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Double sign reversal of the vortex Hall effect in YBaCu3;0,_g 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 X&g0- _ 5 thin films in magnetic field8
oriented parallel to the crystallograpticaxis and to the twin boundaries reveal a double sign reversal of the
Hall coefficient forB=1 T. In high transport current densities, or wBtilted 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.

The unusual behavior of the Hall effect in many high- ture of the disorder-dominated vortex dynamics, with the
temperature and in some conventional superconductors in ttepecific prediction of3=2.222%The latter model also con-
mixed state attracts considerable interest. In particular, theluded that the Hall conductivityo,,= pyX/(p>2<X+ pix)
sign reversal of the Hall angle below the critical temperatureshould be independent of pinning, in sharp contrast with
T, as compared to the normal state, is in contrast to traditheories that originate the Hall anomaly on pinnirfgSev-
tional models for the vortex Hall effect and is regarded as aral groups have reported experiments on samples with arti-
fundamental problem of vortex dynamics. Several theoreticaficially introduced defects, and their data have been inter-
approaches have attempted to explain this phenomenon, bgteted both in favor and against the pinning independence of
no agreement has been achieved. The questions, whether tjj}gy_24»25 Measurements on pure YBCO single crystals re-
Hall anomaly is an intrinsic electronic property, determinedvealed a sharp change of,, when crossing through the
by the trajectory of an individual vortéX' if collective vor-  melting transitior?® Finally, recent theoretical results have
tex phenomena are essentiélor if vortex pinning is indis-  suggested thatr,, can be influenced by strong pinning,
pensable for the sign reversdi,are currently not resolved. eventually leading to the Hall effect with opposite sign, as
Other models are based on the general grounds of the timgompared to its value in the flux-flow regifiéand that the
dependent Ginzburg-Landau thedfy? but one needs a mi- presence or absence of such effect depends on the dimen-
croscopic theory to predict the sign of the vortex Hall effect.sjonality of the pinning centers near Bose or vortex glass

The experiments revealed that the Hall anomaly in high+ransition, respectivel§?
temperature superconductdisTS's), that is only observed | this paper, we report measurements of the vortex Hall
in moderate magnetic fields, becomes more prominent igffect in YBCO thin films in a large range of magnetic fields,
smaller magnetic fields, and attains its maximum within theith particular emphasis put on small magnetic fields. Our
vortex liquid and thermodynamic fluctuation rarige”  studies allow us to investigate the Hall effect in the limit of
Above T, a rapid drop of the Hall resistivitp,, precedes strong pinning on twin boundaries with a dilute vortex den-
its sign reversal® The occurrence of the Hall anomaly ap- sity, as opposed to previous experiments, where pinning was
pears to be connected with the carrier concentrafid®ing  enhanced by radiation damage. The latter may cause spuri-
absent in heavily overdoped cuprates. In highly anisotropigys effects, such as amorphous regions and local changes of
HTS, like BLSLCaCyO,, a double sign reversal is the oxygen content along the heavy-ion tracks. The low-field
observed’ that is attributed to weak pinning in these cu- resuits are augmented by pulsed high transport current den-

prates. This IaFter observation raised thelqu_estion of whethejity and oblique magnetic field measurements of the vortex
such double sign reversal could also exist in ¥Ba&O;_s  Hall effect.

(YBCO). In fact, a positive Hall effect has been observed in  \ve present data collected from 100-nm-thick epitaxial
YBCO far belowT, when pinning is overpowered by intense YBCO films, deposited either by single-target rf sputtering
measurement transport currefits. on LaAlQ; substrates or by pulsed-laser deposition on MgO
Another issue is the scaling of the transvefidall) resis-  sypstrates. In both cases, the films were highly epitaxial with
tivity to the longitudinal resistivity| p,,| = pf, that can be the onset of superconducting transition at 90 K and with
experimentally observed witfg~1.7,1° irrespective of the critical current densitieg,>3 MA/cm? at 77 K. The experi-
sign of pyx.20 Theoretically, an universal scaling law was ments were performed with 17-Hz ac currents pat
derived near a vortex-glass transitidnor, as a general fea- =250 A/cnt. The measurements from 1 to 13 T were made
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FIG. 2. B-field-normalized Hall conductivity of YBCO depen-

FIG. 1. Temperature dependence of the Hall coefficient of adence on temperature for various magnetic filddgarallel to the
YBCO thin film for various magnetic fieldB parallel to the filmc film c axis. The inset shows the conventional hgtfield depen-
axis. The inset shows the conventional higtield dependence of dence ofchyB‘1 on temperature, and the broken line represents an
Ry on temperature. extrapolation of the normal-state behavior beldw

in a superconducting solenoid using a standard cryogenitends into the vortex-liquid region &=13 T, followed by a
technique, while the low-field measurements from 32 mT todradual increase of the exponent Bss reduced. At lower

1 T were performed in a closed-cycle cryocooler and with arfmagnetic fields, however, a negative contribution appears to
electromagnet. The high sensitivity was achieved by fabrigain importance over the extrapolatéoken line in Fig. 2
cating thin film structures with the excellent alignment of Normal-state behavior, and Bt<3 T leads to a sign change
Hall probes. Particular care was exercised to exclude spurff oxy- With the furtherB decrease, a third, positive contri-
ous signals from the Earth’s magnetic field and the remabytlon sets in sharply at low fields and leads to the.second
nence of the magnet's pole pieces. To overcome the pinningign reversal oy, (andpy,) atB<1 T. Thus the delicate
measurements with As-long high-current density pulses interplay of thgse three contributions evoke_s the complex
were performed using a four-probe method, fast differentiafeatures and sign reversals of the Hall effect in YBCO.
amplifier, and voltage detection by a boxcar averager. The The Hall conductivity may be decomposed into
temperature rise of the sample relative to the bath was

smaller tha 1 K and was always corrected using the YBCO Txy= Oy T Ogy+F Ohy, (1)

film as an intrinsic thermometér.

Resistivity of the YBCO thin film deep in the mixed state \yheresN represents a quasiparticle or vortex-core contribu-

with B parallel toc axis is smaller than that in single crystals tion, associated with the normal-state excitatiom% a su-
due to enhanced pinning at defects and does not show

. " . rcon i ibuti i [
first-order transition at low temperatures. At the same tlmeﬁ‘e ducting contribution, resulting from hydrodynamic

; 29212 P
the shape of the upper part of the transition curve is Comm0¥ortex effects anq supgrcpnductmg fluctuatiéfs, andaxy
allows for a possible pinning dependencerqf . The sign of

to both thin films and single crystdfsand can be well char- <" h ot of th I l effect. b
acterized by renormalized superconducting—order-parameté&py ISt essame as that of the normal-state Hall effect, but the

fluctuations™® Figure 1 displays the Hall coefficief, ofa S9N Of o, depends on details of the Fermi surfdce. '
YBCO film for a wide range of magnetic fields from 32 mT The |n|tyglly25)£9po§ed pinning independence of the Hall
to 13 T. It demonstrates th&y is positive at all tempera- conductivity>**implies thatoj,=0.
tures forB=4 T (insed and reverses its sign at lower fields. ~ The results presented in Fig. 2 can be understood accord-
The negative sign Hall anomaly increases significantly whedng to Eq. (1) as follows: o},»B dominates at the higi
the magnetic field is reduced below 1 T. Simultaneously, théange and follows the extrapolation from the normal state
very surprising result, observed as a second sign reversal @proken line in Fig. 2 Its increase above the extrapolation
Ry, can be clearly identified below 0.25 T. This finding belowT¢(B) indicates reduced quasiparticle scattering in the
contradicts the notiofi that the double sign reversal can only superconducting stafé.The contributionoy, <0 is roughly
be observed in weak pinning. On the contrary, we will show>=1/B in fields of a few tesla, and is commonly associated
that the double sign reversal &, presented in Fig. 1 is a with the hydrodynamic flux-flow effectsin fieldsB<1 T,
result of strong pinning of vortices. however, the B dependence is strongly violated and rather
It is instructive to look at the Hall conductivity,,, nor-  approaches aB-linear behavior. Only the fluctuation
malized toB, as shown in Fig. 2, since,,=RyB, oy,/B is modeld? allow for natural explanation of the observél
independent oB in the normal state above 90 K and roughly dependence oérfy, shown in Fig. 2(excluding the second
follows acrxyOCT_3 temperature dependence. This trend ex-sign reversal®
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FIG. 4. Scaling of the transvergglall) and longitudinal resis-
tivities in various magnetic fieldB parallel to the filmc axis. The
ﬁiata for 1, 6, and 13 T have been truncated at low dissipation. The

Froken line represents a fit to the 6-T data accordingdg|
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FIG. 3. Disappearance of the Hall effect's second sign revers
in YBCO films. (a) Hall conductivity versus temperature for various
current densities witlBB=1 T, parallel to the filmc axis. (b) Hall
coefficient (=250 Alcn?) in obligue magnetic fields oriented at
the anglea relative to the filmc axis and to the twin boundaries. fields within the resolution of our measurement. In this re-
spect the impact of the tilt on o, is remarkable. The
results presented in Fig. 3 were obtained on films deposited
. . : . on different substrates, what confirms that the second sign
second sign reversal &, (see Fig. ], and that is evident . . . ; >

. _ . P . 27 reversal is not associated with the film fabrication and/or
from Fig. 2, is Pattnbuted tooyy S Kopnin etal™ have  oampie inhomogeneities, or due to a particular percolation
proposed thafa,,| can exceedoy|, leading eventually paih for the Hall current. It should be finally noted that our
to an additional sign reversal of the vortex Hall effect due toregylts are compatible with a study on clean YBCO single
strong pinning. Ikedd has stressed that in the scenario of crystals that reveal a significant differencedg, measured
vortex-glass fluctuations, the sign @fy does depend on the 5t B tilted at «=0° and a=4°, respectively, although
dimensionality of the pinning, namely sgr{)=sgn(@},)  the second sign reversal was there not obsefved.
for nearly three-dimensional systems with disordered point- The refutation of the pinning independence «f, con-
like pinning sites, and sgof,)#sgn(oy,) when linelike  cept by our experiments immediately suggests a test of the
pinning disorder dominate@ose glasp The latter situation scaling law—the another prediction that has been derived in
corresponds to our YBCO films witB oriented parallel to the same theoretical context. Previous work was limited to
the twin-boundary planes. moderate magnetic fields and Fig. 4 shdbeoken ling the

Two additional experiments allow us to test the abovecommonly observed Scalid@yx|ocpi;(7 at, e.9.,.B=6 T over
notion on the origin oﬁrfy. The results are shown in Fig. 3. more than four orders of magnitude @f, . In fieldsB<1 T,
Figure 3a) presentsoy, dependence on temperature 8r and at temperatures whepg,<0, scaling can be found only
=1 T and various transport current densities. In high currenbn a limited range. Finally, in the strong pinning regime,
densities, the pinning force is overcome by large Lorentavhere the second sign reversal is observed @pd-0, the
forces on the vortices and the sharp upturrrgf, seen for  resistivities are related roughly ag,p,y, in sharp contrast
low j (see also Fig. 2 is canceled. Thus, remains nega- to 8= 2,22?%put not incompatible with the scaling law near a
tive belowT, and rapidly decreases at lower temperatures. Ivortex-glass transitioft:
this casepy, strongly resembles the behavior seen in single Our experimental results impose several additional inter-
crystals?® Tilting B field off the ¢ axis at a small anglee  esting constraints on models that attempt to explain the
<10°, as shown in Fig.(®), also leads to the disappearanceanomalous Hall effect in HTS's. Wang and co-worKérs
of the Hall effect’s second sign reversal. In this case, pinningassociate the negative Hall anomaly with the backflow cur-
is changed from linelike pinning along the twin boundary rent due to pinning. The increase of the negative anomaly in
planes @=0°) to a reduced dimensionality pinning at an low magnetic fields seems to support their model, but the
oblique field. Ata<<10° we do not expect to reach pointlike second sign change and the breakdown of the scaling in the
pinning, but rather pinning along short segments, where thémit of strong pinning are hardly compatible. Several mod-
vortices run parallel to the twin boundaries. Simultaneouslygels based on the time-dependent Ginzburg-Landau theory do
the longitudinal conductivityry, is not changed in oblique not incorporate pinning effects and thus cannot be applied to

The third(positive) contribution that is responsible for the
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the low dissipation limit. Van Otterlo@t al?> and Kopnif ~ The latter exponent is similar to our result whep <0 in
have argued that the double sign reversal is an intrinsic eled=ig. 4 but is incompatible with our findings in the strong
tronic phenomenon. While this seems to be applicable for thginning limit.

highly anisotropic HTS's, it is not the case for our YBCO  In summary, we have measured the Hall effect of YBCO
films. Ac® has considered vortex lattice defects as the origirthin films in very low magnetic fields and found a double
of the sign reversal and predicted that the negative anomaf§ign reversal that is associated with strong pinning along
can disappear in Strong pinning and near a giass state. Thli‘é/ln boundaries. The second Sign reversal does vanish at
latter notion is in agreement with our experimental resultshigh current densities when the pinning is reduced, and also
but contrary to theoretical predictions, we did observe devialn slightly obliqueB fields when the vortices transform from
tions from o,*1/B dependence even in the range whereB0Se glass to a vortex glass. The scaling law proposed for
0xy<0. It has been recently pointed out by Kopnin andthe_HaII and Iongltudlnal resistivities breaks down in the
Vinokur?” that the initially proposed pinning independence régime of the second sign reversal. Our data endorse that the
of oy, and|Pyx|°<P>2<x is not valid in strong pinning case at H_aII conductivity is significantly influenced by vortex pin-
twin boundaries, in accordance with our observations. Th&'N9:

dependence ofr;, on the dimensionality of the vortex- e are grateful to R. Ikeda for very helpful correspon-
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