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Superconducting fluctuations in Bi2Sr2Ca2Cu&O„ thin films:
Paraconductivity, excess Hall effect, and magnetoconductivity
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A detailed study of normal-state magnetotransport properties in (Bi,Pb)~Sr2Ca2Cu30 thin films with a
zero-resistance critical temperature T,0=105 K prepared by dc-magnetron sputtering on MgO sub-

strates is reported. Measurements of the electrical resistivity, the magnetoresistance, and the Hall effect
are analyzed with regard to contributions of the superconducting order-parameter thermodynamic Auc-

tuations, using theories for two-dimensional, layered superconductors. We have obtained a consistent
set of parameters, i.e., the in-plane coherence length g,b(0) =1.6 nm, the out-of-plane coherence length

g, (0)=0.14 nm, and the electron-hole asymmetry parameter P= —0.38. At temperatures below 118 K,
we observe a remarkable enhancement (above theoretical predictions) of both the excess Hall effect and
magnetoconductivity, whereas no such effect is detected for the zero-field paraconductivity. The above
anomalies are attributed to a nonuniform critical temperature distribution inside our samples and can be
well explained assuming a Gaussian distribution of T, s with a standard deviation 6T, =2.3 K. The ex-

cess Hall effect caused by superconducting fluctuations is negative in the entire accessible temperature
range, which indicates, together with the paraconductivity and magnetoconductivity results that the in-

direct (Maki-Thompson) Auctuation process for (Bi,Pb)2Sr2Ca2Cu30„ is vanishingly small at tempera-
tures from T, to 130 K.

I. INTR&)DUCTION

Although the phenomenon of thermodynamic fluctua-
tions of the superconducting order parameter is well
known in conventional superconductors and a consider-
able amount of experimental and theoretical studies have
been collected so far, ' it has tremendously regained in-
terest with the discovery of the high-temperature super-
conductors (HTS's). ' Several features of the cuprate su-
perconductors like the high-energy value of the critical
temperature T„ the short coherence length along the
copper-oxide planes, and the very small coherence length
perpendicular to the planes, give rise to a large magni-
tude and a considerable extended temperature region of
fluctuation effects, in this new class of materials. In
HTS's, the fluctuation corrections to the higher-order
components of the normal-state magnetoconductivity
tensor are within experimental limits, and investigations
of the thermodynamic fluctuations in transport proper-
ties are not limited to the influence on the material s elec-
trical conductivity (usually denoted as paraconductivity),
as they were in conventional superconductors, but may
be extended to the Hall effect and to the magnetoresistivi-
ty.

A large amount of investigations of the paraconduc-
tivity in several HTS materials, including La& Sr CuO4
(LSCO), YBazCu3O7 (YBCO), the 2:2:1:2 and 2:2:2:3
phases of Bi-Sr-Ca-Cu-0 (BSCCO) and Tl-Ba-Ca-Cu-0

(TBCCO), have been performed. It turned out that the
early results obtained on bulk ceramic samples could be
well reproduced in highly oriented thin films and single
crystals. There is, however, a major drawback in the
analysis of superconducting fluctuations from the
paraconductivity data alone in the cuprate superconduc-
tors. Since it is technically impossible to suppress the su-
perconducting fluctuations by a high magnetic field, one
has to make assumptions on the temperature dependence
of the normal-state resistivity, in order to separate be-
tween those two contributions to the conductivity above
T, . Usually, a linear temperature dependence of the
resistivity in the normal state is postulated, but such as-
sumption is lacking an undisputed theoretical back-
ground. This ambiguity is one of the primary reasons for
some controversy in the analysis of superconducting fluc-
tuations in HTS's.

Following the initial derivations of the paraconductivi-
ty by Aslamazov and Larkin (AL) and the extensions to
the model of a layered superconductor by Lawrence and
Doniach (LD), the dimensionality of the superconduct-
ing fluctuations and, in the latter model, the crossover
from two-dimensional (2D) to three-dimensional (3D)
behavior in the vicinity of T, can be estimated. There
has been a considerable discussion whether the results in
YBa2Cu307 indicate a 2D behavior, ' with a possible
crossover to 3D, or isotropic superconductivity. This
question is of substantial interest with regard to the role
of coupling along the c axis in the superconducting state.

0163-1829/95/51(14)/9180(13)/$06. 00 51 9180 1995 The American Physical Society



51 SUPERCONDUCTING FLUCTUATIONS IN Bi2Sr,Ca,Cu30„. . . 9181

The results for the Bi (Refs. 10—20) and Tl cuprates '

seem to indicate a 2D behavior, but, as we will point out,
the 3D region close to T, may be masked by an inhomo-
geneous T, distribution in those samples. In granular
ceramic superconductors, a fractal behavior, different
from 2D and 3D, has been found and interpreted in terms
of a superconducting percolation network.

Another point of discussion is the possible presence or
absence of the indirect fluctuation contribution, which
was initially proposed by Maki and Thompson (MT).
This question is of significant importance since it is possi-
ble to derive the AL contribution in the framework of the
phenomenological time-dependent Ginzburg-Landau
theory; thus, the AL m.echanisrn is insensitive to the na-
ture of superconductivity. On the other hand, the MT
process was calculated on a BCS-based microscopic an-
satz and, consequently, should be dependent on the pair-
ing mechanism. Strong inelastic scattering as it was pro-
posed for the cuprate superconductors is known to
suppress the MT process; also, symmetry considera-
tions, like s-wave, extended s-wave, and d-wave supercon-
ductivity in the cuprates could possibly affect the MT
contribution. Whereas the investigations generally in-
dicate a considerable weight of the MT contribution in
YBa2Cu307 (Refs. 31—36), possibly with a modified tem-
perature dependence, ' the indirect contribution seems
to be absent in the paraconductivity of the more aniso-
tropic BSCCO compound. '

To overcome the above-mentioned problems with the
unknown transport properties of the normal-state in
HTS, an analysis of the fluctuation magnetoconductiUity
above T, has been proposed. ' Due to the method
of the magnetoconductivity measurement, the normal-
state resistivity cancels, and, consequently, an assumption
of its temperature dependence is no longer needed. The
magnetoconductivity involves a nonzero magnetic field
and, hence, represents a more subtle probing of the trans-
port properties in the fluctuation region than the
paraconductivity. Several studies of the fluctuation mag-
netoconductivity have been performed on YBCO ceram-
ics, thin films, and single crystals, but the results from
superconducting conductivity fluctuations under the
influence of a magnetic field in BSCCO are rather scarce,
and were not analyzed using the available theoretical

ackground ' '

The influence of superconducting fluctuations on the
off-diagonal components of the magnetoconductivity ten-
sor (usually denoted the excess Hall eQect) was observed
in YBCO, but, to our best knowledge, no such analysis
has been performed on either BSCCO or TBCCO. In-
terestingly, the excess Hall effect provides some addition-
al insights into details of the band structure and also is
a sensitive method for detection of the MT process, since
it may have a different sign than the AL contribution.

Although the quality of HTS's has been improved con-
siderably since the first studies on ceramic samples, minor
inhomogeneities of T, cannot be completely ruled out.
Such effect of a T, distribution on the paraconductivi-
ty ' and on the fluctuation magnetoconductivity has
been investigated previously and will be extended to the
excess Hall effect in this paper.

It seems evident that complementary measurements of
different transport phenomena, like fluctuation magneto-
conductivity and excess Hall effect, in addition to the
paraconductivity data, are needed to obtain a full physi-
cal picture of superconducting fluctuations in HTS's and
a corresponding set of reliable parameters. In this paper,
we present a comprehensive study of superconducting
fluctuations in thin films of the 2:2:2:3 phase of BSCCO
and an analysis using a consistent set of parameters. The
paper is organized as follows: In Sec. II, the theories for
paraconductivity, excess Hall effect, and fluctuation mag-
netoconductivity are reviewed, and modifications for
samples with nonuniform T, 's are proposed. In Sec. III
we describe the sample preparation and the measurement
techniques, and present our experimental results. In Sec.
IV, the analysis of the data with regard to superconduct-
ing fluctuations is discussed. Finally, in Sec. V, we com-
ment on some implications coming from our results.

II. THEORETICAL BACKGROUND

A. Paraconductivity
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where e is the electron charge, A is the reduced Planck
constant, t is the thickness of the film, g(0) is the zero-
temperature Ginzburg-Landau coherence length and
E=ln(T/T, )=(T—T, )/T, is a reduced temperature.

The initial AL expressions were derived in the BCS
model, but the same results can be obtained in the phe-
nomenological Ginzburg-Landau approach. This indi-
cates that the direct contribution is insensitive to the mi-
croscopic mechanism responsible for the carrier pairing
and therefore should be also valid in HTS's. LD extend-
ed the calculations to a superconductor that consists of a
stack of two-dimensional superconducting sheets, linked
by Josephson coupling between adjacent layers. Obvi-
ous1y this scenario resembles closely the situation in most
HTS's and, consequently, will be used in our further con-

At temperatures above T„ the magnetoconductivity
tensor in the normal state of a superconductor is modified
by corrections originating from thermodynamic fluctua-
tions of the superconducting order parameter. In zero
magnetic field, those corrections to the diagonal com-
ponents are additive, resulting in an enhancement of the
conductivity by the paraconductivity b.o„(0). Thus, the
conductivity equals

o„(0)=cr„(0)+ho. (0),
where o (0) is the normal-state value.

The calculation of the paraconductivity was reported
by AL, who considered the acceleration of short-lived
Cooper pairs, which are created in thermal nonequilibri-
um above T„ in an electric field. The main results for
the so-called "direct" or "regular" contribution in two
and three dimensions are, respectively,
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siderations. The paraconductivity along the layer is
2

b,cr„"„(0)= (1+2a) (4)

where d is the layer spacing,

is a dimensionless coupling parameter, and g, (0) the
zero-temperature coherence length along the stacking
direction. The LD formula reduces to the corresponding
AL results: Eq. (2) in the 2D limit (a=0) and Eq. (3) in
the 3D limit (a~ co ), respectively.

An additional indirect contribution to the paraconduc-
tivity, arising from the decay of superconducting pairs
into quasiparticles and vice versa, was first calculated by
MT and, recently, extended to the LD model by Hikami
and Larkin and Maki and Thompson, "'

Mr 0 e 1
1

s 1+a+(1+2a)'~
8A'd E —5 5 1+aE/5+(1+2as/5)'~2

Here 5 is a pair-breaking parameter, which was intro-
duced semiphenomenologically by Thompson and is re-
lated to the shift of T, by magnetic impurities or inelas-
tic scattering processes that limit the phase-relaxation
time ~& of the quasiparticles involved in the MT process.
In the limit of dirty superconductors

5 =M/( 8kii Tr~), (7)

while for clean superconductors 5 has to be divided by
1.203 [I /g, b (0)]; I is the quasiparticle mean free path and

g,b(0) the zero-temperature coherence length along the
superconducting layers.

From Eqs. (4) and (6) it follows that the indirect contri-
bution is of importance relative to the AL process only if
the inelastic-scattering length is large compared to the
coherence length. Due to the different temperature
dependence in 2D superconductors, however, the direct
fluctuation contribution is in any case dominant close to
T, with a possible crossover to the MT contribution at
higher temperatures. In an s-wave BCS superconductor,
nonmagnetic impurities neither change T, nor affect the
AL and the MT terms. On the other hand in p or d-wave
superconductors those impurities may act pair breaking
and are supposed to suppress the MT contribution.

Abraharns, Prange, and Stephen, ' was followed by a mi-
croscopic theory by Fukuyama, Ebisawa, and Tsuzuki
(FET). More recently, Ullah and Dorsey (UD) have ex-
amined the problem on the grounds of the tirne-
dependent Ginzburg-Landau theory and another micro-
scopic calculation of the excess Hall effect was performed
by Varlamov and Livanov.

For further analysis we use the result of UD in the
low-field limit h «c, , i.e., in small magnetic fields and for
temperatures not too close to T, ; h = ln[ T, (0)/
T,(B)]=2eg,b(0)B/fi refiects the shift of the mean-field

T, in a magnetic field B. Although the magnetic field
used in our experiments is moderate, we include the T,
shift into the analysis by renormalizing c in finite magnet-
ic field, sH =ln[T/T, (B)]=E+h. The excess Hall efFect
induced by the AL process is

UD e xy m'd 1+1/a 3 rz
N

16A'd g~ 72$, (0) (1+1/2a)
(9)

sH 1+a+(1+2a)'
1+as~ /5+ (1+2asH /5) '

where P refiects an asymmetry between electrons and
holes. This electron-hole asymmetry parameter appears
both in the microscopic calculations of FET (denoted a)
and in the phenomenological model of UD. FET found
that P depends on the energy derivative of the electron
density of states at the Fermi energy and UD incorporat-
ed the electron-hole asymmetry into the time-dependent
Ginzburg-Landau theory by postulating a cornp1ex relax-
ation time of the order parameter. Interestingly, recent
calculations ' of the Hall effect resulting from vortex
motion below T, connect between the excess Hall effect
and the Hall effect in the flux-flow region via the imagi-
nary part of the relaxation time, which corresponds to
our P. According to this picture, the sign of P governs
both the sign of the AL excess Hall effect and the sign of
the Hall effect below T, .

We know of no independent calculation of the MT
contribution to the excess Hall effect in the LD model,
but based on the 2D and 3D limits in the FET theory,
one may deduce a scaling relation ' of the MT term of
the fluctuation Hall conductivity with the corresponding
paraconductivity expression and, applying it to Eq. (5),
obtain

N
e xy 4

Ixo

B. Excess Hall effect

The fluctuation corrections also influence the off-
diagonal components of the normal-state magnetocon-
ductivity tensor, viz. the Hall conductivity. The total
Hall conductivity may be expressed as

o.
y

=o. +Ao-„

where cr is the normal-state part and ho. is the fluc-
tuation correction originating from the excess Hall effect.

An initial calculation of the fluctuation Hall effect by

Finally, combining Eqs. (9) and (10), one can get the ex-
cess Hall effect as Ao.~ =ho. „y +So.

+y

C. Fluctuation magnetoconductivity

The effect of a magnetic field on the superconducting
fluctuations has been considered by Abraharns, Prange,
and Stephen ' for 2D superconductors and, recently, ex-
tended to the LD model by Hikami and Larkin and
Maki and Thompson. ' Their work has been based on
the magnetic-field pair-breaking effect that leads to a
suppression of T, in mean-field theory and decreases the
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Auctuation conductivity. Hence, the above process re-
sults in a positive magnetoresistance, which is usually ex-
pressed in terms of a negative magnetoconductivity,
a„(B) cr —(0). The conductivities in the presence of B,
o (B)=cr„„(B)+b,cr„,(B), as well as zero-field values
o. „(0)=cr„„(0)+her„(0)are, in each case, the sum of
the normal-state contribution and the Auctuation correc-
tion. Due to a very small magnetoresistance of HTS's in
the normal state, o„„(B)=o „(0), the normal-state con-
ductivity cancels in the measurement of the magnetocon-
ductivity. Thus, the total change of the conductivity
Auctuation corrections in a magnetic field is
Acr~ =b,o.„(B) Ao. ,(0—) =—o „„(B)—o (0).

The Auctuation magnetoconductivity comprises of four
different contributions, resulting from interactions of the
magnetic field with the carrier orbits and spins, and tak-
ing into account both the AL and MT processes. The or-
bital effect on the AL contribution (ALO) in the layered
superconductor model is given by

2

8A o 2 2h

1+ +
2h c,

dk
27T

Thus, the ALO part of the magnetoconductivity in the
2D case, Ao. z

' 'o-c. , is even more divergent than
the excess Hall effect towards T, .

The orbital effect on the MT contribution (MTO) in
the dirty limit is

—b, cr„"„(0),
where E&=E[1+a(1—coskd)], k is the momentum
parallel to B, and g is the di-gamma function. In the
low-field limit h «E, Eq. (11)may be expanded to

Lo 1 e 2+4O'+ 3a 3h 2

64 Kid

and a'=2/, (0)/(d s'). Here p~ denotes the Bohr mag-
neton and g is the Lande factor that was assumed to be
g =2

The Zeeman effect on the MT contribution (MTZ) is
smaller than originally predicted in the AHL theory
and will be ignored in our investigations.

Theoretical considerations, as well as experimental
analysis, show that the ALO contribution dominates near
T, in 8 oriented perpendicular to the superconducting
layers. The situation is drastically changed, however, if B
is parallel to the planes, where, in the two-dimensional
limit, the orbital contributions are suppressed and the
Zeeman terms become prevailing.

Finally, we want to mention that in the clean limit,
the magnetoconductivity is modified in the same manner
as Eq. (7), while the consideration of the nonlocal effect
results only in minor changes to the MT terms.

D. Modifications for a nonuniform
critical temperature

In a recent paper, we investigated the inAuence of a
nonuniform T, on the paraconductivity and on the Auc-
tuation magnetoconductivity. Using an effective-
medium approach, we assumed that the Auctuation
corrections are small additive contributions to the
normal-state magnetoconductivity tensor. Furthermore
we presupposed that various fluctuation processes are in-
dependent, thus, limited our considerations to tempera-
tures not too close to T, . Under the above approxima-
tions, the total Auctuation corrections can be obtained by
summing over all individual Auctuation domains within a
sample. For simplicity we base our analysis on a Gauss-
ian distribution of T, s, with a mean value T, and a stan-
dard deviation 5T, and additionally assume that
5T, ((T,. Using a first-order expansion of the effective-
medium theory, we obtain the total paraconductivity in
the sample with a different local critical temperature 8,
as

Mi'Q e 1 2 I& 1 sk
0 +8' e —5 o 2 2h

bo. (0)=J exp
1

5T, 2~
(8, —T, )

25T,

1 ~k—+
2 2h

dk
2'

MT(() ) (13)

Aronov, Hikami, and Larkin (AHL) extended the
theory to include the interaction of the magnetic field
with electron spins and obtained two additional Zeeman
contributions to the Auctuation magnetoconductivity.
The Zeeman effect on the AL fluctuation process (ALZ)
1s

2

b.o z = [(1+2a') ' E' ']—b,o," (0), (14)

X tb, o,„(0)+b,o,„(0)]d6, . (16)

In our model, the length scale of the T, inhomogeneities
is temperature independent and considerably larger than
the in-plane coherence length g,b ( T). If
g,b( T)=g,b(0)E ', exceeds that length scale at temper-
atures close to the local 8„we expect a significant reduc-
tion of the amplitude of the local superconducting Auc-
tuations. To account for the above-mentioned limit we
introduce a phenomenological, low-temperature cutoff
which is incorporated in the LD and MT theories by re-
placing E in Eqs. (4) and (6) by a modified function

ln( T/8, ), ln( T/8, ) ~ s,

with in(T/8, ) &s, ,
(17)

where E, = ln( T,„, s /T, ) is the reduced cutoff tempera-
ture.

In an equivalent procedure, we modify the expressions
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for the excess Hall effect and obtain

4o.„= —exp
1

5T,
(6, —T, )

25T,

X {ao "D+a~M'I d a (18)

xg ho~(E*,B)d8, , (19)

where i = {ALO, MTO, ALZ, MTZ] represents the four
different contributions.

In fact, the impact of an inhomogeneous T, on ho z is

10'

10

E

10
—1

where cH is now replaced by c.*+h.
In Fig. 1, we compare (for a typical set of parameters)

the results of Eq. (18) for materials with a T, distribution
with b,o from Eqs. (9) and (10), which are based on the
uniform T, . The difference in the UD expressions is
insignificant at higher temperatures, c)0. 1, but in the
temperature range 0.01 & c & 0. 1 our model predicts that
the excess Hall effect is larger by a factor of up to 1.7.
On the other hand, the indirect (MT) contribution
remains practically unchanged in our modified theory.
We observe, that the shape of the UD curve is altered in
the respect that the curvature due to the 2D —+3D cross-
over in the LD model near T, is masked by a counteract-
ing change of slope due to the T, distribution. A similar
observation also has been made for the paraconductivi-

48

Using the previous considerations, we obtain for the
total magnetoconductivity in the T, distribution model

(&, —T, )'
Ao. ~ = exp

5T,+2m 25T

more pronounced than on the paraconductivity or the ex-
cess Hall effect. We have also found, that the ALO
contribution is the dominant fluctuation correction for
magnetoconductivity in a large temperature range.
Among the three contributions, the MTO and ALZ
terms are only slightly enhanced in our model, and the
MTZ term remains essentially unchanged.

III. EXPERIMENTAL METHODS AND RESULTS

A. Sample preparation

The BSCCO films were fabricated according to our
procedure developed for the Bi2SrzCazCu&O„(2223)
phase formation, described in detail in Ref. 57. Briefly,
the films were dc-magnetron sputtered from an off-
stoichiometric, heavily Pb-doped BSCCO target (the ex-
act target composition was BizPb2 ~Sr&Ca&, sCu3 30„)on
heated to 150'C single-crystalline MgO substrates. The
as-deposited films were subsequently ex situ crystallized
by annealing in air at 870'C for 1 —2 h, then slowly
cooled down to 700'C and quenched to room tempera-
ture. We found that the high initial Pb content and the
slight excess of Ca and Cu, as well as precisely adjusted
and controlled crystallization temperature (870'C—1 to
2 C below the film melting point), were essential in ob-
taining films with the highest content of the 2223 phase.

The annealed films showed a granular, "micalike" mor-
phology with 10- to 20-pm-long crystals, arranged paral-
lel to the substrate surface. Figure 2 presents an x-ray-
diffraction pattern of our BSCCO film annealed for 1 h.
The spectrum contains reflections corresponding to 2223
and 2212 phases, labeled H and L, respectively. The frac-
tion of the 2223 phase in the film, estimated from the in-
tensity ratio of the H002 and L002 peaks, exceeded 90%.
We note that no peaks related to other phases, except the
one at 2q = 17.6 for the Ca2Pb04, were detected.
Ca2Pb04 forms at the initial crystallization stages of the
Pb-doped BSCCO and is known to promote the 2223-
phase formation, but it disappears rapidly during further
annealing (with the escape of Pb from the film) and has
not been detected in our films annealed for 2 h. We see
that the only strong reflections in Fig. 2 originate from

10

10
10—2 10 10O

FIG. 1. Excess Hall effect bo.„y calculated for a uniform T,
(broken lines) and for the model with a Gaussian distribution of
T, 's in the sample (solid lines) as a function of the reduced tem-
perature c. The curves labeled UD and MT are the direct and
the indirect fluctuation contribution, respectively. The parame-
ters used are g,b(01=1.5 nm, g, (01=0.15 nm, d =1.85 nm,
5 =0.3, jj=0.4, T, = T, = 100 K, 5 T, =2 K, and e, = 5 X 10
The normal-state Hall effect is modeled by Anderson's formula
(Ref. 64) cotSH cTXX/clay AT +C, assuming A =0.2 and
C =0. The anomalous temperature dependence of the Hall an-
gle in HTS is responsible for the downward bending of the
curves at higher temperatures, E )0.2.
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FIG. 2. X-ray-diffraction spectrum of the
Bi2Pb2 5Sr2Ca2»Cu3 30 film deposited on MgO and annealed
for 1 h at 870 C. The peaks of the 2223 and 2212 BSCCO
phases are labeled 8 and I., respectively. Note that the intensi-

ty scale is logarithmic.
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the (00n) BSCCO planes, indicating that the film was
highly oriented with the c axis perpendicular to the sub-
strate surface.

For the electrical transport measurements, our Alms
were patterned using either conventional photolithogra-
phy (with wet etching in diluted H3PO4) or a laser abla-
tion method. In this latter case, the film was mounted
on a computer-controlled two-dimensional translational
stage with a 1 pm minimum step size and the pattern was
traced out by ablating away the unwanted material with a
focused beam from a mode-locked Nd-YAG laser (laser
fluence was few J/cm ). The ablation technique allowed
us to fabricate our test structures with no need for the
photomask (necessary in photolithography) and, what
was even more important, without any degradation of the
film properties by, e.g., edge undercutting and/or con-
tacting the film with damaging chemicals. Our samples
were patterned to a Ave-probe geometry suitable for
transport measurements with typical strip dimensions of
10X1.5 mm . Silver pads were evaporated on the arms
of the patterned film and contacts were established with
silver paste and gold wires.

The temperature dependencies of the normalized resis-
tance and the critical current density j, for the film of
Fig. 2 is shown in Fig. 3. The measurement was done in
a standard four-probe geometry on a 300-pm-wide strip
patterned in the film. The strip showed a well-defined su-
perconducting transit~on with a zero-resistivity state at
105 K (see also Fig. 4). The j, of the film (in a zero mag-
netic field) was about 2X10 A/cm at 90 K and in-
creases to 2X10 A/cm at low temperature. The tem-
perature dependence of j, showed a distinct irregularity
at about 80 K—the superconducting transition tempera-
ture of the 2212 phase. Above 80 K, j, was strongly
suppressed and its temperature dependence was propor-
tional to (T —T, ), as is shown in the inset in Fig. 3.
Such behavior of j, in the sample with a predominantly
2223 phase suggests a nonuniform distribution of the su-
perconducting phases in the film, with a preferential for-
mation of the 2212 phase on the boundaries of the 2223
grains. This, in turn, results in the presence of normal-
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FIG. 3. The temperature dependencies of the normalized
resistance and the critical current density for the film of Fig. 2.
The inset shows in detail the j, behavior close to T, .
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FIG. 4. Temperature variation of the in-plane resistivity p,
of a 2223-BSCCO thin film in zero magnetic field. The inset
shows the region of the superconducting transition on an ex-
panded scale.

metal-like barriers between the superconducting 2223
grains, leading to the low value of j, and its characteristic
temperature dependence for superconductor-normal
metal-superconductor junctions. The assumption of
nonuniform phase distribution in our films was also
confirmed by magnetically modulated microwave absorp-
tion measurements, which at temperatures 90—100 K re-
vealed a film response characteristic for almost decoupled
superconducting grains. Below 80 K, the film j, (Fig. 3)
had a temperature dependence typical for an oriented
high-T, film, reaching above 2 X 10 A/cm at 4.2 K.

B. Measurement techniques

C. Results

An accurate knowledge of the physical sample dimen-
sions is a prerequisite to determine the absolute values of

All magnetotransport measurements were performed
in a closed-cycle refrigerator with temperature controlled
by a platinum resistor. Precision temperature measure-
ments were made with a calibrated Ga& „Al As diode,
placed close to the sample. The measurements were car-
ried out with an ac current of 80-Hz frequency, using
lock-in technique for the detection of the resistive voltage
drop along the sample and for the Hali voltage. The
current density was about 800 A/cm, calculated using
the effective electrical thickness of the samples as dis-
cussed in Sec. III C.

The resistivity, the Hall effect, and the magnetoresis-
tance were measured in subsequent runs on the same
sample during a slow (0.02 K/min) downsweep of the
temperature, which proved to yield more stable condi-
tions than waiting for thermal equilibrium before taking
data. Resistivity measurements were performed in the
earth magnetic field; for the Hall effect and magnetoresis-
tance measurements, which should be done in as low
fields as possible, we used an electromagnet with 8 =0.7
T. The polarity of the magnetic field was reversed for
every data point of the Hall effect and the magnetoresis-
tance. The temperature accuracy was better than 10 mK.
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the various components of the magnetoconductivity ten-
sor. The lateral dimensions are defined precisely by the
patterning process, but the thickness of the film could
only be estimated from the deposition conditions, since
determination by mechanical probing turned out to be
ambiguous due to surface roughness. In addition, we
have to consider that thickness variations modify the film
resistance and reduce the current-carrying cross section.
To account for this problem, usually a C factor is used to
fit the data or the temperature derivative of the resistance
is analyzed. Alternatively, we have recently proposed a
diff'erent approach, by calculating an "effective thick-
ness" from the comparison with single-crystal data. The
effective-thickness method avoided the introduction of an
additional fitting parameter and gave reliable results for
YBCO thin films.

Since pure single crystals of the 2223 phase in BSCCO
are hard to grow and no conductivity data is available,
we compare the lowest values for p, (300 K) = 150
pQ cm in twinned YBCO single crystals ' with the aver-
aged a-b-plane resistivity p, (300 K) =140 pQ cm in the
2212 phase of BSCCO. The similar values suggest that
they are characteristic for the current transport along
CuO~ planes. In fact, a comprehensive study on cer-
amic compounds with the nominal composition
Bi&Sr&Ca„ ICu„O~ with n =1,2, 3 revealed almost the
same values for the room-temperature resistivity in the
respective optimally doped compounds. We, thus, con-
cluded that the intrinsic room-temperature resistivity of
the 2223 phase must be close to that "universal" p„,(300
K) = 140pQ cm, value and scaled our data accordingly.
As a result, we found the eff'ective thickness of our film to
be 74 nm. The uncertainty introduced by this procedure
affects only the absolute values of a few parameters, as
most of our conclusions are based on the analysis of tem-
perature dependencies.

In Fig. 4, the temperature variation of the resistivity
p„of a 2223-BSCCO thin film in zero magnetic field is
shown. Zero resistance is achieved below 105 K, the
inflection point T„=108K, and .the 10—90% transition
width of the superconducting transition is about 5 K.
The curve exhibits a negative curvature from T„up to
180 K and Aattens to a linear behavior at higher tempera-
tures. In contrast to YBCO, no upturn of the resistivity
curve near room temperature was observed.

The transverse (Hall) resistivity p =R~B as a func-
tion of the temperature in a magnetic field A=0. 7 T is
shown in Fig. 5. The normal-state Hall effect is positive
(holelike) and temperature dependent, as it is generally
observed in most of HTS materials. The room-
temperature Hall coefficient R~(300 K) = l.4X 10
cm /As is about 1/4 of the value in YBCO. The insert
in Fig. 5 presents the temperature variation of the Hall
number n~=1/eR~, which, in a conventional metal,
would indicate the number of mobile carriers. Such an
interpretation of n~ in HTS s is, however, questionable
due to their unusual temperature dependence of the Hall
eff'ect.

Above T„p „exhibits a broad rounding, which we at-
tribute to superconducting fluctuations. In the vortex
s'.ate below T„p~x changes sign between 102 and 109 K.
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FICx. 5. Hall resistivity p~„ in 2223-BSCCO in a magnetic
field 8=0.7 T as a function of temperature. The inset shows
the temperature variation of the Hall number n& = 1/eR&.

The nature of this sign change, which is commonly ob-
served in HTS's, is presently unknown.

It has been pointed out by Anderson that the key
quantity for an analysis of the normal-state Hall effect is
the Hall angle tan8~ =p „jp„„=o., /o „,which exhib-
its a universal behavior in a variety of HTS systems, such
as YBCO with various oxygen content, ' YBCO with
substitutions of magnetic atoms, overdoped
TBCCO, ' and several others. The basic idea is the
separation of the transport scattering time v.„describing
the relaxation of carrier motion normal to the Fermi sur-
face from the Hall relaxation time ~~ modeling the
motion parallel to the Fermi surface. Anderson proposed
two different quasiparticle excitations, namely "spinons"
and "holons" with diff'erent relaxation times. Thus the
electrical transport in zero magnetic field is governed by
~„o= T ' due to scattering between holons and spinons.
The spinons can interact with both a magnetic field and
with magnetic impurities, yielding ~& o- T for the
former process and a temperature-independent relaxation
rate for the latter. Since ~„cancels in the Hall angle, the
universal expression in the above model is

cotO~= AT +C, (20)

where A is related to carrier density and spinon band-
width and C is proportional to the impurity density.

The dependence of the cotangent of the Hall angle as a
function of T is shown in Fig. 6. The straight line
represents a fit of the data to Eq. (20) in the temperature
range from 130 to 185 K, using the parameters
A =0.1855 K and C=1429. Except for the tempera-
ture region close to T„where deviations from the linear
relationship are attributed to the excess Hall effect, Eq.
(20) describes the data remarkably well. At temperatures
above 190 K, we observe a decrease of the slope A, in ac-
cordance with observations in YBCO. ' Comparing
the results for n~ and A with previous work on YBCO,
we realize that both the Hall number at room tempera-
ture and the slope of cotO~ are larger in 2223-BSCCO by
about a factor of 4. This may indicate, assuming a simi-
lar spinon bandwidth in the two compounds, that the car-
rier density is substantially larger in the Bi-
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superconductor. Recently, a similar relation between the
Hall angle slope and the carrier density was also verified
in oxygen-depleted YBCO films. 7'

Finally, to complete our results, we present (Fig. 7)
measurements of the transverse magnetoresistance (MR)
Q„„(8)—p„„(0)]/p„(0) in a magnetic field 8 =0.7 T
oriented parallel to the c axis. The MR spans a large
range of magnitude in only a narrow temperature region,
i.e., from 0.07 at 110 K to around 10 at 130 K, where it
drops below our experimental limits. The slope of the
curve becomes remarkably steeper at T(118 K. Such a
tremendous variation is far beyond any explanations,
based on a conventional mechanism associated with the
cyclotron orbits of charged carriers. In addition, using
the relation tanO~ =—co, ~ for a simple parabolic one-band
model, where co, is the cyclotron frequency and v is an
average carrier scattering time, we may estimate an
upper limit of the magnitude of the normal-state MR,
viz. , [p„„(8)—p, (0)]/p„„(0)~ (co,r) and obtain
6X 10 at 120 K, which is three orders of magnitude
smaller than the observed value. We, thus, attribute the
MR entirely to superconducting fluctuations.

IV. ANALYSIS AND DISCUSSION

A. Paraconductivity

104 ~ I I I ~

l

& Oata----. LD (uniform Te

For an analysis of the paraconductivity we have to
separate the normal-state contribution o „(0) from the
paraconductivity b,o „(0),according to Eq. (1). As men-
tioned in Sec. I, this is not a simple task, since no general-
ly approved theoretical background for the temperature
dependence of o „„(0)is available and the suppression of
the fluctuation spectrum by the intense magnetic field is
technically impossible in HTS's. On the other hand, a
linear temperature dependence has been observed in a
variety of cuprate materials in the optimum (highest-T, )

doping range. Since the anisotropy in BSCCO is consid-
erably larger than in YBCO, we expect that in thin-film
measurements any contributions from the c-axis resistivi-
ty are vanishingly small along the ab plane, and postulate
a phenomenological relation p„„(0)=AT+8. Actually
we observed in our films such a behavior in the range
from 180 to 273 K and determined the fitting parameters
A =4.01X10 Qcm K ' and B=1.80X10 Qcm.
Although this procedure is widely used in literature, we
point out that it naturally underestimates the paracon-
ductivity at higher temperatures and may lead to a failure
in the detection of the MT contribution.

The experimental values of the paraconductivity as a
function of the reduced temperature are compared to the
LD theory and to the T, -distribution model in Fig. 8. A
fit to Eq. (4) involves two adjustable parameters, i.e., the
mean-field critical temperature T, =109.2 K and the c-
direction coherence length g, (0)=0.14 nm. T, is some-
what larger than T„ indicating that the lower tempera-
ture tail of the transition curve arouses primarily from
vortex motion. Actually, the exact value of T, has little
inhuence on the analysis of the paraconductivity a few
kelvin above the transition. Similarly, g, is only
significant for low c., since at higher temperatures we
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FIG. 7. Transverse magnetoresistance in 2223-BSCCO in a
magnetic field B=0.7 T as a function of the temperature.

FIG. 8. Paraconductivity in a 2223-BSCCO thin film
(squares) and the fits calculated for the LD contribution using a
uniform T, (broken line) and the T, -distribution model (solid
line). All data are plotted as a function of the reduced tempera-
ture s=ln(T/T, ). The parameters used are g, (0)=0.14 nm,
d =1.85 nm, T, =109.2 K, T, =108 K, 5T, =2.3 K, and
E, =2X 10



9188 W. LANG, G. HEINE, W. KULA, AND ROMAN SOBOLEWSKI

enter the 2D limit of the LD model, where the paracon-
ductivity is entirely determined by the superconducting
layer spacing d =c/2=1. 85 nm. Here c is the crystallo-
graphic unit cell parameter perpendicular to the CuOz
layers. Thus we emphasize that at c.=0.1, the theoretical
results are without any adjustable parameters, and from
the different temperature dependencies in Eqs. (4) and (6),
we may conclude that the MT process has no significant
contribution to the paraconductivity in 2223-BSCCO.
Additional support to the above conclusion also comes
from the amplitude of the paraconductivity, which
should be larger when MT Auctuations are present. Al-
though this latter argument is frequently used, it must be
regarded with some caution since it crucially depends on
the choice of the normal-state background.

In Fig. 8, the excellent fit to the paraconductivity in
the LD model seems to suggest an absence of an inhomo-
geneity of 5T, . For comparison, however, we have also
presented in Fig. 8 the values for the paraconductivity
(solid line) calculated, based on parameters that we will
deduce later from the analysis of the excess Hall effect
and the Auctuation magnetoresistance. We note that the
T, -distribution calculation also gives a fair description of
the data. Thus, the paraconductivity analysis alone nei-
ther yields a very reliable determination of the essential
parameters, nor provides a straightforward indication of
critical temperature inhomogeneities in the sample.

B. Excess Hall eftect

For an analysis of the excess Hall effect, we again have
to separate the normal-state contribution o. from the
fluctuation correction b,o„~ according to Eq. (8). The
procedure is analogous to the one for the paraconductivi-
ty and similar restrictions apply. Based on, at least phe-
nomenological, validity of Eq. (20) for the normal-state
Hall angle we calculate the off-diagonal normal-state con-
ductivity o„=(p„cotS~H) ' from the fit in Fig. 6. The
result is compared in Fig. 9 with the experimental data.
Below 130 K, the Hall conductivity stays below the ex-

trapolated normal-state value, exhibits a maximum at
about 117 K, and, at lower temperatures, rapidly fades.
Thus, b, o.„ is always negative and strongly temperature
dependent. This observation is in contrast to the situa-
tion in YBCO, where a negative Ao. was observed close
o T, and a positive ~~„at higher

Since Eq. (10) predicts that the MT contribution to the
excess Hall effect is positive at any temperature, we con-
clude that the MT effect is negligible in 2223-BSCCO,
supporting our previous findings from the paraconduc-
tivity analysis.

We now compare (Fig. 10) b,o., with the calculations
based on the UD model. At temperatures above 117 K
(E)0.07), b.o„~ ~E as anticipated from Eq. (9). To-
ward lower temperatures, however, the excess Hall effect
raises to a steeper temperature dependence and exceeds
the theoretical predictions (broken line) by a factor of 2.
The theoretical values in Fig. 10 for the UD model were
calculated, using the same parameters as previously for
the paraconductivity, and, in addition, the electron-hole
asymmetry parameter was P= —0.38. The calculation
including an inhomogeneous T, (solid line) provides a
much better fit to the data, although it also somewhat un-
derestimates the excess Hall effect in the vicinity of T, .
The shape of the curve, however, is very well reproduced
by the T, -distribution model of Eq. (18). We note, how-
ever, that the most crucial constraint for the parameters
characterizing the distribution of T, s in the sample: T„
6T„and c„ is the fit to the fluctuation magnetoconduc-
tivity presented later.

The excess Hall effect is governed by the electron-hole
asymmetry parameter P. Since P(0, the normal-state
Hall angle is reduced close to T, by superconducting Auc-

tuations. It should be emphasized that the Hall effect it-
self remains positive above T„since her is only a small
correction to Ao. . Our previous calculations do not ap-

ply in the critical Auctuation region very close to T„
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state contribution o. ~, deduced from the fit in Fig. 6. The devi-
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interpreted as fluctuation corrections to the Hall effect.

FIG. 10. Excess Hall effect in a 2223-BSCCO thin film

(squares) as a function of the reduced temperature c.=ln(T/T, )

and the fits calculated for the UD contribution assuming a uni-

form T, (broken line) and a distribution of I', 's (solid line) mod-
els. The excess Hall effect is negative in the entire temperature
range. The same parameters as for the fit to the paraconductivi-
ty in Fig. 8 were used and, additionally, g,b (0)= 1.6 nm and the
electron-hole asymmetry parameter P= —0.38.
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where b, o. becomes comparable to Acr . In a recent
paper we discussed a possible connection between a
negative P and the occurrence of a negative Hall effect in
the flux-flow region below T, . Comparing the present
data with those previous results, we note that P in 2223-
BSCCO has the same (negative) sign and is approximately
twice as large as in YBCO. Thus, in Bi-based materials,
the imaginary part of the complex relaxation time in the
time-dependent Ginzburg-Landau theory is larger,
yielding to a larger Hall effect due to vortex motion, ac-
cording to Dorsey and Kopnin, Ivlev, and Kalatsky.
In fact, the negative anomaly in the Hall effect is general-
ly more pronounced in the bismuth cuprates.

C. Fluctuation magnetoconductivity
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FIG. 11. Magnetoconductivity Ao. & as a function of the re-
duced temperature a=in(T/T, ) of a 2223-BSCCO thin film
(squares) in a magnetic field 8 =0.7 T. The broken line
represents a fit to the ALO contribution of the fluctuation mag-
netoconductivity using an uniform T, and the solid line a
respective fit to the T, -distribution model with the same param-
eters as in Figs. 8 and 10.

Finally, we present an analysis of the magnetoresis-
tance results with regard to the superconducting fluctua-
tion effect. From a comparison of Eqs. (11) and (14) and
taking into account the previously determined parame-
ters it can easily be seen that the Zeeman effect has no
significance at the magnetic field B=0.7 T, used in this
study. Thus, we may confine the analysis to the orbital
terms alone. Since no background subtraction procedure
is necessary, we can directly calculate the fluc-
tuation magnetoconductivity b, cr& = —p„(B) [p „(B)—p„,(0)]/p„(0) from the magnetoresistance results.

In Fig. 11, the fluctuation magnetoconductivity is
presented as a function of s. Above 118 K (s) 0.08),
her& ~c, in accordance with the 2D limit of the ALO
contribution in Eq. (11). Since a significant MTO contri-
bution would inevitably change the temperature depen-
dence of the magnetoconductivity, results in Fig. 11 are
another evidence of a negligible MT fluctuation contribu-
tion in 2223-BSCCO. An estimation of the largest MT
contribution, which is still consistent with our experi-
mental data, yields for the pair-breaking parameter
5) 1.0 in Eq. (13).

Similar to the excess Hall effect, but even more pro-
nounced, there is a tremendous difference between our
experimental data and the ALO model (broken line) at
temperatures below 118 K. The data exceeds the ALO
contribution of Eq. (11) up to a factor of 8, which again
was calculated using the same parameters as in the
paraconductivity and excess Hall-effect fits. A similar ob-
servation has been also reported for the magnetoconduc-
tivity of TBCCO thin films but was absent in several
studies performed on YBCO single crystals ' ' and
thin films. ' It should be mentioned, however, that the
anomaly decreases in higher magnetic fields ' and our
investigations were performed in B lower than in any oth-
er work. A corresponding anomaly has been also detect-
ed in the fluctuation diamagnetism of 2212 and 2223
BSCCO.

We note that the T, -distribution model (solid line in
Fig. 11) provides an excellent fit to the data over a wide
temperature range. Only very close to T, a small
discrepancy can be observed, resulting from the cutoff
procedure in Eq. (17), which somewhat underestimates
the amplitude of local fluctuations. It is noteworthy to
mention that the observed anomaly of the magnetoresis-
tance exhibits a distinct onset and that the slope is
significantly changed from c, (in the 2D limit of the
ALO term) to approximately c. . Changing in the cal-
culations the width of the distribution function 6T, does
not significantly alter the slope of the anomaly, but rather
moves its onset. Consequently, the enhanced tempera-
ture dependence of the magnetoconductivity provides a
fingerprint of an inhomogeneous T, in a given sample.

V. CONCLUSIONS AND SUMMARY

There are several conclusions that can be drawn from
our combined investigations of the paraconductivity, the
excess Hall effect, and the fluctuation magnetoconduc-
tivity in 2223-BSCCO.

(1) We were able to fit the paraconductivity, the excess
Hall effect, and the fluctuation magnetoconductivity with
a consistent set of parameters, resolving this way some
ambiguities, introduced by the extrapolated procedures
used for the normal state resistivity and the Hall angle.
Simultaneously, the agreement with the magnetoconduc-
tivity results supports our method for estimating the
BSCCO normal-state properties close to T, .

(2) It is impossible to achieve a consistent fit to our re-
sults in the framework of the conventional fluctuation
theories. To illustrate this we have replotted in Fig. 12
the data of Figs. 8, 10, and 11, together with fits to Eqs.
(4), (9), and (11) restricted to the temperature region
where the anomalies in the Hall conductivity and the
magnetoconductivity were observed. It can be noted that
data deviate from the fits at c & 0.08 and, most striking,
there is no agreement in the paraconductivity. Addition-
ally, we had to assume T, = 112 K, which seems unlikely
high. On the other hand, considering a Graussian distri-
bution of T, 's resolves the discrepancies without a
change to the essential parameters g,b, g„and P.

(3) Using our model for inhomogeneous T„we also es-
timated the possible influence of a 10%%uo fraction of the
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FIG. 12. Comparison of the (a) paraconductivity, (b) excess
Hall efFect, and (c) magnetoconductivity with the fits to the con-
ventional fluctuation theories focused on the anomalies near T, .
The lines represent the calculations, using the parameters
T, =112K, g, (0)=0.14 nm, g,b(0) =1.3 nm, and P= —0. 16.

2212 phase ( T, =80 K) in our samples on the fiuctuation
spectrum of the dominant 2223 phase, and found no
changes, except for a small (approx. 9%) enhancement of
g,b and 8% increase of P in the fits. Thus, small amounts
of the 2212 phase are irrelevant for the analysis of Auc-
tuations in BSCCO samples superconducting above 100
K.

(4) From the LD theory and Eq. (4), the crossover tem-
perature so=in(TO/T, ) from 2D to 3D superconducting
behavior in the vicinity of T, can be estimated,
Eo =2g, (0)/d . Thus, 2223-BSCCO exhibits essentially
2D properties at temperatures

~
T —T, ~

) 1.3 K. We em-

phasize, however, that a determination of g, in the LD
model, which is dependent on the change of slope near
T„ is only approximate due to a distinct inAuence of a in-
homogeneous T, in that temperature region. Thus, re-
cent results that indicate a pure 2D behavior and an ab-
sence of the crossover"' ' ' or a considerable lower co
(Refs. 13 and 17) have to be cautioned.

(5) If we compare the physical parameters deduced

from our results to the previous work, we recognize that
g, (0)=0.14 nm is similar to the value for YBCO (Ref.
38), indicating that the three neighboring Cu02 layers in
2223-BSCCO are coupled together, acting as a joint su-
perconducting sheet. The in-plane coherence length
g,b(0) =1.6 nm is somewhat larger than in YBCO (Refs.
32, 35, and 61) and close to a recent estimation from the
upper critical field slope in 2212-BSCCO.

(6) Now we turn to the additional parameters deduced
from the T, -distribution model. From a comparison of
T, =109.2 K and T, =108 K we see that the high-
temperature side of the T, -distribution dominates the
fluctuations, resulting in an apparent higher T, in the fits
to the conventional models. The width of the distribu-
tion, 25T, =4.6 K is close to the 10—90% transition
width of the resistivity. Finally, using the argument for
the introduction of the low-temperature cutoff, we esti-
mate a typical length scale of the T, variation to be about
36 nm, which is 67 times the width of the elementary cell
along the a direction, but is simultaneously significantly
lower than a diameter of an average crystallite in our
films.

(7) Contrary to investigations in YBCO, ' ' ' ' we
find no evidence for the MT process in 2223-BSCCO, al-
though a rather small contribution cannot be ruled out
from the data. The most straightforward conclusion
comes from the excess-Hall-effect data, where a
significant MT process should be easily detectable due its
different sign. Since the basic structural element, the
CuOz plane, is the same in YBCO and BSCCO we do not
expect enhanced pair breaking due to magnetic impuri-
ties in BSCCO. The MT contribution may be suppressed
by a larger impurity density, such a behavior, however,
would be a distinct indication for non-s-wave supercon-
ductivity according to Yip.

In summary, we have presented a comprehensive study
of superconducting fluctuations in 2223-BSCCO probed
by magnetotransport measurements. A complementary
investigation of the paraconductivity, the excess Hall
effect, and the magnetoconductivity allowed us for an
unambiguous determination of both the c-axis and in-
plane coherence lengths, and the electron-hole asym-
metry parameter in the time-dependent - Ginzburg-
Landau theory. Anomalies of the excess Hall effect and
the magnetoconductivity are shown to be caused by inho-
mogeneities of the critical temperature of our sample.
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