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Measurements of the Hall effect and the resistivity on precisely patterneg(B@,_, thin filims in
magnetic fieldB from 0.5 to 6 T oriented parallel to the sample crystallograptecis reveal a sign reversal
of the Hall coefficient forB<3 T. The data are compared to the full, quantitative expressions based on the
renormalized fluctuation model for the Hall conductivity. The model offers a satisfactory understanding of the
experimental results, for moderate fields and temperatures near the critical region, provided that the inhomo-
geneity of the critical temperature distribution is also taken into account. We also propose an approach how
vortex pinning that strongly affects the magnitude of the Hall coefficient can be incorporated in the model.
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[. INTRODUCTION superconducting fluctuations alone to account for the Hall-
effect sign reversa’?8while others present a more extended
The influence of superconducting fluctuations on off-picture based on the same foundations of TDGL using both
diagonal components of the magnetoconductivity tensothe hydrodynamics and the vortex charging effect, arising
(usually denoted as the excess Hall effeeh high-  from the difference in electron density between the core and
temperature superconductdt$TSC) has received consider- the far outside region of the vorték?>?° Thus, the Hall
able experimental and theoretical attention over the past fewffect in the mixed state of HTSC reflects a complex inter-
years'~® Though a general consensus seems to be achieveglay between electronic properties of quasiparticles, thermo-
now regarding the existence and the temperature dependenggnamic fluctuations, hydrodynamic effects of vortices, and
of the excess Hall effect, theoretical predictions of its signpinning.
are still controversial. Experimentally, the Hall resistivity = From a considerable part of the published theoretical
shows a peculiar temperature dependence. Specifically, agork, it appears that at least the first sign reversal, which
the temperature is decreased through the fluctuation regioogccurs near the critical region, where vortex pinning is neg-
the Hall resistivity decreases and changes its sign relativelfigible and the superconducting order-parameter fluctuations
to the normal-state one, exhibits a negative minimum, angblay an important role, should be ascribed to a microscopic
eventually reaches zero at low temperatures. This simplerigin of superconductivit§:*32%3!From the viewpoint of
sign change was detected in many different HT&@fs. 6  the TDGL formalisnt*2"?®to which any theory of vortex
and 8-11 and even in conventional superconductot$!®  dynamics must reduce near the critical temperafiyg®®?
Furthermore, a double-sign reversal, which is a subsequefite Hall anomaly is a consequence of the difference in sign
return of the Hall resistivity to the positive value before van-between the normalquasiparticlg part and the supercon-
ishing, has been observed in highly anisotropic HTSC, suclducting fluctuation(or vortex flow part of the total Hall
as BpSr,CaCyO, crystals* and films!® TI,Ba,CaCyO,  conductivity. These two components have opposite signs, if
films,*® or HgBa,CaCyO; films.>” Recently, the existence of the energy derivative of the density of states averaged over
the second sign change was also reported in,XBgO,;_,  the Fermi surface is positive when the carriers are holes in
films, either at high current densiti€sor in the strong pin- the normal staté® Thus, the sign reversal can be intrinsic
ning limit at low magnetic fieldd? Finally, even a triple-sign  and depends on the details of the structure of the normal-
reversal was reported in HgBaaCyOg films with colum-  state electronic spectrum. Such notion is further supported by
nar defects induced by high-density ion irradiatf8n. the fact that in several HTSC, the sign reversal disappears
Several theoretical approaches have attempted to explaimhen the material is strongly overdoped and the band struc-
the complex features of the Hall resistivity temperature deture approaches that of a conventional métal.
pendence, but no consensus has been achieved. The Hall The possibility of the Hall angle sign change in the criti-
anomaly might originate from the pinning fortejonuni-  cal region was first discussed by Fukuyama, Ebisawa, and
form carrier density in the vortex cofé??or can be calcu-  Tsuzuki(FET),*® who pointed out that the origin of a nonva-
lated in the time-dependent Ginzburg-Land&liDGL) nishing Hall current due to fluctuating Cooper pairs could
model?>?* Most recent theories claim to predict the doublecome from a hole-particle asymmetry, which reveals a com-
or triple-sign reversal, based either on entirely intrinsicplex relaxation time in the TDGL theory. In this early work,
mechanism of vortex motion and electronic spectfdror it was implicitly assumed that the fluctuations did not inter-
on hydrodynamic interaction between vortices and the supekct; that is, only Gaussian fluctuations were considered. Ac-
conducting and normal-state fluisSome theories invoke cordingly, the fluctuation parts of the conductivity tensor el-
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ements were predicted to diverge Bt in the presence of mostimportant results of the IO(Ref. 36 and NE(Ref. 28
magnetic field. However, this predicted divergence has notenormalized fluctuation theories for the longitudinal and
been observed. A great improvement was obtained when thidall conductivities are reviewed, and modifications for in-
interaction between fluctuations was taken into account bgluding samples with nonuniforii.'s are proposed. Section
incorporating the quartic termy|* from the Ginzburg- 1 brigfly prese_nts our sample preparation_and measurement
Landau(GL) expression of the free energy. Such a treatmentechniques, while Sec. IV shows our experimental results and
was performed by Ullah and Dors8yUD) in the frame of a  directly compares them to the theoreﬂcql model. Fmally, in
simple Hartree approach of the TDGL theory. More recentlySec. V, we summarize our results and list the main conclu-
Nishio and Ebisaw# (NE) extended the FET calculations of Sions emerging from our analysis.

the weak(Gaussianfluctuation contribution of the Hall con-

ductivity to the strong(non-Gaussianfluctuation regime, Il. THEORETICAL BACKGROUND

based on more sophisticated renormalization theory by o
lkeda, Ohmi, and TsunetdOT).36 The renormalized, non- Based on the IOT renormalization theory, NE extended

Gaussian fluctuation regime connects therefore the weakET cal<_:u_|ations of the weak fluctuati(_)n contribution of Hall
(Gaussiap fluctuation regime in the paraconducting region conductivity and derived an expression of the excess Hall
aboveT,(H) to the vortex liquid(flux-flow) regime below conducfuwtyAcrxy due to the non-Gaussian supe_rconductlng
the mean-field transition, interpolating smoothly without thefluctuations corresponding to the AL process in a layered
T, divergence predicted by the Gaussian theory. superconductor:

In this paper, we present simultaneous measurements of - "
the resistivity and Hall resistivity, of epitaxial YB&u;O;_, _ T keT (n+1) Lt e+
(YBCO) films in a wide range of applied magnetic fields Txy=B hée ep =0 (8n+1_8n)2[ (enteni)]
(from 0.5 to 6 T, and give a quantitative account for our
Hall-effect experimental data by using the aforementioned fﬁfﬁ+l 1,
renormalized fluctuation model of NIt is worth mention- T_Efm 12| @)

1

ing that forB<<0.5 T, we have earlier found an occurrence of e
the second sign reverddiin similar YBCO thin films inB  with f,=[e,(1+d%,)] Y2 e,=go+2nh (n=1), go=¢
fields oriented parallel to the crystallograpliaxis and to  +h, e=(T-T)/T,, h=27&BI®,, d=s2&, B
the twin boundaries. This second sign change turned out te- —4eN’/7gN?. Here N is the density of states at the
be strongly vortex-pinning dependent, since it vanished aFermi surfacese, N’ is the energy derivative oN, g
high transport current densities, or with tBdield tilted off ~ (>0) the BCS coupling constan{,, and £ are the coher-
the twin boundaries by a small ang{&°). For moderate ence lengths extrapolated &t=0 in ab and c directions,
magnetic fields instead, as those investigated in the presefdspectivelys is the distance between superconductor layers
paper, and for temperatures near the critical region, wherg the Lawrence-Doniaéfi model, T, is the critical tempera-
the first sign change occurs, the pinning contribution to theure in the absence of the magnetic field, &the magnetic
Hall conductivity is almost negligibl&’ The TDGL approach  field applied perpendicularly to treb plane. The renormal-
is therefore considered to be appropriate, although quantitazation procedure, described in detail by IOT, consists in us-
tively less accurate towards lower temperatures and 1‘|eld§ﬂg the renormalized expressian, instead ofs,, for each

where pinning becomes more effective. Landau levein
There have been so far several reported verifications of ’
merely scaling relationships connecting fluctuation conduc- Yy nt1
tivities, temperature, and magnetic field, emerging from thegnzgnJr gsd + Po—1 ( ﬁ)
TDGL model. Liuet al® found good experimental evidence \/ﬂg—l 88,d%(n+1)! ay
for the validity of the scaling laws depending on temperature ni1
and B field given by the Hartree renormalization procedure N a— By N Boy+V(Bs—1)(y*—1)—1
in the lowest Landau levél. This approach was applied to 2 2 2 '
. . . -1 + -1 -1-1
the Aslamazov-Larkir(AL) term of the fluctuation longitu- VB3 Boart V(Bo~)(a’~1)
dinal and Hall conductivitied” for B fields ranging between 2

2 and 9 T, and identified the cause of the Hall conductivity s . 3 o~

sign change as lying in the fluctuation regime. Ginsberg and/here 9s=8m"uox KeTc£,B/Ec Py, Bo=1+2d%y, a
Mansor and Neimaret al® also found a satisfactory fit for =285~ 1, y=a+80g3Bed*(B5—1)" "2 a =a+a’~1,
their data by using the B/proportionality of the fluctuation v, =y+\y?*—1, and« being the GL parameter of the su-
Hall conductivity, predicted by the same Hartree renormalferconductor. The second term on the right-hand side of Eq.
ization fluctuation modé@l in the lowest Landau-level ap- (2) is the Hartree term and always dominates the third one.
proximation (valid in the high-field limi}. We have, how- The prefactor in Eq(1) can be modified in a form more
ever, no knowledge of any direct comparison betweerconvenient for experimental data fits. Taking into account the
experimentally observed Hall anomaly in HTSC and the fullcoherence length expression valid in the dirty lifits,;,
quantitative application of the TDGL theory in the renormal- = (7% vgl/24kgT,) Y2 (wherev is the Fermi velocity the
ized fluctuation regime, where the first sign reversal occursscattering time, antl=v 7 is the mean free pathtogether
And this is the main purpose of this work. In Sec. Il, the with the normal-state Hall conductivity expression in the
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classical picturé® o = o eBr/m,, one can obtain the fol- 1 (To—Tep)?
lowing form for A, whenT~T.: <A0>=f—ex — = | Aa(T) dT.
owing form for Ao, whenT~T,: 5T N2m 2(5T,)? c ¢

s e , 5
Ao, :ﬁi Ty M[lwz(;n%—gn“)] whereA o stands for bot\ o, and Aoy .

VT 28080 o0 150 (Bpiq— )2 The averaged fluctuation conductivitie§\oy,) and
~ (Aayy) derived from Eqs(3)—(5) have to be added to the
fﬁﬁ+1 1., normal-state components,, anday,, respectively. No gen-

= 5f (3 ) y XX '
fotfhe, 2 n+1/2 eral consensus exists about the functional formoBf for

HTSC, but the linear temperature dependence of resistivity
over a broad temperature range is generally accepted. It has
pression(3) concerns, as stated, a layered superconducto?lsg been showff thf.it many HaII-effept measurements in
and only the prefactor was computed assuming a three/arious HTSC 5materlals c?n bne explaéned using the Ander-
dimensional(3D) isotropic Fermi surface, as in the BCS SO"S formuld® cotéf,= o7, /o,=C1T?+Co.  We shall
theory, justified by the moderate YBCO anisotropy. Consigtherefore use for the normal-state part of the conductivity
ering instead a cylindrical Fermi surface, corresponding td€nsor the simple expressions
the two-dimensional2D) case, would change th&,, ex-

with T,=[z,(1+d%,)] *? and z, given by Eq.(2). Ex-

pression by a factor of3/2,** and consequently thé value o" :; and o" = 1 L . (6
by a factor of 2/3. Since the correct band structure for YBCO X potpeT Y potpiT C T2+ C,

is expected to be in between these two limit cases, our esti- "
mation for 8 will be only slightly affected. Noticing that WherePo, P1, C1, andC, are fitting parameters to be deter-
~ ~ . . mined from the experiment. Thus, the full conductivities will
en+1—€p~2h, one can verify that the above formula gives

in the low-field limit (<) in the paraconducting region ¢ cOnSeauenty
(aboveT,) an expression that formally matches the 2D and
3D results of the FET theory for the AL fluctuation term. The
2D limit corresponds ted?>1, while the 3D limit is valid where(Aayy) is given by Egs(3) and(5), (Aoy,) by Egs.
when ed?<1. The essential difference remains, however,(4) and(5), and oyy anday, by Eq. (6).
the presence in Eq3) of the ¢, renormalization, according In the above considerations, we only included the AL pro-
to the 10T theory of non-Gaussian superconducting fluctuaeess as contribution to the fluctuation Hall and longitudinal
tions. conductivities. In order not to overcomplicate the model by
The |OT theory also gives the fluctuation contribution tointroducing nonessential parameters, we neglect the
the longitudinal conductivity in the renormalized regime:  Maki-Thompsofi® and the density-of-states terftfswhich
contribute as corrections to the excess conductivities only
202 whenB<1 T, and only in the abové; region. They give
eh n+1 ~ o~ ~ . L .
2 - —— (fh+The1— 2110, therefore a negligible contribution to the sign change fea-
21 7=0 (84,1~ ep)? tures of the Hall resistivity, and, moreover, their influence
4 can hardly be quantitatively discerned from a small correc-
tion of the normal-state fit.
which, as derived from the GL functional, corresponds to the

Oux= Oyt {Acy) and Oyy= O'Qy+<AO'Xy>, (7

Aoy=

AL process. It is worth mentioning that the sums over Lan- IIl. EXPERIMENTAL TECHNIOUES
dau levels in Eqs(1) and (4) given by the IOT-NE theory ' Q
correspond formally to those found in the results of UR2f. Our epitaxial YBCO thin films were deposited by single-

27) in the frame of a simple Hartree approach for incorpo-target rf sputtering on LaAl@ substrates and patterned to
rating the||* term in the TDGL theory, with the specifica- precisely aligned test structures using a laser inhibition tech-
tion that the UD renormalization procedure retains only thenique on a computer-controlledy stage® Electrical con-
Hartree contribution. tacts were established with gold wires, attached by silver
In previous paper&*? it was reported that even minor paste to evaporated silver pads. The onset of the supercon-
inhomogeneities off . within the sample may have a mea- ducting transition in zero field was at 90 K and the critical
surable, quantitative effect to the paraconductivity, fluctua-current density of our films exceeded 3 MA/tmt 77 K.
tion magnetoconductivity, and excess Hall conductivity. The experiments were performed with 17 Hz ac currents
Thus, we are going to take this effect into account in ourat j =250 Alcnt together with lock-in detection. The mea-
derivations. Retaining only the first-order expansion term ofsurements from 1 to 6 T were made in a commercial super-
the effective-medium approximation, the inhomogeneity corconducting solenoid, while low-field measurements at 0.5
rection writes simply as an average of fluctuation conductivi-and 1 T were performed in a closed-cycle cryocooler and
ties over therl . distribution. For simplicity, we assume in our with an electromagnet. Results obtained from these two dif-
analysis a Gaussian distribution ®f's with a mean value ferent setups were identical &=1 T. More detailed de-
T.o and a standard deviatiodT.<T.,, so that the mean scription of our experimental systems can be found in Refs.
fluctuation conductivities will write as 19 and 48.
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200 ] =-0.007. Comparison between the experiment and the

model in Fig. 1 shows that the renormalized fluctuation ap-

— 150 proach is adequate, at least from a qualitative point of view.

= All features of the Hall resistivity dependence on tempera-
§ 100 ture, namely, the steep decrease in the fluctuation region be-
% low 90 K, the sign change, the negative minimum, and sub-
- 50 sequently the vanishing trend at low temperatures, are clearly

"Qﬁ : reproduced by the model.

Vo e ’ ! We note that the fitting parameters listed above, such as
; the coherence lengths and the Ginzburg-Landau parameter,

75 80 85 90

Tempenuepk] | 0 assume the values very typical for YBCO. Essential for this
70 75 80 85 90 95 100 105 approach is, however, the negative value of the hole-particle
Temperature [K] asymmetry paramete8 (this means a negativaoy,) that
implies a positive energy-derivative of the density of states at
FIG. 1. Comparison between the experim@ymbolg and the ¢ when the carriers are holes in the normal state. As sug-
NE renormalized fluctuation modétiotted lineg for the YBCO  gested by Kopnin and VinokdP, one possibility to explain
normalized Hall resistivityp,,/B as a function of temperature for this behavior is that the Fermi surface of a metal in the nor-
different values of the magnetic field. The inset shows the comparimga| state has both holelike and electronic pockets. The Hall
son bet_ween the experime(ﬂymbols} and the IQT r_enormalized anomaly may thus depend on the doping level, as it was
fluctuatlon mode(dotFedlllne$ for the YBQO Io.ngltUQmaI.resistiv- _reported by Nagaokat al® Very recently, Angilellaet al5t
ity px. The arrows indicate the increasing field direction. The fithaye found that, close to an electronic topological transition
parameters are given in the text. of the Fermi surface, in the holelike doping range, the fluc-
tuation Hall conductivity has indeed an opposite sign with
respect to the normal-state one, giving additional strong sup-
The experimental Hall resistivity normalized to the field port that the Hall resistivity sign reversal is intrinsic and
for a YBCO thin film, measured in various magnetic fields isdepends on the details of the structure of the electronic spec-
shown in Fig. 1(symbolg, while in the inset in Fig. 1 the trum.
longitudinal resistivity is presentgdymbols. The supercon- We shall further discuss the reasons for quantitative dis-
ducting transition in Fig. 1 inset is typical for a thin-film crepancies between experimental curves and the model pre-
sample with a vortex-glass behavior at low temperaturesgictions in Fig. 1, and provide some modalities to improve
while the shape of the upper part of the transition is commorthem. A first point is that the 10T model for the longitudinal
to both thin films and single crystat8 Figure 1 shows that resistivity fails to reproduce correctly the low-temperature
the Hall resistivity is always positivéholelike) for B>3 T  part of the transition, giving too long tail of the resistivity
and exhibits the sign change at lower fields, in accordanc@ecrease. Two reasons are responsible for this behavior. One
with previous investigations performed in the similar of them lies in the renormalization procedure in the 10T
magnetic-field range. One can also notice that the Hall resignodel, which roughly corresponds to a Hartree approxima-
tivity minimum occurs in the vortex-liquid regime, and that tion. As remarked by Ullah and DorséYan important con-
the Hall anomaly increases significantly when the field issequence of the Hartree approximation is that the calculated
reduced below 2 T. properties in the flux-flow limit differ from the mean-field
Our attempt to fit the experimental data by using theoretpredictions by a numerical factor of 2{, where 3, is the
ical dependencies of the renormalized fluctuation nfdd8l  Abrikosov paramete= (| |*)/(|#|?)?=1.16 for a trian-
is also shown in Fig. Idotted line$ and results in curves gular vortex lattice. Thus, the Hartree prediction for the con-
similar to those presented in the IOT and NE theoreticaductivity is 2/8, times smaller than the mean-field result,
papers. The effect of the sample inhomogeneity was in thigvhich consequently leads to a higher resistivity predicted by
approach neglected. Equatié#), given by the 10T model, the fluctuation model in the low-temperature range of the
was used for the fluctuation longitudinal conductivity, while transition, as it can be seen in the inset in Fig. 1. Another
Eg. (3), based on the NE model, provided the fluctuationreason, maybe more important quantitatively, is the presence
Hall conductivity. Both models rely on the same set of ad-of flux pinning, which is neglected in the fluctuation model,
justable parameters. The normal-state contributions, obtaindelt which drastically steeps the resistivity descent in the
by fitting the experimental data for temperatures greater thalower part of the transition. This quantitative inadequacy of
100 K with the expressions given in E(f), were, subse- the fluctuation model for the,, in the low-temperature re-
quently, added to the fluctuation contributions. Finally, thegion manifests itself implicitly in the corresponding features
inverted conductivity tensor gave the longitudinal and Hallof the py, theoretical curve, namely in the long, nonvanish-
conductivity shown in Fig. 1. The model parameters thating tail at low temperatures. For this reason, we decided to
allowed to find the best-fitting theoretical curves wdrg  further test the general validity of the renormalized fluctua-
=87 K, k=70, s=1.17 nm equal to the-axis lattice pa- tion model over the entire temperature range only for the
rameter(this implies that the two copper-oxide planes in theHall conductivity o, = pyX/(p)2(X+ pix) that is believed to be
unit cell are tightly coupled, acting as one superconductingdmost independent of pinnirfg.
layen, &,,=21.2nm and ¢.=0.14 nm atT=0, and B Following the above conclusion, Fig. &ymbolg pre-

IV. RESULTS AND DISCUSSIONS
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FIG. 3. Comparison between the experim&ymbolg and the
renormalized fluctuation modésolid lineg for the YBCO normal-
ized Hall resistivityp, /B as a function of temperature for different
values of the magnetic fiel@¢he arrow indicates the increasiry
direction. The experimental longitudinal conductivity was used for
ﬁ1e calculation ofp,,. The inset shows the transition temperature
fregion in detail. For further details see the text.

FIG. 2. Comparison between the experimé&ymbolg and the
renormalized fluctuation modésbolid lineg for the YBCO normal-
ized Hall conductivityo,, /B as a function of temperature for dif-
ferent values of the magnetic field. The NE model was used her
with the relaxedB parameter, in order to obtain the best fit. An
average of the Hall conductivities over a Gaussian distribution o

T.'s within the sample was also included. The inset showsghe . . A )
dependence on the magnetic field, extracted from fitting. The line ithe |ncre"a3|ng role of vortex pinning at I.ower-fleld values.

pet 9 ' g ndeed, in our recent papkt,a second sign reversal was
to guide the eye. . e . ' .

clearly identified for fields under 0.5 T and this effect be-

sents the experimental Hall conductivity,, normalized to ~ came more important with the decreasing field. The second
B. It is instructive to visualize the Hall effect using this plot, Sign change disappeared in high current densities or under
sinceay, /B is independent oB in the normal state above 90 slightly tilted field direction, revealing its vortex-pinning ori-
K. The observed behavior suggests the presence of at lea@f. The positive pinning contribution to the Hall conductiv-
two contributions to the Hall conductivity. One has the samédty Which gains importance at low fields could be therefore
sign as the normal-state effect and rapidly increases belovgflected in the apparent field dependence of the absolute
T.(B), becoming predominant f@>4 T, and indicating a Value of g. In a recent theoretical work, Kopnin and
reduced carrier scattering in the superconducting state. TREnokur™ also signalized, based on a simple model of pin-
other contribution exhibits an opposite sign and gains imporhing potential, that an increasing pinning strength not only
tance with smalleB’s. Thus, for fields smaller than 3 T, the affected the longitudinal flux-flow resistivity, but also de-
negative part dominates ant}, changes its sign. It can be creased the magnitude of the vortex contribution to the Hall
also noticed in Fig. 2 that with decreasify the negative Voltage (fluctuation term in the TDGL approaghStrong
contribution shifts to higher temperatures and exists in a nar€hough pinning can even result in a second sign reversal of
rower temperature range. the Hall resistivity, if the negative vorteffluctuation con-

In small B fields, the Hall anomaly is a very sharp feature tribution is reduced in absolute value to magnitudes that are
in the experimental data. A possible inhomogeneity of thensufficient to counteract the positive contribution of the
material will influence the low-field results, but remain in- hormal-state conductiof:>°
significant at higher fields. In order to improve the quantita- The best illustration of our modeling approach is pre-
tive agreement with the experiment, we have included in oufented in Fig. 3 where we show the normalized Hall resis-

model a distribution ofT;'s over the sampl¢see Eq.(5)],

tivity py«/B computed by using ththeoreticalHall conduc-

and Eq.(7) was used for the Hall conductivity. The main tivity oy, = oy, +(Aoy,) and theexperimentalongitudinal

effects of this correction are a less steep decrease of the Halbnductivity c5P'=1/p$",

resistivity in the first part of the transitiofimmediately be-

with the T.-distribution correc-
tion included. The idea behind this procedure is that the ef-

low 90 K) and a relative reduction in absolute value of thefect of pinning manifests itself primarily ior,, , whereasr,,
negative minimum. Figure 2 presents the results of such & almost independent of pinning for magnetic fielddd T,

model (solid lineg, where a Gaussian distribution af.'s
was used with a relative varianc®l./T.,=0.02. All the
other parameters excep, namely &,,, &, S, andk, re-

as it was shown in a number of different experiments using
artificially introduced defecfs’® or variation of current
density®® We note an extremely good agreement between the

mained the same, as used in the fits shown in Fig. 1. Wexperimental and theoretical curves of the Hall resistivity in
found that the best fits were obtained with a relayega- the entire temperature and magnetic-field ranges. For fields
rameter, and inferred empirically an apparent field depenabove 3 T, for which the transition width enlarges towards
dence of this parameter, shown in the inset in Fig. 2. Wdower temperaturegelow 80 K), an additional positive con-
think, however, that the decrease of tBeabsolute value tribution to the Hall conductivitysee Fig. 2, other than the
with decreasingd could be simply the dissimulated effect of extrapolation of the normal-state one, turns out to play a
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prevalent role. This effect is now not evidenced in the Halltaken into account. The essential factor that explains the Hall
resistivity picture(Fig. 3), due to the vanishing Hall resistiv- anomaly is the negative fluctuation term in the Hall conduc-
ity in this temperature region. A possible interpretation fortivity, due in turn to the negative hole-particle asymmetry
this supplementary positive term to the Hall conductivity isparameter. In this framework, the Hall resistivity sign change
the modification of the normal-state conduction itself,and the presence of the negative minimum for magnetic
namely, a reduced carrier scattering of quasiparticles in thé&elds lower than 3 T is easily accounted for. We have also
superconducting state. Figure 3 also proves that the mudound that for high fields B=4 T), in the lowest-
slower asymptotic trend of the theoretical Hall resistivity to- temperature range of the transition, the positive contribution
wards zero observed in Fig. 1 was indeed caused by th® the Hall conductivity becomes again prevalent, being
nonadequacy of the fluctuation model to the low-temperaturgreater than the extrapolation of the normal-state expression,
part of the longitudinal resistivity dependence. An improve-and giving the evidence for a reduced carrier scattering in the
ment of the model should therefore take into account alssuperconducting state.
flux pinning, since it affects the longitudinal conductivity in ~ The conclusion of our analysis is that the Hall anomaly in
the lower part of the transition. It can also be seen comparinyBCO thin films is the result of a delicate interplay of three
Figs. 2 and 3 that including th&_ distribution results in  contributions to the Hall conductivityi) positive quasipar-
smoothing of the curves and leads to a gentler slope of th&cle vortex-core contribution, associated with normal-state
Hall resistivity in its initial positive part. Still nonelucidated excitations, which dominates at high fieldB¥3 T) and
remains the true value of the parameter, since the values increases above the extrapolation from the normal state be-
returned by the fitting procedure are most likely altered bylow T, indicating reduced quasiparticle scattering in super-
the pinning effect on the Hall conduction and appear to beconductor statefii) superconducting contributioiexcess
rather sensitive to sampl&; inhomogeneities. The hole- Hall effec), resulting from the vortex flux-flow and super-
particle parameter was also deduced from an independenbnducting fluctuations, which, by its negative sign, is con-
analysis of the excess Hall effect caused by Gaussian supetected to the details of the Fermi surface, and is essential to
conducting fluctuations above the mean-field criticalthe sign change occurrence in fields below 3 T; diid
temperaturé Although the negative sign was found as well, pinning contribution, which does not contribute significantly
the magnitude of3 differed significantly, likely due to the to the Hall conductivity in the investigated range of magnetic
different limits in the models on which the analysis wasfields and temperatures, but results in an apparent decrease of
based. The negative sign gf connected with a positive de- the hole-particle asymmetry at low fields. The pinning con-
rivative of the density of states at the Fermi level is, how-tribution eventually leads to the second sign reversal of the
ever, essential in order to explain the sign change, from posHall effect in YBCO in very low fields B<0.5 T). Finally,
tive (holelike) to negative (electronlike in the Hall we have found that using the experimental valuesrgfin
resistivity. the calculation of the Hall resistivity removes the apparent
quantitative discrepancy between the NE model and the ex-
V. CONCLUSIONS perimental data.

We presented results of simultaneous measurements of the
resistivity and Hall resistivity for epitaxial YB&u;O;_
films in a wide range of the magnetic field, and explained our
Hall-effect experimental data by comparing them to the full This work was supported by the Austrian Fonds zur
quantitative expressions given by the renormalized fluctuaForderung der wissenschaftlichen Forschuiienng and
tion model for the excess Hall conductivity in HTSC mate- by the NSF Grant No. DMR-007336&ochester Stimulat-
rials. We found that this model offers an adequate quantitaing correspondence and discussions with R. Ikeda, A. A.
tive understanding of the experimental dependencies fovarlamov, Y. Matsuda, and J. Kolacek, are gratefully ac-
moderate fields and temperatures near the critical regiorknowledged. We would also like to thank H. Ebisawa for
provided that the inhomogeneity of tfig distribution is also  sending their manuscript prior to publication.
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