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Longitudinal and Hall resistivity measurements were performed on an unidirectionally twinned
YBa,Cu0O;_ s 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
pt1p'~1.6, while the ratio for the Hall resistivity iﬁﬁ/kal. 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 gtip" increases with decreasing
temperature, whereas the raﬁh/p”H 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 boundarigsS0163-182¢09)14201-2

I. INTRODUCTION have motivated some controversy, since they were inter-
preted as showing a pinning effect on the Hall conductivity
The Hall effect in high-temperature superconductors hagr the independence of Hall conductivity on pinnifideav-
been one of the most controversial and discussed subjeciisg the question unanswered. In a recent theoretical work,
concerning these materials, both in the normal and in theawatart! studied the dynamics of vortices in planar pin-
mixed state. In the normal state, the anomal@tisdepen-  ning centers and arrived to the conclusion that planar pinning
dence found for cot@y=p./pxy, Where 6y, is the Hall  has no effect on the Hall conductivity. However, previous
angle, together with the linedr dependence for the longitu- results of Morgooret al? and our own recent resultdhave
dinal resistivity, has been interpreted as evidence for the exshown that pinning by twin boundarieSTB)'s in
istence of two different relaxation rates for magnetotransportBa,Cu,0,_ 5 can affect the Hall conductivity.
in the normal state. Andersbproposed that the two relax- In YBa,Cw,O;_ 5, the TB’s play an important role in the
ation rates, with a different temperature dependence, corresectric transport properties. Villaret al'* using an unidi-
spond to the relaxation of two types of quasiparticles, thgectionally twinned YBaCu,0,_ 5 film have shown that TB's
holons and the spinons, whereas other models invoke charggsduce significantly the electrical conductivity in the normal
conjugation symmetfyor skew scatterinto justify the ex-  state when current flows perpendicular to them. In the mixed
istence of two relaxation rates. Alternative explanations sugstate, it was early establish@dthat these defects act like
gest that the relaxation rate has a different temperaturgtrong pinning centers against vortex motion perpendicular
dependence on different regions of the Fermi surfae, to them. On the other hand, it has been predfétetat in a
leading to the observed experimental results. d-wave superconductor, time symmetry-breaking states may
In the mixed state, the vortex pinning effect on the Hall gppear in the vicinity of TB's, yielding spontaneous currents
conductivity o,y is still a highly debated issue. Vinokur along them.
etal,” treating vortex pinning by point defects in an aver-  |n this article, to further clarify the TB's role on electric
aged way, arrived to the resuliy,=aps,/®oB, where transport, particularly on the Hall effect, we report longitu-
a(T,B) is a microscopic parameter, pinning independentdinal and Hall resistivity measurements performed on an uni-
consequently, the Hall conductivity,,~ a/®¢B is also in-  directionally twinned YBaCu,O,_; film, with current paral-
dependent of pinning. In a different approach, Wang, Donglel and perpendicular to the TB's. In the normal state, we
and Ting? considering the effect of backflow current due to found a ratio of 1.6 between the longitudinal resistivity mea-
pinning, arrived to a result formally equivalent to that of sured with the current perpendicular and parallel to the TB’s,
Vinokur et al, py,= apixﬂI)OB, but the parameterr de-  in qualitative agreement with the Villaret al. results'* For
pends explicitly on pinning, leading to a pinning-dependenthe Hall resistivity, the ratio between the values measured for
Hall conductivity. Experimental results on irradiated sampleghe two current directions is-1, leading to an Hall conduc-
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therefore possible effects due to sample inhomogeneities are
_________________ avoided. To eliminate spurious effects due to the Hall con-

. tacts misalignments or to inhomogeneous current flow, the
Hall resistivity is calculated using the transverse voltage

AR measured for symmetric magnetic-field directions. The cur-
rent used was 10@A, and all the measureld-V character-

[l IIHHIHH- istics were Ohmic. The magnetic field was applied perpen-

dicularly to the substrate, i.e., parallel to theaxis of the

Y film. The zero-field critical temperatur@.=89.7 K and the
. transition width,AT .~1.5 K, are the same for both orienta-

tions of the current.
The existence of TB's exclusively in one direction breaks
the fourfold symmetry of the transport properties and the

FIG. 1. Sketch of the patterning used to measure the |ongitudi1ransformation from the resistivity to the conductivity tensor

nal and Hall resistivities, with current parallédurrent contacts 3 Must be cautiously made. In the following, we will establish
and 4 and perpendiculatcurrent contacts 1 and) 20 the twin the notation used throughout the paper. The resistivity tensor
boundaries. Shaded areds-8) correspond to the electrical contacts 1S defined through the relations
(gold pads; heavy lines stand for the twin boundaries.

Ex=pxdxt ny‘]y ) (1a)

X

tivity which is independent of the current direction with re-
spect to the TB's, contrarily to what happens for the longi- Ey=pyxdxt pyydy- (1b)
tudinal conductivity; these results are discussed in the

framework of the various existing models for electric trans-Choosing they axis along the TB’s and the axis perpen-
port in the normal state. In the mixed state, the ratio betweeflicular to them(Fig. 1), we will use the notation

the longitudinal resistivities and the ratio between the Hall

resistivities, measured for both current directions, remain Pt =Py pL:—pr,

equal to the normal state values in the fluctuation and flux- 2)
flow regimes; when the pinning by the TB becomes impor- PE=pyx:  P'=pyy

tant, the longitudinal resistivity ratio increases with decreas- X 4
ing temperature, while the opposite happens for the Hallvhere the symbol$ and_L indicate the direction of the cur-
resistivity ratio. Consequently, the Hall conductivity in the rent with respect to the TB’s. We have Chogérp — pyy iN
mixed state de[?ends_on the direction of the current with regger to keepp}; and pj; with the same sign,, and p,,
spect to the TB'’s, which constitutes an apparent violation of,5,e opposite sighs The conductivity tensor components
the Onsager reciprocity relations;,= —oy,. At the same ¢
time, this fact implies that the Hall conductivity is affected

by the pinning in the TB’s, as previously reported. These

results are shown to be in qualitative agreement with an ex- axFL; i
tended version of the Wang, Dong, and Ting model, which PxxPyy™ PxyPyx  Pxx
takes into account the anisotropy introduced by the TB's.
~ Pxy __ " Pxy
Oxy= — = )
Il. EXPERIMENTAL PxxPyy™ PxyPyx  PxxPyy .
The sample was grown on a YA}QO00D) substrate by —p —p ®
metal organic chemical vapour depositi@@VD). The CVD Oyx= X = X
reactor description as well as the deposition conditions can PxxPyy™ PxyPyx PxxPyy
be found elsewher¥. The film is epitaxial with thec-axis
perpendicular to the substrate plane and has a thickness of B Pxx 1
240 nm. A fourfold symmetry is observed on the 102/@42 Uyy_pxxpyy— nyPyx: P_yy'

scans demonstrating a strong in-plane orientatidnpy

=1.5°). The twinning geometry was studied by performingwhere the simplifications are due to the experimental fact
¢ scans on the 114 reflections of Y&a0;_sand on the thatp,,,pyx<pxx,pyy. With our notation, we obtain

044 and 404 reflections of YAIQ It was found that the

twinning directions of YBaCu;O;_s align only along one 1 pL

direction of the substratthamely the(010) direction. This 0 =00= F’ Oy=Oxy= W'

particular twinning was confirmed by grazing incidence
x-ray diffraction. Details about the analysis are given in Ref.
18. A special patterning was uséeig. 1), which allowed the ol — g PH =
measurement of the longitudinal and Hall resistivities for H = plpt? W ple
current parallel and perpendicular to the TB’s. Let us stress

that, with this patterning, the Hall resistivity is measured inAgain we have chosear; = — gy, in order to keepr; and
the same region of the sample for both current directionsgry; with the same sign.
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ratio is relatively lower than the ratio reported by Villard
et al. (=6), a fact that can be explained by a lower density or
a shorter length of TB’s in our film. Both resistivity curves
are well described by a linear temperature dependence down
to 120 K: pt=3.95T+94 (uQdcm), p'=2.33T+74

(u€2 cm). It must be pointed out that the temperature depen-
dence of the ratiop*/p', in the considered temperature
range, is probably caused by the existence of a nonvanishing
residual resistivity at zero temperature for both current direc-
tions; if this residual resistivity is subtracted from théT)
curves, we obtain a reasonably temperature-independent ra-
tio between 120 and 300 K:p*/p'~1.72[Fig. 3@)]. The
temperature dependence of the resistivity can be ascribed to
the temperature dependence of the transport relaxation rate,
px1l/m,= aT+ B, where the constant tergis due to impu-
rities. In our sample this constant term presents a moderate
anisotropy between both current direction8:/g'~1.3,
which may reflect the existence of anisotropic defects like
the TB’s. However, the experimental determinationBpby

FIG. 2. Temperature dependence of the longitudinal resistivitthe means of a linear extrapolation, is not very accurate and

for current perpendiculafull circles) and parallelopen circlegto
the twin boundaries.

Ill. RESULTS AND DISCUSSION

A. Normal state

the above interpretation may be questionable. In defect-free
samples, the physical origin of a resistivity term depending
linearly on temperature is controversial and has been attrib-
uted to electron-electron scattering mediated by spin
fluctuations’ to electron-phonon scatterifgr to the decay
of electrons in spinons and holohsTherefore, the un-

Figure 2 shows the temperature dependence of the longitoubted anisotropy of the slope'/a'~1.7 is not easily
tud!nal. reS|st|y|ty in the normal state, in zero qpplled mag-understood, since we do not expect the TB’s to modify the
netic field, with current parallel and perpendicular to therelaxation rate of an intrinsic scattering mechanism as the

TB’s. In accordance with the previously reported wétthe
resistivity measured across the TB's;, is significantly
higher than the resistivity measured along the TR's, The

ones mentioned above. Phenomenologically, we can describe
our results by introducing a scattering rate for the electrons
by the TB'’s, which is linear in temperature, leading to dif-

ratio p*/p' remains in the range 1.59-1.67 between 100 anderent relaxation rates for the two current directiops:

300 K, increasing slightly with temperatufEig. 3(@)]. This
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FIG. 3. (a) Temperature dependence of the ratio between the
longitudinal resistivities measured for the two current directions
(full circles); temperature dependence of the ratio between the lon-
gitudinal resistivities measured for the two current directions afte

subtracting the residual resistivifgrosses(see text (b) Tempera-

«1/my=a;T+ B" andpt = 1/m; = a; T+ argT+ B4, whereq;

and a1 correspond to the intrinsic and to the TB scattering
mechanisms. A microscopic explanation for the temperature
dependence of the scattering mechanism by the TB’s is re-
quired.

Another type of explanation for the anisotropy of the re-
sistivity may be found if we admit that the TB’s are regions
(7-40 A widé® with an associated relaxation rate also lin-
ear in temperature, but with electronic microscopic param-
eters(density of states at the Fermi surface, effective mass,
etc) different from the bulk values. Then, our sample would
behave as a collection of regions with different resistivity
(but with the same temperature dependence for the resistiv-
ity), linked in series when the current is perpendicular to the
TB’s and linked in parallel when the current is parallel to
them. The experimental values obtained gorandp' would
not be intrinsic, but would also depend on the length and
width of the regions. However, since this explanation would
also imply the existence of an anisotropy for the Hall resis-
tivity, it is ruled out by the results we obtained for the Hall
resistivity, which do not confirm this prediction.

The Hall resistivity measured for current paraIquL
and perpendicularg;) to the TB’s, atfT =100, 150, and 200

K and in fields up to 16 T, is shown in Fig. 4:pL andpy,

are approximately the same, with a temperature-independent

ture dependence of the ratio between the Hall resistivities measurd@tio pji/pjy;~1, determined forB=10T [Fig. 3(b)]. The

for the two current directions, fd8=10T.

temperature dependence of cdtg is shown in Fig. 5, for
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W T T T T T A ropy of the Fermi surfac&;® whereas in other models the
100K o° | two rates correspond to scattering processes of different
o physical origint=3 We will focus first in the latter group: in
o° 1 Anderson’s modet, the longitudinal conductivityr=1/p is
sl J° 180 K@O*’ proportional tor,, and the Hall conductivityry is propor-
o’ O@O | tional to the productr, 7y, 7, and 7y corresponding to the
_ Q® o® o] relaxation of different types of quasiparticles in the two-
§ [ 00 @e” Oo@e ] dimensional Luttinger liquid. According to our results, we
g Ll o o0 et 200K ] have: o*/o'~1/1.6 andoy/ol,~1; this leads to:7y/
g r o &° o*° 1 =74/ 7},~=1.6. The existence of this close relationship be-
I o @@G O@@ ] tween the two types of relaxgt_ion times, with equal valued
of o " | ratios, seems difficult to conciliate with Anderson’s model,
WL @o@ozgoe which establishes a completely different origin fef and
® @®_® E TH -
@223@9 ; JLTB 1 In a different approach, Colemaat al? suggest the exis-
i H JITB .
I @gg ] tence of two relgxatlon rates to be a consequence of scatter-
e ¥ T ing effects sensitive to the charge-conjugation symmetry of

0 5 10 15 the quasiparticles. According to this model there are two
B(M relaxation times: a short one,, and a long oner,, corre-

FIG. 4. Magnetic-field dependence of the Hall resistivity mea-SPONding to quasiparticles of opposite parity. The longitudi-
sured with current perpendiculdfull circles) and parallelopen ~ Nal conductivity is proportional ta,, while the Hall con-
circles to the twin boundaries, &i=100, 150, and 200 K. ductivity is proportional to the product, 7. By the same

reasoning made above, our results imply th@ts 7,/1.6,
B=10T. Significant deviations of th@2 dependence are Which means that the shortest relaxation time is reduced

present for both current directions below 200 K, also foundvhenJLTB’s due to scattering of the quasiparticles in the
in underdoped or overdoped sampiégs established in Eq.  TB's. At the same time, our results lead g~ 1.6r},, but it

(4), UL:PL/PLPH and o, =pii/p*p'; hence, the Hall con- IS not clear to us why is this relaxation time affegted b_y the
ductivities for the two current directions are simply related TB’s. Moreover, our resu!ts Ie\?dfo aLCICﬁse relationship be-
by o/ ol = pii/pl, . Then, according to our results, the Hall tween the two relaxation times,/ 7, = 7,/ 7~ 1.6, contrary
conductivity in the normal state is the same for both current0 the spirit of the model. o
directions, oy~ o', and thus, the Onsager reciprocity rela-  Kotliar etal” solved a Boltzmann equation including
tions (7,,= — 0,) are obeyed. As mentioned above, to ex-Skew scattering, arising from a different right- and left-

plain the temperature dependences found experimentally fdfanded scattering on the Fermi surface, with respect to the
the Hall angle (cotgy><T2) and for the Hall resistivity magnetic-field direction. In the framework of this model, the

(py1/T), two different relaxation rates have been intro- longitudinal conductivity is proportional to the usual trans-

duced. The models diverge about the physical origin of thesBO't relaxation timer,, whereas the Hall conductivity is

. 2 . .
two relaxation rates: several models link them to the anisotProportional tor(a+b/ ), 75 being the skew scattering
rate. For YBaCu;0O,_ g, the authors assunze~0, i.e., a qua-

1000 . : : . . siperfect particle-hole symmetry, thus obtaining for the Hall
conductivity: oy 72/ 7. Our results fore and oy imply
that 7)./ 5, = (74 72 ) ¥~ 1.6. The resulting dependence af

on the current directiofand thus on defecksand the close
relationship between the two types of relaxation times go
against the assumedtrinsic nature of the skew scattering.

In summary, our results do not seem to fit into the predic-
tions of these models, one reason being probably the models
disregard for the defects influence on transport properties.
However, in anisotropic samples and as far as the Onsager
reciprocity relations hold c(‘ﬁ=0'|,|_|), any model involving
the product or quotient of two relaxation timgke so-called
“multiplicative two-7 models”) will always imply a close
relationship between them, a fact that has to be taken into
account.

Alternatively, in the framework of the Fermi-liquid
model, two relaxation times were introduces, and 7,

0 : 20(')00 ' m'm : sm'm E— associated with different parts of the Fermi surfées), e.g.,
T2 (K?) with the flat parts and with the corners. Using the Boltzmann
equation for a fourfold symmetric FS, the longitudinal and

FIG. 5. cotgéy versusT? for current perpendiculdfull circles) Hall conductivities can be approximately described by:
and parallellopen circleg to the twin boundaries, foB=10T. xar+br, and oy a7§+ /37-3, wherea, b, «, and B8 are

® J,.TB

800 O JnTB

600

cotg 6y
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integrals over the different parts of the FS.
Phenomenological, semimicroscopicdl, or microscopicdl

models have suggested the dependences>T/ and 1f, o 00009 i
«T2, which describe reasonably the temperature depen- oS00 e

dences ofr andoy . In our sample, the existence of TB's in
one direction leads to the introduction of a third relaxation
time 73, to account for the electron collision with the TB'’s
when the current is perpendicular to them. The introduction
of this relaxation rate breaks the fourfold symmetry of the
mean free path curve drcurve[thel curve is obtained by
[(k)=v(k)7(k), as the wave vectdc moves around the FS;
v(k) is the Fermi velocity, leading to the anisotropy of the
longitudinal conductivity shown by our results. As shown by
Ong?! the Hall conductivity is a direct measure of the area
A, enclosed by thé curve; thus, it must not depend on the
direction of the current with respect to the TB, in agreement
with our results b‘ﬁ%a",‘_l . In spite of this qualitative agree-
ment, it is our belief that any attempt to obtain a quantitative
description of our results, namely of the temperature depen-
dence ofo and oy, is not entirely reliable because of its

dependence on uncontrolled parameters, such as the limits %f

A. CASACA et al.
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FIG. 6. Temperature dependence of the longitudinal resistivity
r current perpendiculafull circles) and parallelopen circles to

the FS corresponding o, 73, gnd 73- , . the twin boundaries, for field8=16, 14, 12, and 10 T. Inset:
Nevertheless, the diminishing of the relaxation time Pinning energy versus magnetic field for both directions of the cur-
caused by the TB provides a powerful way to test the preson:.
dictions of these models. In the case of a sample with high
enough density of TB’s in two perpendicular directions, the , )
shortest relaxation time in any direction will be the one im-May result from a small length of the TB's. We interpret
posed by the TB's: therefore; and r, will have the same these r(_asults as follows: apO\TqB, the vo_rtlc_es are in the
temperature dependence and, according to this model, tfji/ctuation or flux-flow regime, where pinning effects are
Hall resistivity py~ oy /0 will become temperature inde- irrelevant; the viscosity coefficient for vortex motion is in-
pendent. Using the fact that the experimental results for th¥€rsely proportional to the normal-state resistivity, leading to
longitudinal conductivity imply a linear temperature depen-2 'esistivity in th? flux-flow reg_lgn “p.ropomonal to the
dence for the relaxation rate associated with the TB's: wdlormal-state value; hence the rafio/p’ is the same as in
predict a crossover from,=1/T at high temperatures to the normal state. BeloW+g, the TB pinning becomes effec-

pr~const at low temperatures, indicating that this relaxatiorfV& and the TB’s oppose vortex motion perpendicular to
rate becomes more efficient than the one varying within  them: this happens when the current is parallel to the TB's,

samples with only one TB direction, the ardaenclosed by
the | curve will decrease as the TB density increases and

25—

.. . . M6 T J
thus, the Hall conductivity will also decrease. Information on DA "{” @ |
the reduction of the areA, can be obtained measuring the SRS \\
ratio o-/a', since ¢' will remain constant whiles" will Lo N CAY 1

decrease. Measurements on samples with different TB spac-f Y S
ing would thus provide a test for these models, as long as the I N o ™
film makers succeeded on having a good control over the TB I \\\,\

density, keeping the other parameters unchanged. 15 - | T | L
T L L R B AL T
1+ o S
_ “ ‘_;—\:;W
B. Mixed state = & Tt ¥
I o : = £ % ot
The longitudinal resistivity as a function of temperature, & 67 £ 2T :‘
for high magnetic fields and for both orientations of the cur- sz 05¢ g : y
rent with respect to the TB’s, is shown in Fig. 6. As in the J_ * 10T |
normal state, the resistivity measured across the T@B's,s ¢ . o ]
significantly higher than the resistivity measured along the ol oM L bl ]
TB’s, p'. In Fig. 7, we show the ratip*/p': for all fields the 70 75 T(KB)D 85 %

ratio remains equal to the normal-state valsel.6) down to

a temperatureT(B) corresponding t0p/p(100 K)~0.3, FIG. 7. Temperature dependence of the ratios between the lon-
i.e., the characteristic temperature of TB pinnifig® Below gitudinal resistivitiesa) and the Hall resistivitie$b) measured for
this temperature, the ratip"/p' increases rapidly with de- current perpendicular and parallel to the twin boundaries, at several
creasing temperature. The usual signature of TB pinning, eagnetic fields. The arrows correspond to the onset temperature of
shoulder in thep(T) curves for p/p(100 K)~0.3, is not  twin boundary pinning, determined agp(100 K)~0.3 for each
clearly visible for any of the two current orientations, which field.
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due to the Lorentz force acting on the vorticé€s,=PyJ surface of the vortex and being the average magnetic field
X Z (if we ignore the small component of the vortex velocity over the core of the vortex. The terffi,) X 2 is induced due
parallel to the current, responsible for the Hall effeethen  to the backflow current inside the normal core and consti-
the current is perpendicular to the TB’s, the Lorentz force istutes the essential feature of the WDT model.

directed along the TB’s, and the vortices can move easily Considering now the existence of TB’s parallel to the
along them. Therefore, the resistivipy drops more rapidly axis, » and 8, will depend on the direction of the current
to zero with decreasing temperature than leading to the with respect to the TB’s, since both coefficients are propor-
observed increase in the/p' ratio. This is confirmed by the tional to the normal-state relaxation timg. Denoting the
pinning energy valueéinset Fig. 6, obtained as the slope of coefficients byz' and 3}, when the current is parallel to the
Inp versus II in the interval 0.3u) cm<p  TB's and by»* andB5 when the current is perpendicular to
<100u{) cm: for all fields, the pinning energy presents the TB's, we have the relations

higher values for the parallel current orientation.

For the Hall resistivity(Fig. 7), our results show a related 7' g TQr on
behavior: abovd 1g, the ratiopy/p}, remains~1, as in the B AT (6)
0 tr n

normal state; belowlrgz, the ratio pﬁ/p”H decreases with
decreasing temperature, showing tpat falls more rapidly o - i
to zero thaan, contrarily to the case for the longitudinal The pinning force has the forkir,) = —T'v,, where, asin

i o . the Mawatari modell" is a diagonal tensor with elements
resistivity. The Hall conductivity ratio presents exactly the . L .
y y P %’ I',x=I'#0 andI'y,=0, assuming that the pinning force will

same behavior since, as we showed befotg,o, = pii/p, : : ) .
[cf. Eq.(4)]. As a first consequence of these results, the usuaﬁ? always directed perpend|cular to the TB's. Solving &4.
with these assumptions, we obtain

scaling relatiorp,, > p? observed in the pinning regimé?2
cannot hold for both current directions; if this was the case, o-B

we would have plyx(p*)? and pli=(p")?, ie., pilp), pl=—, (7a)
x(p*/p")# and thus, belowl g, the two ratios should have 7+l

the same type of temperature dependence, a fact discarded by |

our results. A failure of the scaling relation when the current Ih_ ol 7 1=y -2y B (7b)
is perpendicular to the TB’s was predicted by Mawatéi PH= PO 10T+ T) o=

a recent theoretical paper. Extending the model for isotropic ,

pinning of Vinokuret al” to the anisotropic case, Mawatari 1oF current parallel to the TB's and

solved a Langevin equation considering explicitly the effect B
0

of planar pinning centers, parallel to thiexis. He arrived at pr=—2, (8a)
the conclusion that the Hall resistivity and the Hall conduc- Ui

tivity do not depend on the direction of the current with

respect to the TB’sp};=p{, and o, =07, ; furthermore, ac- (1-7v)

1 _ pl
cording to his results, the Hall conductivity does not depend Pr=ho 7 +T ®oB, (80)

on pinning effects, as in the isotropic case. Abdug, our

results are in agreement with Mawatari's predictions, sincdor current perpendicular to the TB's.
pi~pl, and sooi~ol,. However, belowT g, our results The ratio of the longitudinal resistivities is simply
show a clear dependence of the Hall resistivity and of the
Hall conductivity on the current direction with respect to the (9)
TB’s. Therefore, according to our results, the TB pinning p' 7

effects on the Hall resistivity and on the Hall conductivity
are not correctly described by Mawatari's model. As reco A o o
nized by Mawa%/ari, it is probgbly necessary to take into a?:-TTB the pinning by the TB's is negligiblel{~0) and we

e e L J < ]
count the interaction of vortices and the superconductin@Pt@inp™/p'~7/7"=pn/p,; below Trg, the pinning be
fluctuations to find a pinning-dependent Hall conductivity, ©°Mes mﬁ)fe important as temperature decreases and so the
in agreement with our results. ratio p~/p" increases with decreasing temperature.

pJ_ 77” +T

which agrees qualitatively with our resul(gig. 7): above

We will show now that the Wang, Dong, and TifyDT) The ratio of the Hall resistivities is
model® extended to account for the anisotropy introduced by n n v
the TB’s, is in qualitative agreement with our results. In the PH _ @ 7 (7 +T)(1-7) (10)
WDT model, the equation of motion for a single vorteX is ol B (7 +D)[ 7' (1=y)—29I']"

VL =F_+(Fp)— Bo(1=y)FL X 2= Bo(1+7¥)(Fp) X2, which is also in agreement with our resulfSig. 7): above

(5 Tqg, I'=0 and we obtaimi;/p},~(Bs! Bo) (7" 7-)=1; be-
low T1g, we make use of the WDT assumption that0 at
relatively low temperature or high magnetic field and thus
the ratio becomes

where v, is the time-averaged velocity of the vortex,
=® B,/ pn=Ner,PB.,/m is the usual viscosity coeffi-
cient, andp,, is the normal-state resistivity, is the Lorentz
force, (Fp) is the time-averaged pinning forc@y= B, N Lo N

with u.,= 7,e/m being the mobility of charge carriers, and p_Hwﬁ_? (7 +1) _ A +T
J— — . . 1 1 ’
v=7y(1—H/H_,) with y describing the contact force on the pii Bo (7 +T) Ay +Al

(11)
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where we have seA=p:/p!, and thusA>1. From this last L
expression, we conclude that the raig/ p}, decreases a8 Sl JLTB 88K
increases, i.e., the ratio);/p|, decreases as the temperature [ O JHTB ®
decreases, in agreement with our results. [ ® §
The Hall conductivity is easily calculated from Edd), 1
(7), and (8) for both current directions; the main feature, I ®
however, is described by the ratio of the Hall conductivities, 15
ol al,=piilply, which is also described by Eq&l0) and i
(11). Therefore, a clear effect of TB pinning on the Hall
conductivity is predicted, in agreement with our res(fig. i
7). . 8 o
Recently, Smitret al?* argued that “inhomogeneities are [ ® ) o 82K
likely responsible for experimental claims thaf; depends 05 o) o 7]
on pinning.” This argument clearly fails to explain our re- ] «° & o® 1
sults: in our film, the Hall resistivity is measured in the same L & & o
region of the film for both current directions and thus, any WO@Q .
inhomogeneity effect is excluded from our results g p}, L. b
andoty/o},. The independence of Hall conductivity on pin- 0 B(T) 10
ning may be valid for point defects, as predicted by Vinokur
et al,” but is no longer valid for planar defects. Recent re- FIG. 8. Magnetic-field dependence of the Hall resistivity mea-
sults seem to confirm that also columnar defects affect theured with current perpendiculdfull circles) and parallel(open
Hall conductivity?® circles to the twin boundaries, & =82, 85, and 88 K.
Our experimental results also show that the Onsager reci- L ) .
procity relations g, = o, , no longer hold in the presence of @long the TB's isp~/p'~1.6, while the ratio for the Hall
TB's, below T1g, which can be related to a breaking of resistivity |5pﬁ/p‘,‘4~1. These results do not fit into the pre-
time-reversal symmetry in the TB's, as predicted theoretjdictions of the multiplicative twor models for electronic
cally for the superconducting staf@. transport in the normal state and, on the other hand, the
Let us note that Eqg7b) and (8b) provide a strong test Presence of TB’s in only one direction complicates substan-
for the WDT model. In this mode|’ the Sign reversal of thet|a”y the calculations in the framework of the Boltzmann
Hall resistivity, observed at low fields and at temperaturegransport equation for Fermi liquids. Thus, a theory that takes
close toT,, is a consequence of pinniAg.In the case of gxpllcn_ly into account the effect of TB’s on normal transport
strong anisotropic pinningl{,,=I'#0 andl',,=0) and ac- IS requ!red. Furthermore, a pareful study pf the Hall effect as
cording to our treatmenjpy; will be always positivgcf. Eq. 2 fun(_:tlon of the TB'’s density could provide a better under_-
@8b)], WhereaSp”H will change from positive to negative for standing of the temperature dependence of the Hall resistiv-

low enough fields and temperatures close bekicf. Eq. ity and conductivity. In the mixed state, for high magnetic

(7b)], as in the isotropic case. In a more realistic way anfields, the ratios between the longitudinal and Hall resistivi-

H Lyl Lyl ;
isotropic (though weak contribution to pinning must also be t€S:p~/p" andpy/pyy, remain equal to the normal-state val-
taken into account, leading to a finifg,, (0<TI',,<T',) ues in the fluctuation and flux-flow regime. Below the char-
and so bothp?, and pl, may attain negative values, but at 2cteristic temperature of TB pinning, the ratjp/p'

different temperature and field ranges. In order to check thi?Lcre”ases with decreasing temperature, whereas the ratio
/py decreases with decreasing temperature; this last result

prediction, the Hall resistivity was measured as a function o’ , o
the magnetic field at several temperatures, for the two dired—”lp“ﬁs that the ratio between the Hall conductivities,
tions of the current, as shown in Fig. 8 for fields up to 12 T.9H/0k, also decreases with decreasing temperature, there-
Within the experimental error, the sign reversal and the minifore revealing an effect of TB pinning on the Hall conduc-
mum value of the Hall resistivity occur at the same fields fortivity. These results contradict the predictions of the Mawa-
both directions of the current. This result seems to indicatd@r! mode} which considers explicitly the effect of planar
that the Hall resistivity sign reversal occurring at low mag-Pinning centers like the TB’s. We show that our results are in
netic fields is more probably due to fluctuation or dopingqU""“t""g“Ve _agreement with our extension of the WDT
effectd” rather than pinning. However, similar experimentsmodel;” which takes into account the anisotropy introduced
performed in samples with higher anisotropy ratips /!, by the TB's. However, at I(_)W fields, the sign reversal of the
and more pronounced negative Hall effect, are required t all resistivity is ob_serveq in the same temperat.ure range for
test this prediction in a more conclusive way. oth current directions, in apparent contradiction with the

predictions of the model.

pp (€2 cm)
@
Ce
@
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