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The mixed-state Hall conductivity behavior has been studied systematically on a series of superconducting
(YBa,Cu;07),/(PrBa,Cu;0,)g (heren=3,8,16,24,45,60) superlattices in three magnetic fields witfc
axis andH 1 J. It was found that the Hall sign anomaly diminishes and even disappears with the decreasing of
the YBCO layer thickness, i.e., the increase of the anisotropy parameterd the decrease of the pinning
strength. The scaling relationship between the Hall resistipityand the longitudinal resistivity,,, i.e.,
Pxy* Pxx holds for all of the samples with various This indicates that the anomalous Hall sign reversal is
independent of the scaling law betwegg, and p,,. The present work supports the Wang, Dong, and Ting
theory which suggested that the mixed-state Hall sign anomaly originated from the backflow current due to the
pinning force and the thermal fluctuations.

The study of the Hall effect, especially in the mixed state,Kopnin, Ivlev, and Kalatsk{? showed that the Hall anomaly
plays an important role for the understanding of some aseould be a consequence of the time-dependent Ginzburg-
pects of superconductivity and vortex motion in type-Il su-Landau(TDGL) theory. Meilikhov and FarzetdinoVainter-
perconductors. The Hall resistivity in the mixed state has tw@reted the anomalous Hall effect based on the models of
evident properties. One is the sign reversal of the Hall resisBardeen and StephefS) and Noziees and Vinen(NV)
tivity when the temperature is decreased bely, and the models by considering Andreev reflection at the interface
other is the pronounced scaling relationship between the Habletween the normal core and the superconducting periphery.
resistivity p,, and the longitudinal resistivity,,, i.e., px,  Recently, Wang, Dong, and Tif(WDT) have developed a
«pg , here the theoretical value of the exponenis about  unified theory for the flux motion, particularly for the mixed-

2. The anomalous behavior of the Hall sign ndap has state Hall effect in type-ll superconductors based upon the
been observed widely in ceramics, single crystals as well agormal core model of BS and by taking into account both the
in epitaxial thin films of highT, superconductoi‘§5 and backflow effect and thermal fluctuations of the vortex. To

even in some conventional loWs superconducto&fs explain the Hall sign reversal, the pinning force still plays an
The scaling law has been found not only in YBEO, essential role, although the thermal fluctuations of the vortex

but also in strongly anisotropic superconductors such abave been taken into account in WDT theory. Budhani, Liou,
TI,Ba,Ca,Cuz0 0. %° and Cat' have studied the mixed-state Hall effect for differ-
In response to this anomalous behavior of the Hall con€nt pinning strengths in 7Ba,Ca,Cu30 4, samples by cre-
ductivity, various kinds of theoretical interpretation have ating linear defects through irradiation of high-energy silver
been proposed. Freimuth, Hohn, and Gdfffgttributed the ions, and they argued that the sign reversapjp at low
sign reversal to the large thermomagnetic effect in the mixednagnetic field diminishes with increasing defect concentra-
state. Harris, Ong, and Y4&hsuggested that the sign reversal tion, contrary to the theory of Wang and Tifig/T).?
is a unique feature of vortices parallel to thieplane, but, in However, in recent experiments of Samoil@t al?
fact, it can also be explained by anisotropic time-dependenthere the authors investigated the mixed-state Hall effect in
Ginzburg-LandalTDGL) theory™** Hagenet al!® argued  epitaxial Tl,Ba,CaCu,0Og thin fims and YBaCuzO-
that the sign reversal is due to the general properties of vosingle crystals before and after irradiation with high-energy
tex motion. Moreover, Luet al® proposed that the scaling Pb ions, the irradiation-induced columnar defects do not
law of py, o piy is a result of vortex-glass transition. Several modify the behavior of the Hall conductivity, which is con-
theoretical explanations have also been put forward. Fétrell trary to the result of Budhani, Liou, and Cai. In order to
considered the effect of the opposing drift of thermal excitecclarify the role of the pinning force acting in the interpreta-
guasiparticles which collide quasiclassically with the hydro-tion of Hall sign anomaly in high~, superconductors, we
dynamic superfluid velocity field. His calculated Hall angle have selected therBCO) ,/(PrBCO , multilayer as candi-
has sign opposite to that in the normal state. Dofsepd  dates in which the pinning strength can be modified easily by
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TABLE |. Transport properties ofYBCO),/(PrBCOg multilayers. In calculation ofp,,, only the
thickness of YBCO layers has been taken into consideration.

Sample Pxx (300 K) Pxy (95 K)/H dny/dT
specification N Ty, (K)  uQcm  p(300 K)/pyy (100K) pwQemT 1 10°%cm 3K™1 €

3:8 13 70 491.7 2.56 0.29 1.51 6400

8:8 11 75 430.5 2.76 0.30 2.12 144
16:8 9 88.5 673.2 2.2 0.31 1.32 44
24:8 8 89 427.8 2.26 0.10 5.58 28
45:8 5 905 586.3 2.19 0.20 2.29 25
60:8 4 90 515.2 2.23 0.16 3.95 25

adjusting the interplanar coupling between YBCO layersjittle of Y ,_,Pr,Ba,Cu3;05 is present in the interface, the Pr
i.e., by varying the modulation ratio:m. The mixed-state concentratiorx will not exceed 15%. This can be shown by
Hall resistivity behavior has been studied systematicalljthe XRD studie€ and TEM investigatiorfS in YBCO/
on a series of superconductingYBCO),/(PrBCOg PrBCO superlattices. Therefore, what we will discuss
(n=3,8,16,24,45,60) multilayers. One result is that the Hallbelow is different from the mixed-state Hall effect in
sign anomaly changegliminishes or even disappeasys- Y, ,PrBa,Cu;0,,3! or the result of Y, Pry Ba,Cus0-
tematically with increasing anisotropy which corresponds reported by Affronteet al,?’ since T,y and p,,(300 K)/
to the decreasing of the pinning strength inp,,(100 K) in our samples are far larger than that of
(YBCO),/(PrBCOg multilayers. The scaling law,,<pgy  Yo5PlhsBaCu07.
holds always for all of the samples with varioas The normal-state Hall resistivity,,/H as function ofT

A series of high-qualityc-oriented highT, superconduct- for six samples is shown in Fig. 1. As the conductivity of
ing [(YBCO),/(PrBCO 4]y Ssuperlattices were prepared by PrBa,Cu;05 is much lower than that of YBa#Cu3;0-, here
sequential continuous high pressure d.c. sputtering ontin the calculation op,,/H for the multilayer, only the thick-
heated(100)SrTiO4 substrates in pure oxygen atmosphereness of YBgCuzO- layer has been taken into consideration.
(P02~3 mbay from planar, stoichiometric YBgCuz;0;_ 4 No evident systematic variation gf,,/H related to the
and PrBaCu;O,_; targets as reported elsewhéfeThe  thickness of YBCO layers can be obtained from this figure.
thicknesses of the films range between 200 and 300 nm. THaut the magnitude op,,/H for 3:8, 8:8, and 16:8 is obvi-
repeated periods have been summarized in Table | for eachOUsly larger than that in 24:8, 45:8, and 60:8. The value of
sample. All of the samples were characterized by x-ray diffxy/H at 95 K was also shown in Table I. It is about 0.3
fraction (XRD) with good modulation structure. Other de- #{} cm T~ for these samples with a thinner YBCO layer,

tailed superconducting properties as well as structural chaivhile it is in the range of 0.1 to 0.2Q cm T * for those
acteristics can be seen in Refs. 25 and 26. with a thicker YBCO layer. The increase pf,/H with the

the Hall voltageV,, as function ofT in three magnetic fields
(H=1, 3, and 5 J were performed on six selected superlat-
tices with modulation ratio 3:8, 8:8, 16:8, 24:8, 45:8, and
60:8, respectively. In our measuremert/c axis and the
current density) of about 500 A/cn, with HLJ, was ap-
plied to the samples. The Hall voltayg, was obtained from
the antisymmetric part of the transverse voltage under
magnetic-field reversal.

In Table | we have given the critical transition tempera-
ture of zero resistancé., for each sample at zero field. 02l
T.o was suppressed by decreasing the thickness of the super-—
conducting YBCO layer. The resistivity at room temperature B
(about 300 K, p,(300 K) and the ratio ofp,,(300 K)/ U
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P (100 K) are also given in Table I. There was no evident 01 s it i
systematic change of these values related to the thickness of ‘

the YBCO layer. For all of the samples,,(300 K)/

pxx(100 K) exceeds 2, which is larger than that reported by 0 . .

Affronte et al.and is very close to that of YBC&.This very 90 100 110 120

good metallic conductivity op-T curves in the normal state Temperature [K]

indicates that the scatter by the interface is much less impor-

tant in our multilayers. FIG. 1. Normal-state Hall resistivity as a function of tempera-

The sharpness of the interface and its higfig§ show  ture for six superlattices with different modulation ratio, there is no
that the samples which are investigated in our experimentsystematic change gf,,/H related to the thickness of the YBCO
do not consist of the Y_,Pr,Ba,Cu;0- alloy. Even if a layer.
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FIG. 2. pyy/H vs T in three magnetic fields
for six (YBCO),/(PrBCOyg superlattices with dif-
ferent unit cells of YBCO layer. No sign reversal
in p,y has been observed in samples 3:8 and 8:8.
For 16:8 there is no Hall sign anomalytdt=5 T,
but atB=1 and 3 T there is sign reversal present
in pyy. In other samples with a YBCO layer
thicker than 24 u.c., their Hall resistivity behavior
are just like that in pure YBCO thin films.
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tices has also been reported by Affrorgeal. Our results However, the mixed-state Hall resistivity changes more

support the point of view proposed by Affronet al. The  systematically in relation to the layer thickness and they are
increase ofo,,/H is related to the fact that the layer under- shown comparatively in Fig. 2 at the three magnetic fields.
goes a mechanical strain that is only weakly thickness de€learly, for samples 24:8, 45:8, and 60:8, whEnis de-
pendent for thin layers. This strain arises from the mismatctereased below their individudl,, py, changes from posi-
between the YBaCu;O; and PrBaCu;0- lattices. This tive to negative, i.e., there exists a so-called sign reversal of
strain may have an influence on the oxygen ordering in the,,. For 16:8, there also exists a sign reversal at low mag-
YBa,Cu;0- layers and this may lead to a slightly different netic fields H=1 and 3 T but the Hall sign anomaly is
carrier concentration between multilayers with differentdiminished compared with that in 24:8, 45:8, and 60:8, i.e.,
modulation lengths. If we assume tha}=1/eR, holds in  the maximum magnitude of the negatipg, ,A 4, defined

the YBCO/PrBCO multilayer system, too, we find that theas that shown in Fig. 2, becomes smaller.iA&5 T, the
linearity of ny-T is still valid for all of the samples. The Hall sign anomaly has simply disappeared. In 3:8 and 8:8, no
slopes of theny-T curves are, however, different from sign reversal has been observed at three magnetic fields
sample to sample. Thdny/dT values are also given in within the experimental accuracy. Therefore, this systematic
Table I. They are about 1.5 (X0cm 3 K %) for the 3:8, change of Hall sign related to the layer thickness of YBCO
8:8, and 16:8 samples, whildn,/dT is larger than 1.5 must reflect some important features in the mixed state, and
(10*° cm~3 K1) for 24:8, 45:8, and 60:8. However, there is therefore gives some information on the origin of Hall sign
no evident systematic change in them, either. We admit thaeversal in the high, superconductors.

T.o Might be related tm,, but there is no certain connec-  Li et al® found that the characteristics of the magnetic
tion between them, sings,,/H anddny, /dT differ from one  field and angular dependence of the critical current density
sample to another, but thelr,, are almost the sam@bout  crosses from three dimensions to two dimensions by increas-
90 K) at least for those samples with the thicker YBCO layer.ing the temperature from below to above g of the inter-
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calating PrY,_,Ba,Cu;O;_5 layer in YBaCuz0O;_s/
Pr.Y;_,BaCu;O,_ s superlattices. This result demonstrates
that the interplanar coupling is a very important parameter in
determining the flux motion in highy superconductors. 1.5
When x=1, PrY,_,Ba,Cuz;O,_s5 is replaced by
PrBaCu,0,_5. Fu et al?® argued that the magnetoresis- 12}
tance in(YBCO),/(PrBCO ; and(YBCO) 1/(PrBCO 5 has a
strong anisotropy. They estimated that the anisotropy param-
eter € is about 50 ande, for a 1:3 and a 1:5 superlattice,
respectively. In those samples, which are investigated in our
experiment, the superconducting layer YBCO is not a one
unit cell, but the PrBCO layer is thick enough to weaken the
interplanar coupling between YBCO layers, so that the an- 0.3
isotropy parametee will change systematically related to
decreasing YBCO layer thickness. Generally, we could not
get e=Hl2/Hé2 because it is very difficult to measure the
upper critical fieIdHﬁ2 andHg,, directly. However, if one
defines the depinning field as the field at which the magne-
toresistance is about 10% of the normal resistance, i.e., H [T]
p(T,H cr) =0.2pr0mal Teo), > in the flux-flow region, the
depinning field is directly proportional to the upper critical ~ FIG. 3. p,, as function ofH at several temperatures for 8:8
field, so e= HlZ/Ha%H%R/HéR. The depinning field-%R superlattice. No evident sign reversalgn/(H) has been observed
and HlCR, for magnetic field parallel and perpendicular to €ven in very Iqw magnetic field at the temperature 74.5 K which is
the ab plane, can be obtained from the magnetoresistanc&ightly below itsTeo=75 K.
curves which correspond td||ab plane, andH||c axis, re-
spectively. In terms of this method, we have estimatedvhere Bo=uynHc, with w,=7e/m, the mobility of the
€2~6400, 144, 44, and 28 in Table | for the 3:8, 8:8, 16:8,charge carriers and where is the Drude relaxation time,
and 24:8 samples, respectively. For other sampéésijs H.,=®,/27¢? being the usual upper critical field withthe
about 25 which is very similar to that in the pure YBCO thin superconducting coherence length, ang=Ne®y8,
film.3* =®yH/p, is the wusual viscous coefficient with
Brunneret al3 have pointed out that the flux-creep acti- p,=(Ne&*7/m)~! the resistivity of the normal state.
vation energy is proportional to the thickness of the YBCOy= y(1—H/H_,) with H the average magnetic field over the
layer in (YBCO)/(PrBCO superlattices, so that the flux- core andy the parameter describing the contact force on the
creep activation energy decreases with the decreasingurface of the core, which depends ®nin the following
YBCO-layer thickness. That means the flux-creep activatioway?? y~0 (NV limit) for £&/1<1 andy~1 (BS limit) for
energy decreases with increasing anisotropy(WBCO)/  ¢/1=1 with | as the mean free path of the carriEfv,) is
(PrBCO multilayers. If one assumes that the activation en-determined by the equatiofF p);=—I'(v )v., where
ergy is determined by the pinning of the vortices, then the
pinning strength changes systematically with the increasing

1.8

0.9

0.6

Py [1€2cm]

anisotropy in these multilayers. Therefore, we argue that the 1
interesting mixed-state Hall sign behavior arises from the 3
systematic change of the pinning strength in a series of - 0psH
(YBCO),/(PRBCQOg multilayers with thinner YBCO lay- E 1 8 g
ers. It will be discussed in the frame of Wang, Dong, and é
Ting (WDT) theory as follows in detail. X 2
Wang and Ting? based upon the Bardeen and Stephen —~
normal-core model for flux lines and by taking into account g 3
the backflow current due to pinning force, demonstrated that “gg
the anomalous Hall effect could be explained in terms of the 3 -4
existence of pinning forces in the samples. Recently, Wang,
Dong, and Ting® developed the WT theory by taking into -
consideration both the backflow effect and thermal fluctua- - o L 84 \
tions. They analytically derived the relationship between the 0 1 2 3 4 5 6

longitudional resistivityp,, and the Hall resistivity,,, writ- L Q
m
ten as follows: og(pxx) [# C ]
FIG. 4. In(pyyl) vs In(|pyyl) plot for YP144 atH=1 T (tri-
angle, 3 T (squarg, and 5 T(circle). The base of logarithm in this
,30P>2<x _ _ figure ise. Solid lines represent a fit to the power-law dependence
Pxy= P o1 [7(1=vy)=2y[(v)], (D) pyypZy (for H=1 T); peyepl? (for H=3 and 5 7.
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vL=(vy(i)); is the time average drift velocity farth flux  sign anomaly can be observed. Moreover, the maximum of

vortex, and(F ), time averaged pinning force in which the the negativep,,, i.e., Ay, (defined as that shown in Fig) 2

thermal fluctuations have been considered. atH=1 and 3 T was suppressed. This indicates that,
First, let us discuss the sign reversal. For fixedand  reflects the magnitude of(1—y)—2yI'(v.), and should

magnetic fielcH, the sign ofp,, is simply determined by the e getermined by (v, ) and 7(H/H.,) quantitatively, which

sign of (1—vy)—2yL'(v,). If the pinning is relatively s peyond our discussion in this paper.

strong, i.e.I'(v)>7(H/H,), when the magnetic field is Now let us turn to discuss the scaling lawf, pg, . In

within the intermediate regiom,, will change its sign from 24:8, 45:8, and 60:8p,,*pY,, hereq~1.7, holds in the
b | b | . Xy XX ! L |

positive to negative by decreasing the temperature belo“tvemperature region whes, is negative. In 3:8 and 8:8, the

T.o. This predication is in agreement with the experlmentalSign anomaly has disappeared, but the scaling relationship

result for 24:8, 45:8, and 60:8. q e op -
It has already been mentioned above that when the supefxy™ Pxx IS Still valid in a very large temperature range where

conducting layer YBCO becomes thinner, due to the defxy IS always positive. However, the exponentdepends
crease of the flux-creep activation energy, i.e., the interplana?ightly on sample characteristics and magnetic field. Figure
coupling between YBCO layers becomes weaker and subsé- shows In{p,|) vs In(lp,,/) for 3:8 in three magnetic
quently the superconductivity in the multilayer is suppressedfields. WhenH=1 T, g~2, andH=3 and 5 T,q~1.6. In

It leads to an enhancement of the thermal fluctuations an@:8, it was found that the scaling lapy, px;’ almost holds,
consequently it enhances the flux motion, therefore the fricin three different magnetic fields. These results demonstrate
tion due to the pinning decreases with decreasing YBCOthat the anomalous behavior of the Hall voltage sign is inde-
layer thickness. As a result of that, the condition that thependent of the scaling relationship betwggg and p,,. A
friction due to the pinning is much smaller than the Bardeensimilar result has been obtained by Samoihal

Stephen friction, i.e.]'(v, )< 7(H/H.,) can be satisfied in We tacitly admit that there exists the redistribution of
this case in the intermediate field. The condition for the discharge carriers in the YBCO/PrBCO multilayer system. But
appearance of the negative Hall in El) is simply  Wwe think with reservation that our experimental results could
7(1—%)>2yT(v,), which leads to the following expres- not be explained by Ferrell theojr§/.The essential reason is

sion if we inserty=y(1—H/H,,) into the above formula; ~ that there is no systematic change @f,/H and dny/dT
(shown in Table } at normal state related to the thickness of

YBCO in our samples. Very recently, Lit al,*® based upon
7 the perturbation approach of Schmid and Larkin with a fric-
- —) : ) tional force of the form proposed by Vinen and Warren under
20 (v)+ 7] : o el
the influence of randomly distributed weak point pinning
. — — . . centers, have calculated the mixed-state longitudinal and
Provided thatH/Hc,<1 (for H/Hc;=1,pyy is always posi-  ja resistivity of superconductors. They have pointed out
tive), thenI’(v ) <(H/Hcp) <7, which leads to that in the weak collective-pinning case, for sample thickness
much smaller than the penetration depth, no sign anomaly in
1 Pxy IS predicted, which is in good agreement with our experi-
%ch( 1— _). (3)  mental results. In terms of the value &5, sShown in Fig. 2
and its corresponding thickness of YBCO layer for different
samples in three magnetic fields, we estimated that the upper
Since y lies between O(lower temperature limjitand 1  limits of the sample thickness below which will lead to no
(higher temperature limit Eq. (3) can be always satisfied in reversal inp,,, mentioned by Liuet al, are 10, 14, and 18
the whole temperature range even in very smaller externaim forH=1, 3, and 5 T, respectively.
magnetic fieldp,, is therefore always positive. Actually, no In conclusion, according to the systematic measurements
Hall sign reversal has been observed at very small magnetisf the mixed-state Hall effect in a series of
field in the 8:8 sample. Thg,, as a function of the magnetic (YBCO),/(PrBCOyg superlattices, we found that the Hall
field H at several temperatures for the 8:8 is shown in Fig. 3sign anomaly is diminishing or even disappears with increas-
Within the experimental accuracy, no evident negativeing anisotropic parameter and decreasing pinning strength in
pxy(H) has been observed even at the temperaturehe samples. The scaling law,o py, always holds for all of
(T=74.5 K) slightly below itsT =75 K. the samples with a somewhat different value of the exponent
When the thickness of the YBCO layer increases, they. This indicates that the sign reversal is independent of the
flux-creep activation energy increases, and the thermal flugscaling relationship. Our experimental results are in good
tuations decrease, which leads to the increase of the frictioagreement with WDT theory, and finally we have estimated
due to the pinning, e.g., in the 16:8 sample, the magnitude ahe upper limit of the thickness of the YBCO layer below
I'(vy) may be comparable with Bardeen-Stephen frictionwhich yields no Hall sign reversal ip,, based on the col-
n(H/H,) in the intermediate fieldf=1 and 3 T, so that lective weak pinning mixed-state Hall-effect theory proposed
there is a Hall sign reversal, but at higher field€5 T), no by Liu et al.

ﬁ>H02(1

B U
N2 (v)+ 7]

ﬁ>HC2<1
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