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Double sign reversal of the vortex Hall effect in YBa2Cu3O7Àd thin films in the strong pinning
limit of low magnetic fields
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Measurements of the Hall effect and the resistivity in twinned YBa2Cu3O72d thin films in magnetic fieldsB
oriented parallel to the crystallographicc axis and to the twin boundaries reveal a double sign reversal of the
Hall coefficient forB<1 T. In high transport current densities, or withB tilted off the twin boundaries by 5°,
the second sign reversal vanishes. The power-law scaling of the Hall conductivity to the longitudinal conduc-
tivity in the mixed state is strongly modified in the regime of the second sign reversal. Our observations are
interpreted as strong, disorder-type dependent vortex pinning and confirm that the Hall conductivity in high-
temperature superconductors is not independent of pinning.
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The unusual behavior of the Hall effect in many hig
temperature and in some conventional superconductors in
mixed state attracts considerable interest. In particular,
sign reversal of the Hall angle below the critical temperat
Tc , as compared to the normal state, is in contrast to tr
tional models for the vortex Hall effect and is regarded a
fundamental problem of vortex dynamics. Several theoret
approaches have attempted to explain this phenomenon
no agreement has been achieved. The questions, whethe
Hall anomaly is an intrinsic electronic property, determin
by the trajectory of an individual vortex1–4 if collective vor-
tex phenomena are essential,5,6 or if vortex pinning is indis-
pensable for the sign reversal,7,8 are currently not resolved
Other models are based on the general grounds of the t
dependent Ginzburg-Landau theory,9–12 but one needs a mi
croscopic theory to predict the sign of the vortex Hall effe

The experiments revealed that the Hall anomaly in hi
temperature superconductors~HTS’s!, that is only observed
in moderate magnetic fields, becomes more prominen
smaller magnetic fields, and attains its maximum within
vortex liquid and thermodynamic fluctuation range.13,14

Above Tc , a rapid drop of the Hall resistivityryx precedes
its sign reversal.15 The occurrence of the Hall anomaly a
pears to be connected with the carrier concentration,16 being
absent in heavily overdoped cuprates. In highly anisotro
HTS, like Bi2Sr2CaCu2Ox , a double sign reversal i
observed17 that is attributed to weak pinning in these c
prates. This latter observation raised the question of whe
such double sign reversal could also exist in YBa2Cu3O72d
~YBCO!. In fact, a positive Hall effect has been observed
YBCO far belowTc when pinning is overpowered by intens
measurement transport currents.18

Another issue is the scaling of the transverse~Hall! resis-
tivity to the longitudinal resistivityuryxu}rxx

b that can be

experimentally observed withb;1.7,19 irrespective of the
sign of ryx .20 Theoretically, an universal scaling law wa
derived near a vortex-glass transition,21 or, as a general fea
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ture of the disorder-dominated vortex dynamics, with t
specific prediction ofb52.22,23 The latter model also con
cluded that the Hall conductivitysxy5ryx /(rxx

2 1ryx
2 )

should be independent of pinning, in sharp contrast w
theories that originate the Hall anomaly on pinning.7,8 Sev-
eral groups have reported experiments on samples with
ficially introduced defects, and their data have been in
preted both in favor and against the pinning independenc
sxy .24,25 Measurements on pure YBCO single crystals
vealed a sharp change ofsxy when crossing through the
melting transition.26 Finally, recent theoretical results hav
suggested thatsxy can be influenced by strong pinning
eventually leading to the Hall effect with opposite sign,
compared to its value in the flux-flow regime,27 and that the
presence or absence of such effect depends on the dim
sionality of the pinning centers near Bose or vortex gla
transition, respectively.28

In this paper, we report measurements of the vortex H
effect in YBCO thin films in a large range of magnetic field
with particular emphasis put on small magnetic fields. O
studies allow us to investigate the Hall effect in the limit
strong pinning on twin boundaries with a dilute vortex de
sity, as opposed to previous experiments, where pinning
enhanced by radiation damage. The latter may cause s
ous effects, such as amorphous regions and local chang
the oxygen content along the heavy-ion tracks. The low-fi
results are augmented by pulsed high transport current
sity and oblique magnetic field measurements of the vor
Hall effect.

We present data collected from 100-nm-thick epitax
YBCO films, deposited either by single-target rf sputteri
on LaAlO3 substrates or by pulsed-laser deposition on M
substrates. In both cases, the films were highly epitaxial w
the onset of superconducting transition at 90 K and w
critical current densitiesj c.3 MA/cm2 at 77 K. The experi-
ments were performed with 17-Hz ac currents atj
5250 A/cm2. The measurements from 1 to 13 T were ma
9780 ©2000 The American Physical Society
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in a superconducting solenoid using a standard cryog
technique, while the low-field measurements from 32 mT
1 T were performed in a closed-cycle cryocooler and with
electromagnet. The high sensitivity was achieved by fa
cating thin film structures with the excellent alignment
Hall probes. Particular care was exercised to exclude sp
ous signals from the Earth’s magnetic field and the rem
nence of the magnet’s pole pieces. To overcome the pinn
measurements with 3-ms-long high-current density pulse
were performed using a four-probe method, fast differen
amplifier, and voltage detection by a boxcar averager.
temperature rise of the sample relative to the bath w
smaller than 1 K and was always corrected using the YBC
film as an intrinsic thermometer.29

Resistivity of the YBCO thin film deep in the mixed sta
with B parallel toc axis is smaller than that in single crysta
due to enhanced pinning at defects and does not sho
first-order transition at low temperatures. At the same tim
the shape of the upper part of the transition curve is comm
to both thin films and single crystals30 and can be well char
acterized by renormalized superconducting–order-param
fluctuations.31 Figure 1 displays the Hall coefficientRH of a
YBCO film for a wide range of magnetic fields from 32 m
to 13 T. It demonstrates thatRH is positive at all tempera
tures forB>4 T ~inset! and reverses its sign at lower field
The negative sign Hall anomaly increases significantly wh
the magnetic field is reduced below 1 T. Simultaneously,
very surprising result, observed as a second sign revers
RH , can be clearly identified below 0.25 T. This findin
contradicts the notion18 that the double sign reversal can on
be observed in weak pinning. On the contrary, we will sh
that the double sign reversal ofRH presented in Fig. 1 is a
result of strong pinning of vortices.

It is instructive to look at the Hall conductivitysxy , nor-
malized toB, as shown in Fig. 2, sinceryx5RHB, sxy /B is
independent ofB in the normal state above 90 K and rough
follows a sxy}T23 temperature dependence. This trend e

FIG. 1. Temperature dependence of the Hall coefficient o
YBCO thin film for various magnetic fieldsB parallel to the filmc
axis. The inset shows the conventional high-B field dependence o
RH on temperature.
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tends into the vortex-liquid region atB513 T, followed by a
gradual increase of the exponent asT is reduced. At lower
magnetic fields, however, a negative contribution appear
gain importance over the extrapolated~broken line in Fig. 2!
normal-state behavior, and atB,3 T leads to a sign chang
of sxy . With the furtherB decrease, a third, positive contr
bution sets in sharply at low fields and leads to the sec
sign reversal ofsxy ~andryx) at B<1 T. Thus the delicate
interplay of these three contributions evokes the comp
features and sign reversals of the Hall effect in YBCO.

The Hall conductivity may be decomposed into

sxy5sxy
N 1sxy

S 1sxy
P , ~1!

wheresxy
N represents a quasiparticle or vortex-core contrib

tion, associated with the normal-state excitations,sxy
S a su-

perconducting contribution, resulting from hydrodynam
vortex effects and superconducting fluctuations,2,9–12andsxy

P

allows for a possible pinning dependence ofsxy . The sign of
sxy

N is the same as that of the normal-state Hall effect, but
sign of sxy

S depends on details of the Fermi surface.9–11,16

The initially proposed pinning independence of the H
conductivity22,23 implies thatsxy

P 50.
The results presented in Fig. 2 can be understood acc

ing to Eq. ~1! as follows:sxy
N }B dominates at the highB

range and follows the extrapolation from the normal st
~broken line in Fig. 2!. Its increase above the extrapolatio
belowTc(B) indicates reduced quasiparticle scattering in
superconducting state.32 The contributionsxy

S ,0 is roughly
}1/B in fields of a few tesla, and is commonly associat
with the hydrodynamic flux-flow effects.4 In fields B,1 T,
however, the 1/B dependence is strongly violated and rath
approaches aB-linear behavior. Only the fluctuation
models12 allow for natural explanation of the observedB
dependence ofsxy

S , shown in Fig. 2~excluding the second
sign reversal!.33

a
FIG. 2. B-field-normalized Hall conductivity of YBCO depen

dence on temperature for various magnetic fieldsB parallel to the
film c axis. The inset shows the conventional high-B field depen-
dence ofsxyB

21 on temperature, and the broken line represents
extrapolation of the normal-state behavior belowTc .
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The third~positive! contribution that is responsible for th
second sign reversal ofRH ~see Fig. 1!, and that is evident
from Fig. 2, is attributed tosxy

P . Kopnin et al.27 have
proposed thatusxy

P u can exceedusxy
S u, leading eventually

to an additional sign reversal of the vortex Hall effect due
strong pinning. Ikeda28 has stressed that in the scenario
vortex-glass fluctuations, the sign ofsxy

P does depend on th
dimensionality of the pinning, namely sgn(sxy

P )5sgn(sxy
S )

for nearly three-dimensional systems with disordered po
like pinning sites, and sgn(sxy

P )Þsgn(sxy
S ) when linelike

pinning disorder dominates~Bose glass!. The latter situation
corresponds to our YBCO films withB oriented parallel to
the twin-boundary planes.

Two additional experiments allow us to test the abo
notion on the origin ofsxy

P . The results are shown in Fig. 3
Figure 3~a! presentssxy dependence on temperature forB
51 T and various transport current densities. In high curr
densities, the pinning force is overcome by large Lore
forces on the vortices and the sharp upturn ofsxy , seen for
low j ~see also Fig. 2!, is canceled. Thussxy remains nega-
tive belowTc and rapidly decreases at lower temperatures
this case,sxy strongly resembles the behavior seen in sin
crystals.26 Tilting B field off the c axis at a small anglea
<10°, as shown in Fig. 3~b!, also leads to the disappearan
of the Hall effect’s second sign reversal. In this case, pinn
is changed from linelike pinning along the twin bounda
planes (a50°) to a reduced dimensionality pinning at a
oblique field. Ata,10° we do not expect to reach pointlik
pinning, but rather pinning along short segments, where
vortices run parallel to the twin boundaries. Simultaneou
the longitudinal conductivitysxx is not changed in oblique

FIG. 3. Disappearance of the Hall effect’s second sign reve
in YBCO films. ~a! Hall conductivity versus temperature for variou
current densities withB51 T, parallel to the filmc axis. ~b! Hall
coefficient (j 5250 A/cm2) in oblique magnetic fields oriented a
the anglea relative to the filmc axis and to the twin boundaries.
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fields within the resolution of our measurement. In this
spect the impact of theB tilt on sxy is remarkable. The
results presented in Fig. 3 were obtained on films depos
on different substrates, what confirms that the second s
reversal is not associated with the film fabrication and
sample inhomogeneities, or due to a particular percola
path for the Hall current. It should be finally noted that o
results are compatible with a study on clean YBCO sin
crystals that reveal a significant difference insxy measured
at B tilted at a50° and a54°, respectively, although
the second sign reversal was there not observed.26

The refutation of the pinning independence ofsxy con-
cept by our experiments immediately suggests a test of
scaling law—the another prediction that has been derive
the same theoretical context. Previous work was limited
moderate magnetic fields and Fig. 4 shows~broken line! the
commonly observed scalinguryxu}rxx

1.7 at, e.g.,B56 T over
more than four orders of magnitude ofryx . In fieldsB<1 T,
and at temperatures whereryx,0, scaling can be found only
on a limited range. Finally, in the strong pinning regim
where the second sign reversal is observed andryx.0, the
resistivities are related roughly asryx}rxx , in sharp contrast
to b52,22,23but not incompatible with the scaling law near
vortex-glass transition.21

Our experimental results impose several additional in
esting constraints on models that attempt to explain
anomalous Hall effect in HTS’s. Wang and co-workers7,8

associate the negative Hall anomaly with the backflow c
rent due to pinning. The increase of the negative anomal
low magnetic fields seems to support their model, but
second sign change and the breakdown of the scaling in
limit of strong pinning are hardly compatible. Several mo
els based on the time-dependent Ginzburg-Landau theor
not incorporate pinning effects and thus cannot be applie

al

FIG. 4. Scaling of the transverse~Hall! and longitudinal resis-
tivities in various magnetic fieldsB parallel to the filmc axis. The
data for 1, 6, and 13 T have been truncated at low dissipation.
broken line represents a fit to the 6-T data according touryxu
}rxx

1.7.
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the low dissipation limit. Van Otterlooet al.2 and Kopnin4

have argued that the double sign reversal is an intrinsic e
tronic phenomenon. While this seems to be applicable for
highly anisotropic HTS’s, it is not the case for our YBC
films. Ao5 has considered vortex lattice defects as the ori
of the sign reversal and predicted that the negative anom
can disappear in strong pinning and near a glass state.
latter notion is in agreement with our experimental resu
but contrary to theoretical predictions, we did observe dev
tions from sxy}1/B dependence even in the range whe
sxy,0. It has been recently pointed out by Kopnin a
Vinokur27 that the initially proposed pinning independen
of sxy , anduryxu}rxx

2 is not valid in strong pinning case a
twin boundaries, in accordance with our observations. T
dependence ofsxy

P on the dimensionality of the vortex
pinning disorder, proposed by Ikeda,28, is supported by our
results. Finally, D’Annaet al.34 have interpreted their scalin
results on YBCO single crystals with a percolation mod
that does predicturyxu}rxx

b with b52 for B oriented parallel
to the twin boundaries andb51.4 for slightly oblique fields.
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n
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,
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l

The latter exponent is similar to our result whenryx,0 in
Fig. 4 but is incompatible with our findings in the stron
pinning limit.

In summary, we have measured the Hall effect of YBC
thin films in very low magnetic fields and found a doub
sign reversal that is associated with strong pinning alo
twin boundaries. The second sign reversal does vanis
high current densities when the pinning is reduced, and a
in slightly obliqueB fields when the vortices transform from
Bose glass to a vortex glass. The scaling law proposed
the Hall and longitudinal resistivities breaks down in t
regime of the second sign reversal. Our data endorse tha
Hall conductivity is significantly influenced by vortex pin
ning.
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