/rn

i and thusA.1. From this last
expression, we conclude that the ratiorH

'/rH
i decreases asG

increases, i.e., the ratiorH
'/rH

i decreases as the temperatu
decreases, in agreement with our results.

The Hall conductivity is easily calculated from Eqs.~4!,
~7!, and ~8! for both current directions; the main featur
however, is described by the ratio of the Hall conductiviti
sH

'/sH
i

5rH
'/rH

i , which is also described by Eqs.~10! and
~11!. Therefore, a clear effect of TB pinning on the Ha
conductivity is predicted, in agreement with our results~Fig.
7!.

Recently, Smithet al.24 argued that ‘‘inhomogeneities ar
likely responsible for experimental claims thatsH depends
on pinning.’’ This argument clearly fails to explain our re
sults: in our film, the Hall resistivity is measured in the sam
region of the film for both current directions and thus, a
inhomogeneity effect is excluded from our results forrH

'/rH
i

andsH
'/sH

i . The independence of Hall conductivity on pin
ning may be valid for point defects, as predicted by Vinok
et al.,7 but is no longer valid for planar defects. Recent
sults seem to confirm that also columnar defects affect
Hall conductivity.25

Our experimental results also show that the Onsager r
procity relations,sH

'5sH
i , no longer hold in the presence o

TB’s, below TTB , which can be related to a breaking
time-reversal symmetry in the TB’s, as predicted theor
cally for the superconducting state.16

Let us note that Eqs.~7b! and ~8b! provide a strong tes
for the WDT model. In this model, the sign reversal of t
Hall resistivity, observed at low fields and at temperatu
close toTc , is a consequence of pinning.26 In the case of
strong anisotropic pinning (Gxx5GÞ0 andGyy50! and ac-
cording to our treatment,rH

' will be always positive@cf. Eq.
~8b!#, whereasrH

i will change from positive to negative fo
low enough fields and temperatures close belowTc @cf. Eq.
~7b!#, as in the isotropic case. In a more realistic way,
isotropic~though weak! contribution to pinning must also b
taken into account, leading to a finiteGyy (0,Gyy!Gxx)
and so bothrH

' and rH
i may attain negative values, but

different temperature and field ranges. In order to check
prediction, the Hall resistivity was measured as a function
the magnetic field at several temperatures, for the two di
tions of the current, as shown in Fig. 8 for fields up to 12
Within the experimental error, the sign reversal and the m
mum value of the Hall resistivity occur at the same fields
both directions of the current. This result seems to indic
that the Hall resistivity sign reversal occurring at low ma
netic fields is more probably due to fluctuation or dopi
effects27 rather than pinning. However, similar experimen
performed in samples with higher anisotropy ratios (rn

'/rn
i )

and more pronounced negative Hall effect, are required
test this prediction in a more conclusive way.

IV. CONCLUSION

In summary, we have performed longitudinal and H
resistivity measurements in one unidirectionally twinn
YBCO film, with current parallel and perpendicular to th
TB’s, in fields up to 16 T. In the normal state, the rat
between the longitudinal resistivity measured across
,

e

r
-
e

i-

i-

s

n

is
f

c-
.
i-
r
te
-

to

l

d

along the TB’s isr'/r i'1.6, while the ratio for the Hall
resistivity isrH

'/rH
i '1. These results do not fit into the pre

dictions of the multiplicative two-t models for electronic
transport in the normal state and, on the other hand,
presence of TB’s in only one direction complicates subst
tially the calculations in the framework of the Boltzman
transport equation for Fermi liquids. Thus, a theory that ta
explicitly into account the effect of TB’s on normal transpo
is required. Furthermore, a careful study of the Hall effect
a function of the TB’s density could provide a better und
standing of the temperature dependence of the Hall resis
ity and conductivity. In the mixed state, for high magne
fields, the ratios between the longitudinal and Hall resisti
ties,r'/r i andrH

'/rH
i , remain equal to the normal-state va

ues in the fluctuation and flux-flow regime. Below the cha
acteristic temperature of TB pinning, the ratior'/r i

increases with decreasing temperature, whereas the
rH

'/rH
i decreases with decreasing temperature; this last re

implies that the ratio between the Hall conductivitie
sH

'/sH
i , also decreases with decreasing temperature, th

fore revealing an effect of TB pinning on the Hall condu
tivity. These results contradict the predictions of the Maw
tari model11 which considers explicitly the effect of plana
pinning centers like the TB’s. We show that our results are
qualitative agreement with our extension of the WD
model,8 which takes into account the anisotropy introduc
by the TB’s. However, at low fields, the sign reversal of t
Hall resistivity is observed in the same temperature range
both current directions, in apparent contradiction with t
predictions of the model.
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FIG. 8. Magnetic-field dependence of the Hall resistivity me
sured with current perpendicular~full circles! and parallel~open
circles! to the twin boundaries, atT582, 85, and 88 K.
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