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Paraconductivity and excess Hall conductivity in YBa2Cu3O72x /PrBa2Cu3O72x superlattices
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The paraconductivities and excess Hall conductivities of YBa2Cu3O72x (YBCO) films and
YBa2Cu3O72x /PrBa2Cu3O72x (YBCO/PBCO) superlattices at temperatures aboveTc are measured and ana-
lyzed within the framework of fluctuation theories. We observe that the fluctuation contributions to the para-
conductivity of YBCO/PBCO superlattices are governed by the Lawrence and Doniach process and the di-
mensionality is characterized by the coupling parametera, which is temperature dependent. However, the
contributions of fluctuation to the excess Hall effect contain the negative Aslamazov-Larkin~AL ! term and the
positive Maki-Thompson~MT! term. Especially, the positive MT contributions for YBCO/PBCO superlattices
suggest that the pair-breaking interaction is important whenT is closeTc . The scaling of the paraconductivities
in the presence of magnetic fields suggests that the YBCO/PBCO superlattices belong to the quasi-two-
dimensional~quasi-2D! systems and the anisotropic parameterg5mab /mc governs the dimensionality. With a
smaller value ofg, a 2D-like scaling of the paraconductivities is obtained. On the other hand, in the scaling of
the excess Hall conductivities, only the AL terms separated from the total conductivities follow a scaling law,
while the MT terms do not. The results are discussed.@S0163-1829~99!05121-8#
e
re

io
n
-

-
h
in

is
e

in
-

n

g
es

al

n

n

si
s

all

due
e
r-

om-

-
the

ibed
i-

he
on-

gth
ure-
O

ine
on
uc-
t-

y
ent

ite
I. INTRODUCTION

One of the important features of the high-Tc supercon-
ductors is the large fluctuation occurring at temperatures w
above the mean-field transition temperature. The laye
high-Tc superconductors have a relatively large fluctuat
region due to their short coherence lengths and high tra
tion temperaturesTc . Effects of superconducting fluctua
tions have been seen in various properties of high-Tc super-
conductors, including electrical conductivity,1–5 specific
heat,6 magnetic susceptibility,4,7 magnetoresistance,5,8 and
the Hall effect.1–3 Additionally, though the study of fluctua
tion effects in superconductors has a long history, new t
oretical models for fluctuation effects are currently
development.9,10

The investigation of fluctuation-induced conductivity
regarded as a way to probe the dimensionality of the ord
parameter fluctuation. Based on the Aslamazov-Lark11

~AL ! and Maki-Thompson12 ~MT! theories, the measure
ments of fluctuation conductivities on high-Tc superconduc-
tors suggest they involve a crossover from two-dimensio
~2D! to 3D for YBa2Cu3O72x (YBCO) ~Ref. 13! and 2D
characteristics for the Bi-Sr-Ca-Cu-O~Ref. 14! and Tl-Ba-
Ca-Cu-O ~Ref. 15! systems. Similarly, several scalin
theories16–18 have also been applied to explain the exc
conductivities in the fluctuation region.

On the other hand, there is an anomalous sign revers
the Hall coefficient in the mixed state of both high-Tc and
low-Tc superconductors. Recently, Li, Zhang, and Adria19

as well as Wang, Yang, and Horng20 reported the effect of
flux pinning on the mixed-state Hall coefficient i
YBCO/PrBa2Cu3O72x ~PBCO! superlattices. In addition, Liu
et al.21 measured the longitudinal and Hall resistive tran
tions of YBCO films, concluding that the AL term dominate
PRB 590163-1829/99/59~21!/14031~9!/$15.00
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the MT term, therefore causing a sign change of total H
conductivity at temperatures aboveTc(H). Apparently, an
interesting question at issue is whether the sign change is
to the large negative fluctuation of Hall conductivity or th
intrinsic property of vortex dynamics. This is a topic of cu
rent interest.

In this work, the high-Tc superconducting YBCO/PBCO
superlattices were prepared to study the fluctuation phen
ena. Superconducting YBCO/PBCO superlattices werein
situ grown onto rotated SrTiO3(001) substrates in a rf mag
netron sputtering system. The sample preparation and
transport measurement have been in detail descr
elsewhere.22 The YBCO/PBCO superlattices offer the poss
bility to control the coupling along thec direction between
the neighboring superconducting layers. By modifying t
thickness of the semiconducting PBCO layers and superc
ducting YBCO layers, one can change the coupling len
and therefore the anisotropy of the system. The meas
ments of excess conductivity in a series of YBCO/PBC
superlattices provide us with a good opportunity to exam
the predictions of fluctuation theories. This work reports
the excess Hall conductivities and scaling behaviors of fl
tuation conductivities in fields for YBCO/PBCO superla
tices.

II. THEORETICAL BACKGROUND

A. Paraconductivity

The paraconductivityDsxx has been most extensivel
studied in the layered-structure systems for the enhancem
of conductivity. Aslamazov and Larkin11 pointed out that
thermal fluctuations in a superconductor result in a fin
probability of a Cooper pair formation aboveTc , leading to
14 031 ©1999 The American Physical Society
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an excess electrical conductivity forT.Tc . The fluctuation-
enhanced conductivity is given by

~Dsxx
AL !3D5

e2

32\

1

j~0!
«21/2 ~1!

and

~Dsxx
AL !2D5

e2

16\

1

d
«21, ~2!

where j~0! is the coherence length at zero temperature«
5 ln(T/Tc)'(T2Tc)/Tc , and d is the characteristic length o
the 2D system~i.e., the film thickness in superconductin
films or the distance between adjacent layers in the laye
superconductors!. In order to express the 2D-3D crossov
regime @jc(T);d/2#, Lawrence and Doniach23 ~LD! mod-
eled layered superconductors as stacks of 2D supercon
ing layers, weakly coupled by Josephson tunneling. This
pression, which depends on the dimensionality of
sample, has been extended for 2D-like, layered high-Tc su-
perconductors. The paraconductivity in the LD model
given by

Dsxx
LD5

e2

16\d
~112a!21/2«21, ~3!

whered is the distance between adjacent layers anda is the
coupling parameter:

a5
2jc

2~T!

d2 5
2jc

2~0!

d2«
. ~4!

This models the crossover from the 2D limit at high tempe
ture to the 3D behavior as the temperature-dependent co
ence lengthjc(T) along the stacking direction exceeds t
layer distance at temperature nearTc . In other words, Eq.~3!
would be reduced to the 2D AL form@Eq. ~2!# for T@Tc

@jc(T)!d#, to the 3D AL form @Eq. ~1!# for T;Tc (jc
@d), and it exhibits a 2D-3D crossover atT* 'Tc $1
1@2jc(0)/d#2% @i.e., jc(T);d/2#.3

Maki and Thompson12 considered a theory that an add
tional contribution to the paraconductivity arises from e
hancement of the normal-state conductivity by the superc
ducting fluctuations in the presence of the pair-break
effects. This process is limited by strong inelastic scatter
and by the other pair-breaking interactions, such as magn
impurities or intrinsic magnetic moments. The MT contrib
tion to paraconductivity has the following forms in the 2
and 3D systems:

~Dsxx
MT!3D5

e2

8\d

1

jc~0!
«21/2 ~5!

and

~Dsxx
MT!2D5

e2

8\d

1

~«2d!
lnS «

d D , ~6!

where a pair-breaking parameterd5p\/8kBTtf is intro-
duced and tf is the phase-relaxation time of th
quasiparticle.24
d

ct-
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-
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Furthermore, the MT model has been recently extende
layered superconductors by Maki and Thompson as a fu
tion of temperature, external magnetic field, and internal p
breaking.25

Dsxx
MT5

e2

16\d

2

«2d
lnH «

d

11a1~112a!1/2

11a«/d1~112a«/d!1/2J .

~7!

Recently, Langet al.3 reported that a better fit for the
fluctuation-enhanced conductivity data in the YBCO fil
was obtained by adding a MT contribution to the LD mod
Thus Dsxx5Dsxx

LD1Dsxx
MT is considered in this study o

paraconductivity.

B. Excess Hall effect

The studies of the fluctuation Hall effect by Abraham
et al.26 and by Fukuyamaet al.27 were based on the time
dependent Ginzburg-Landau~TDGL! equation in a micro-
scopic, BCS-based calculation. Fukuyamaet al. considered
both the AL and MT contributions to the excess Hall co
ductivity Dsxy and found that the MT process yields a po
tive contribution, whereas the AL term may be either po
tive or negative. More recently, Ullah and Dorsey9 ~UD!
presented a theory that reproduced the results of Fukuy
et al. and calculated the temperature dependence of the
term in Dsxy for the layered-structure model. In the low
field limit, they found

Dsxy
AL5

e2

16\d

sxy
N

sxx
N b

pd

72jc~0!

111/a

~111/2a!3/2«23/2, ~8!

whereDsxx
N andDsxy

N are the normal-state longitudinal con
ductivity and Hall conductivity, respectively. The parame
b is considered as the imaginary part of the relaxation rat
the TDGL equation that reflects the sign of the A
contributions.9

For the MT contribution, the MT process for the exce
Hall effect also scales with the MT paraconductivi
contribution:3

Dsxy
MT52~sxy

N /sxx
N !Dsxx

MT , ~9!

in the derived region. Associating Eq.~7! with Eq. ~9!, the
formula

Dsxy
MT5

e2

16\d

sxy
N

sxx
N

4

«2d
lnH «

d

11a1~112a!1/2

11a«/d1~112a«/d!1/2J
~10!

is induced, and finally the excess Hall effect isDsxy

5Dsxy
AL1Dsxy

MT .

C. Scaling functions ofDsxx and Dsxy

The presence of a strong magnetic field raises the c
plexity of the analysis of fluctuation conductivity. The qua
tity «5(T2Tc)/Tc not only strongly depends on the tem
perature, but also on the magnitude of magnetic fields. Ba
on the framework of the AL models, bothDsxx(H) and
Dsxy(H) can be expressed in the following scaling forms f
a 2D or 3D system:17,28,29
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Ds~H !2D5F T

HG1/2

f 2DFA
T2Tc~H !

~TH!1/2 G for a 2D system

~11!

and

Ds~H !3D5FT2

H G1/3

f 3DFB
T2Tc~H !

~TH!2/3 G for a 3D system.

~12!

Here A and B are appropriate constants characterizing
materials, andf 2D and f 3D are unspecified scaling function

Ullah and Dorsey9 calculated similar transport propertie
of a superconductor nearTc in a magnetic field and obtaine
scaling forms similar to Eq.~12!. They also introduced the
anisotropy parameter in the three-dimensional systems
found that the high-field conductivity has a scaling form

~Dsxx
UD!3D5Cxxg

1/3FT2

H G1/3

f 3DFg2/3@T2Tc~H !#

~HT!2/3Tc~H ! G , ~13!

whereg5@jc(0)/jab(0)#2 andCxx is related to the real par
of the relaxation rateG0

21 in the TDGL equation. Further
more, Ullah and Dorsey pointed out that the scaling fu
tions for the high fieldDsxy are the same asDsxx , apart
from the replacement ofG0

21 by l0
21 where l0

21 is the
imaginary part of the relaxation rate.

III. ANALYSIS AND DISCUSSION

A. Paraconductivity

AboveTc , the conductivitysxx is composed of contribu
tions from the normal state and superconducting fluctuatio
sxx

N and Dsxx , respectively, andsxx5sxx
N 1Dsxx . For the

evaluation ofDsxx , the normal-state conductivitysxx
N has to

be subtracted from the measured quality. We determinesxx
N

by extrapolating the linear part of eachrxx(T) curve ~120–
210 K! to the fluctuation region as indicated in the inset
Fig. 1. This approach is commonly used in the study ofDsxx
in high-Tc superconductors. Although it is possible to det
mine rxx

N by taking other approaches, e.g., the size-eff
contribution30,31 to the resistivity, however, a better fit to th
experimental data is not obtained by taking other approac

We first fitted the fluctuation conductivity of the YBCO
films and YBCO/PBCO~120 Å/96 Å! superlatticeDsxx in
zero magnetic field by AL theory. As predicted by A
theory, there is a crossover from 2D to 3D as the tempera
is reduced toTc . However, we find that the 3D and 2D fit
did not yield good agreement within the temperature inv
tigated. This result implies that the paraconductivities
YBCO films and YBCO/PBCO superlattices can not be w
described by 3D or 2D AL theory. Second, the data w
fitted to the LD model. As shown in Fig. 1, the 2D AL term
separated from the LD term is the dashed line. It is fou
that the 2D AL term deviates from the LD term~solid line! at
«,0.03 and at«,0.08 for the YBCO/PBCO~120 Å/96 Å!
superlattice and YBCO films, respectively. This result
consistent with the inference that the LD form would redu
to the 3D AL form at temperatures nearTc and results in the
deviation between the LD and 2D AL fittings at lower valu
of «. However, the LD theory fit the experimental data on
e
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within a range of 0.03,«,0.1, indicating that an additiona
contribution should be considered.

Recently, Solovjovet al.32 analyzed the fluctuation con
ductivity Dsxx of YBCO/PBCO superlattices and found
clear LD-MT crossover for some samples. For our samp
the LD-MT-like crossover also could be observed in th
analysis and was strongly dependent on the selected va
of Tc(H50). However, we cannot simultaneously get
good fit for the LD term and MT term individually in the
lower- and higher-temperature regions, respectively. Fina
we adopt the analyses including both LD and MT contrib
tions. The paraconductivityDsxx along with the values fitted
from Eqs.~3! and~7! are plotted in Fig. 2 and its inset for th
YBCO/PBCO ~120 Å/96 Å! superlattice and YBCO films
respectively. There are three adjustable parametersjc(0), d,

FIG. 1. Paraconductivity of YBCO and YBCO/PBCO~120
Å/96 Å! superlattices as a function of«, where«5(T2Tc)/Tc .
The solid lines represent the results from the fit of LD theory, wh
the dashed lines represent the 2D AL term separated from the
term. The inset shows the temperature dependence of the resis
rxx . The rxx

N is determined by extrapolating the linear part of t
rxx(T) curve to fluctuation region.

FIG. 2. Paraconductivity of the YBCO/PBCO~120 Å/96 Å!
superlattice and YBCO film~shown in the inset! as a function of«.
The dashed lines represent the results deduced from the fit o
LD and MT fluctuation processes separately. The sum of these
contributions (LD1MT) is represented by the solid line.
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TABLE I. Values of parameters used in theDsxx(H50) fit. The values ofTc(50%), jc(0), jab(0), and
g obtained by resistive transitions and measurements on the critical fieldHc2 are also shown. It is noted tha
in the (Dsxx

LD1Dsxx
MT) fitting, the parameterd is taken asdPBCO for YBCO/PBCO superlattices and 11.7 Å

for the YBCO film.

Dsxx
LD1Dsxx

MT Measured
Samples
~YBCO/PBCO!

jc(0)
~Å! d

Tc(H50)
~K!

tf(100 K)
(10214 s)

Tc(50%)
~K!

jc(0)
~Å!

jab(0)
~Å! g

~36 Å/24 Å! 1.93 0.454 81.51 6.61 83.81 1.56 24.3 0.00
~36 Å/48 Å! 1.12 0.380 74.77 7.89 79.69 0.86 26.3 0.00
~36 Å/60 Å! 0.94 0.381 71.05 7.87 78.83 0.78 27.3 0.00
~36 Å/72 Å! 0.93 0.365 66.35 8.22 73.96 0.64 30.5 0.00
~36 Å/96 Å! 0.92 0.452 61.34 6.64 68.68 0.77 32.4 0.00

~96 Å/60 Å! 3.34 0.362 85.36 8.29 85.83 2.86 22.0 0.01
~60 Å/60 Å! 2.70 0.356 82.82 8.43 84.09 2.06 22.4 0.00
~48 Å/60 Å! 1.35 0.359 78.83 8.36 80.91 0.95 26.9 0.00
~36 Å/60 Å! 0.94 0.381 71.05 7.87 78.83 0.78 27.3 0.00
~120 Å/96 Å! 3.18 0.421 85.93 7.13 86.33 2.53 21.4 0.01
YBCO film 2.45 0.301 89.37 9.97 89.43 3.11 20.2 0.02

YBCO film ~Ref. 3! 1.50 0.35 88.55 8.6
YBCO single crystal~Ref. 1! 2.4 0.01 94.35 300
Superlattices~Ref. 30! 1.5– 0.11– 82.4– 7–27

1.7 0.43 87.9
e
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and Tc(H50), while d is taken by the thickness of th
PBCO layers and by 11.7 Å for YBCO films. The sum
these two contributions (LD1MT) is also displayed in Fig.
2.

As shown in Fig. 2, the theories including LD and M
processes can fit to the experimental data well for a lar
range of 0.001,«,0.2 than that shown in Fig. 1. The resul
shown in Fig. 2 also indicate that in the fitted range,
paraconductivity is governed by the LD contribution. The
results imply that beside the contribution due to the laye
superconductors, an additional contribution to the parac
ductivity due to the MT process should be small in t
YBCO/PBCO superlattice systems. The small MT contrib
tion also implies that an intrinsic inelastic scattering or pa
breaking interaction exists in the superlattice systems eve
a zero field. Similar results are obtained for theDsxx data of
other YBCO/PBCO superlattices.

From these fitting procedures, the resulting parameters
listed in Table I. As we see in Table I, the fitted values
critical temperatureTc(H50) are close to the point of th
50% resistive transition. The estimated values of pha
relaxation timetf(100 K) are also shown in Table I. A
results, the valuetf(100 K)56.61– 8.43310214s for all su-
perlattices studied is smaller than thattf(100 K)59.97
310214s obtained in the YBCO film. The observed low
tf for YBCO/PBCO superlattices is attributable to the infl
ence of additional interaction via PBCO stacks. The samp
parameters of single-crystal YBCO, YBCO film, and YBCO
PBCO superlattices, which are obtained by other work
are listed in Table I also. The values of the phase-relaxa
time measured on our YBCO films or superlattices are co
parable with that obtained by other workers. However,
values oftf at T5100 K from each of our fits are 0.02–0.0
times smaller than;3 ps of single-crystal YBCO.30 This
er
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might reflect that some defects or structure inhomogen
will give rise to some additional scattering in the YBC
films and superlattices. Additionally, as shown in Table I, t
derived c-axis coherence length is close to that estima
from our resistive measurements. This deviation may be p
sibly due to the largerd values taken by the thickness of th
PBCO layers. In fact, the effectived values should be
smaller than the thickness of the PBCO layers owing to
perconducting coupling between the neighboring YBCO la
ers.

B. Excess Hall effect

The excess Hall effect is an additional contribution to t
Hall conductivity,

sxy5rxy /~rxx
2 1rxy

2 !'rxy /rxx
2 , ~14!

and the total Hall conductivitysxy may be expressed as

sxy5sxy
N 1Dsxy , ~15!

wheresxy
N is the normal-state Hall conductivity andDsxy is

the excess Hall conductivity. For an evaluation ofDsxy , we
must subtract the normal-state contributionsxy

N . The nature
of the temperature dependence of the Hall effect in the n
mal state for our samples has been discussed elsewhere22 It
has been shown that, in fact, many measurements on the
conductivities of the high-Tc superconductors may be ex
plained in terms of the Anderson’s formula33

cotuH
N5AT21B. ~16!

From Eqs.~14! and~16!, we obtain the Hall conductivity
in the normal state:
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sxy
N 5~rxx

N cotuH
N!21. ~17!

In the inset of Fig. 3~a!, we compare thesxy determined
from the measurements of the Hall effect with the norm
state Hall conductivity,sxy

N , for the YBCO/PBCO~120
Å/96 Å! superlattice. At temperatures below 120 K,sxy be-
gins to exceed the values expected from the normal-s
extrapolation, exhibiting a local maximum at around 92
and falling belowsxy

N at lower temperatures. This behavi
clearly indicates two different, offsetting contributions wi
different temperature dependences. One of the contribut
reducessxy , becoming dominant only when it is close to th
superconducting transition and exhibiting a negativesxy at
lower temperatures.

Now we compare the excess Hall effectDsxy to the the-
oretical predictions based on Eqs.~8! and~10!. There is only
one adjustable parameterb and the same parametersjc(0),
Tc , andd for the paraconductivity are used. In Fig. 3~a!, we

FIG. 3. Excess Hall effectDsxy of ~a! YBCO/PBCO~120 Å/96
Å! and~b! YBCO/PBCO~36 Å/96 Å! superlattices as a function o
the temperature. The line labeled AL1MT is the result calculated
by the fit to the sum of the AL and MT fluctuation contribution
which are also shown separately. Insets show the correspon
Hall resistivities for both samples. The upper panel in~a! shows the
Hall conductivitysxy as a function of the temperatureT. The solid
line presents the normal-state Hall conductivitysxy

N . Deviation
from this line is interpreted as fluctuation contributions to the H
effect.
-

te
,

ns

show Dsxy of the YBCO/PBCO~120 Å/96 Å! superlattice
along with the AL and MT contributions calculated from th
fit, using b'20.075. The sum of the two fluctuations pro
cess (AL1MT) yields a better fit to the experimental da
with a sign change around 86 K being included. A simi
behavior is observed for a YBCO film where a sign chan
occurs around 89 K. It is noteworthy that the contributi
Dsxy

MT is positive and dominates at higher temperatures. O
erwise, a negative contribution from the AL process is o
served, which governsDsxy close toTc . The results are
obviously different from those observed in paraconductiv
which the LD term~AL process! governs even close toTc .
The smallb value (ubu!1) also deduces a smaller value
l0

21 @i.e., Dsxy
AL!Dsxy

MT , while Dsxx
LD(AL process)@Dsxx

MT#
and reflects an asymmetry between the real (G0

21) and
imaginary (l0

21) parts of the relaxation rate in the TDG
equation, since the parametersG0

21 and l0
21 introduced by

UD theory9 ~AL process! are proportional to the contribu
tions to the paraconductivity and excess Hall conductiv
respectively.

However, is the property of excess Hall conductivity o
served in the YBCO films and YBCO/PBCO~120 Å/96 Å!
superlattices a common feature in all the superlattices?
different result is shown in Fig. 3~b! for the YBCO/PBCO

ng

l

FIG. 4. Scaling plots in the~a! 2D and ~b! 3D models of the
excess conductivityDsxx vs temperature for a YBCO film in mag
netic fieldsH51, 2, 3, 4, and 5 T parallel to thec axis. The inset
shows the corresponding fluctuation conductivity.
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~36 Å/96 Å! superlattices. In this case, the contributi
Dsxy

MT dominates within the temperatures investigated. T
contribution Dsxy

AL is small and negative due to a small
adjustable parameterb'20.0003 used for the YBCO
PBCO ~36 Å/96 Å! superlattice.

As expected from the above results, it is speculated
this negative fluctuation Hall effect may exceed the posit
normal-state Hall effect as approachingTc from the high-
temperature side for the YBCO films or YBCO/PBCO~120
Å/96 Å! superlattice. This negative contribution leads to t
reduction of the Hall conductivity and consequently t
negative Hall resistivityrxy in the mixed state as shown i
the lower inset of Fig. 3~a!. For the YBCO/PBCO~36 Å/96
Å! superlattice, with a lowerTc , a lowerHc2 , and a high-
anisotropy layered structure, we do not observe a s
change ofrxy , even down to the superconducting state@see
the inset of Fig. 3~b!#. However, it may be noted that a neg
tive contribution possibly exists in the Hall conductivity, a
though this contribution is very small. Additionally, the M
term dominating the contribution ofDsxy in the YBCO/
PBCO ~36 Å/96 Å! superlattice implies that the strong in
elastic scattering and pair-breaking interaction are impor
in this sample. The positive MT contribution may be taken
a role that diminishes the sign reversal. However, we a
note that the fluctuation effect in the critical regime interp
lates smoothly between the fluctuation region aboveTc(H)
and the flux-flow region below. The negative Hall effect
the flux-flow region has been previously explained in t

FIG. 5. Scaling plots in the~a! 2D and ~b! 3D models of the
excess conductivityDsxx vs temperature for the YBCO/PBCO~120
Å/96 Å! superlattice in magnetic fieldsH51, 2, 3, 4, and 5 T
parallel to thec axis. The inset shows the corresponding fluctuat
conductivity.
e

at
e

e

n

nt
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o
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framework of vortex-motion theories.34,35 Thus a negative
fluctuation Hall effectDsxy means that the Hall conductivity
sxy is reduced asT is close toTc and is related to a sign
change of the Hall effect in the mixed state. Contrariwise
large positive fluctuationDsxy will diminish the sign change
of rxy as T.Tc(H). However, in previous work,20 the di-
minishing of the anomalous Hall effect in the mixed-sta
region has been attributed to the weak pinning of flux. A
sociating the present analyses with the results of the prev
work, we can infer that the reduction ofrxy is governed by
the fluctuation conductivityDsxy

AL at temperature above
Tc(H), while the negative Hall resistivity in the mixed sta
is strongly dependent on the pinning asT,Tc(H). The con-
sistency also could be realized by the reason that the p
breaking effect and the inelastic scattering may reduce
pinning ability.

C. Scaling of Dsxx„H … and Dsxy„H …

In the presence of magnetic fields, the contribution of
MT-term conductivity is strongly depressed by the pa
breaking effect, and the dimensionality can then be well
amined in the fluctuation region using the 2D@Eq. ~11!# and
3D @Eq. ~12!# scaling functions which are based on the A
model. Three samples, the YBCO thin film and the YBC
PBCO ~120 Å/96 Å! and ~36 Å/96 Å! superlattices were
investigated, in which the anisotropy parameters (mab /mc)
are about 0.0237, 0.0139, and 0.0006, respectively.

The most important parameter in Eqs.~11! and ~12! is to
determine the mean-field transition temperature in the p

FIG. 6. Scaling plots in the~a! 2D and ~b! 3D models of the
excess conductivityDsxx vs temperature for the YBCO/PBCO~36
Å/96 Å! superlattice in magnetic fieldsH51, 2, 3, 4, and 5 T
parallel to thec axis. The inset shows the corresponding fluctuat
conductivity.
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ence of a magnetic field,Tc(H). According to Ginzburg-
Landau theory, the shift is described by

lnF Tc0

Tc~H !G' Tc02Tc~H !

Tc~H !
5

H

Tc~H ! FdHc2

dT G
Tc0

21

,

where the values ofTc0 and dHc2 /dT can be well deter-
mined from the fluctuation fit and the resistive measu
ments.

Figures 4~a! and 4~b! show the scaling plots for a YBCO
film in the 2D and 3D models, respectively. The inset of F
4~a! also shows the excess conductivityDsxy vs temperature
for a YBCO film in magnetic fieldsH51, 2, 3, 4, and 5 T
parallel to thec axis. It is notable that the scaling is ver
sensitive to the choice of values forTc0 . We find that the
best fit is obtained byTc0'Tc(R'0) for all samples inves-
tigated. The scaling of 2D formula remains poor for a YBC
film. Furthermore, as shown in Fig. 4~b!, the data points for
different fields merge and follow at one curve, indicating th
the scaling of 3D formula seems to be a better fit than t
shown in Fig. 4~a!.

Similar results are obtained for the YBCO/PBCO~120
Å/96 Å! superlattice. The 2D and 3D scaling plots ofDsxx
for the YBCO/PBCO~120 Å/96 Å! superlattice are shown in
Figs. 5~a! and 5~b!, respectively. Similar to the data for
YBCO film, the 3D scaling seems to fit well for the YBCO
PBCO ~120 Å/96 Å! superlattice. It implies that the dimen
sionalities of the YBCO/PBCO~120 Å/96 Å! superlattices

FIG. 7. Scaling plots in the~a! 2D and ~b! 3D models of the
excess Hall conductivityDsxy vs temperature for the YBCO/PBCO
~36 Å/96 Å! superlattice in magnetic fieldsH51, 2, 3, 4, and 5 T
parallel to thec axis. The inset shows the corresponding fluctuat
conductivity in the unscaled plots.
-

.

t
t

and YBCO films tend to be 3D within the fluctuation regio
The dimensionalities are clear and different from that
vealed in the zero-field (LD1MT) fits. The difference can be
realized by the reason that the paraconductivities of M
terms are depressed, i.e., limited by the pair-breaking ef
in the presence of magnetic fields, and then the dimens
alities are more consistent with the prediction of the scal
theories based on the AL process.

For the YBCO/PBCO~36 Å/96 Å! superlattice, although
a quasi-two-dimensional behavior might have been expe
because of the smallg value, we obtain a better fit for 2D
scaling@Fig. 6~a!# than for 3D scaling@Fig. 6~b!# in Dsxx .
According to the scaling of the paraconductivity of th
YBCO film and YBCO/PBCO~120 Å/96 Å! and ~36 Å/96
Å! superlattices, it is recognized that the dimensionality
the YBCO/PBCO superlattices is not exactly 2D or 3D, sin
it is a quasi-2D system. The anisotropy parameterg could
correspond to dimensionality~g50 for 2D andg51 for 3D!
within the fluctuation scaling. For a largerg value, a 3D-like
tendency is expected in the YBCO film or YBCO/PBC
superlattices with thicker YBCO layers. The successful
scaling for the YBCO film and YBCO/PBCO~120 Å/96 Å!
superlattice indicates the strong-coupling effect that occ
in them.

Ullah and Dorsey also pointed out that the scaling fun
tions for Dsxy are the same as those forDsxx , apart from
the replacement ofG0

21 by l0
21. Therefore, we can fit the

data forDsxy of YBCO/PBCO ~120 Å/96 Å! and YBCO/

FIG. 8. Scaling plots in the~a! 2D and ~b! 3D models of the
excess Hall conductivityDsxy vs temperature for the YBCO/PBCO
~120 Å/96 Å! superlattice in magnetic fieldsH51, 2, 3, 4, and 5 T
parallel to thec axis. Insets show the corresponding fluctuati
conductivity ~a! and the 3D-scaling plots of AL and MT Hall con
ductivities ~b!.
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PBCO ~36 Å/96 Å! superlattices using the same scali
functions as shown in Figs. 7 and 8, respectively. It is ob
ous that Figs. 7~a! and 7~b! do not show agreement with th
scaling functions for the excess Hall conductivity of YBCO
PBCO ~36 Å/96 Å! superlattices. Recently, Liuet al.21 re-
ported that the AL Hall conductivity follows a scaling fit i
their YBCO film, while the MT Hall conductivity does not
They separated the AL term from the total fluctuation co
ductivity by adjusting a numerical factor, which correspon
to the relative strength between AL and MT terms to achie
a nice scaling for the AL Hall conductivity. In the inset o
Fig. 8~b!, we perform a 3D-scaling plot of the AL Hall con
ductivity of the YBCO/PBCO~120 Å/96 Å! superlattice. No-
tably, using a method different from that used in the work
Liu et al., we could separate the AL and MT terms from t
total Hall conductivities as in previous analyses for the
cess Hall effect; i.e., we used the sum ofDsxy

AL @Eq. ~8!# and
Dsxy

MT @Eq. ~10!# to make a direct theoretical fitting. In th
inset of Fig. 8~b!, it can be seen that the 3D-scaling plots
the AL Hall conductivity show a nice scaling, while the 3D
scaling plots of the MT term do not. According to this resu
the poor scaling plots shown in Figs. 7~a! and 7~b! are ob-
tained. We cannot obtain a nice scaling in Fig. 7 owing to
MT-dominating Hall conductivity of YBCO/PBCO~36 Å/96
Å! superlattice as analyzed previously. This failure to sc
also could be deduced by the fact that the TDGL scal
theory only includes AL contributions, but fails to includ
MT contributions.

IV. CONCLUSION

We have presented measurements on the resistivity
Hall effect of YBCO films and YBCO/PBCO superlattices
the fluctuation region. The paraconductivity and excess H
effect observed in a limited temperature range aboveTc are
el
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interpreted as additional contributions from thermodynam
fluctuations of the superconducting order parameter.

The data are analyzed in terms of the theories for laye
superconductors, including the LD~or AL! and MT contri-
butions. We find that the LD process governs the fluctuati
of the paraconductivity, although the MT term possib
dominates the fluctuation contributions to the excess H
effect in the YBCO/PBCO superlattices with a thinner thic
ness of YBCO layers. Especially, for the excess Hall eff
of YBCO/PBCO~36 Å/96 Å! superlattices, the positive MT
term dominates the fluctuation contributions accompanyin
weak pinning and may result in a diminished sign reversa
the Hall effect.

The excess conductivitiesDsxx(H) and Dsxy(H) are
also analyzed with the 2D and 3D scaling forms. In the pr
ence of magnetic fields, the dimensionality is more clear d
to the depression and the small contribution of the MT co
tributions. For the paraconductivity of the YBCO films o
YBCO/PBCO~120 Å/96 Å! superlattice, with a larger value
of g, the dimensionality shows a strong 3D tendency in
scaling analyses. The results suggest that the dimension
of the superlattice belongs to a quasi-2D system and the
rameterg governs the dimensionality. Additionally, we ca
separate the AL Hall conductivity from the total conductivi
with a theoretical fitting and achieve a better scaling for
AL Hall conductivity. The failure to scale the excess Ha
conductivity is due to the MT contributions, which the sca
ing theory does not include.
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