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Conductivity and paraconductivity in (Bi,Pb)2Sr2Ca„,Cu„O„whiskers
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We have measured the resistivity of (Bi,Pb),Sr2Ca„&Cu„O single-crystal whiskers in the a and c
directions. Our results indicate that the whiskers may be either 2:2:1:2(n =1) or 2:2:2:3(n =2) or have
both phases present. Well above T„the resistivity in the a direction decreases linearly with tempera-
ture. We also studied the paraconductivity due to thermal fluctuations above T, . The paraconductivity
in the a direction shows quasi-one-dimensional behavior for temperatures close to T, . This quasi-one-
dimensional behavior may be due to a percolative conduction path. For the c direction, the resistivity is

—E IkTbest fit by p, = Ae &,where T is the temperature. However, as T approaches T, from above, p, in-

creases much faster than a thermally activated law, perhaps because of the fluctuations.

The properties of Bi-based high-T, crystals are strong-
ly anisotropic. ' The reason for this anisotropy lies in the
crystal structure: the high conductivity Cu-O planes
(along the a bplane) a-re separated by low conductivity
layers (in the c direction). This anisotropy leads to
diff'erences in the temperature dependence of the resistivi-
ty for the a and c directions: metallic (dR /dT )0) in the
a direction and nonmetallic (dR/dT(0) along the c
axis. ' The difference between the 2:2:0:1,2:2:1:2, and
2:2:2:3phases of (Bi,Pb)2Sr2Ca„&Cu„O (n=1,2,3) is in
the number of layers of calcium and copper oxides. It is
very hard to grow pure 2:2:2:3single crystals that do not
contain some 2:2:1:2 or 2:2:0:1 phases. ' Our whisker
samples have varying proportions of the 2:2:1:2 and
2:2:2:3phases.

(Bi,Pb)2Sr2Ca„&Cu„O„samples were grown by an-
nealing a glass as specified by Matsubara et al. ' The ra-
tio of Pb to Bi was either 0 or 0.248. Starting powders
were well mixed and melted at 1200'C for 30 min. This
molten material was then quenched to room temperature
in about 2 s to form a glassy material. Whiskers were
grown by annealing the resulting glassy material in an 02
Aow at 840'C for 5 days and then cooling in Oz to room
temperature. Typical dimensions of the whiskerlike crys-
tals were (0.5 —7 mm) X (10—100 pm) X (1—10 p, m).

Samples were characterized by electron diffraction,
magnetization, and resistance R versus temperature T
measurements. Selected area electron diffraction (SAD)
was used with energy dispersive spectroscopy (EDS)
analysis on a Philips 420 transmission electron micro-
scope operated at 100 kV to identify the structure of
some of the whiskers. Figure 1 shows the SAD patterns
from one of the samples. The patterns can be indexed
consistently with the 2:2:1:2 phase. Both the selected
area and the convergent beam electron-diffraction pat-
terns remain unchanged when the sample is translated
beneath the beam suggesting a nearly single-crystalline
whisker. The SAD patterns indicate that the c axis is

normal to the long axis of the whisker. The b axis can be
identified by the superlattice reAections and, based on the
relative orientation between diffraction pattern and im-

age, show that the whiskers grow with the long axis
parallel to the a axis. EDS analysis shows that the atom-
ic percentages of each element and the stoichiometry of
the sample is within 95%%uo of that of 2:2:1:2, consistent
with the identification based on electron diffraction.

Magnetization measurements were made with a
SQUID magnetometer. The results for a typical sample
are shown in Fig. 2. The transition temperature for this
sample is T, =81 K. SQUID measurement on a 2:2:2:3
sample has also revealed a single transition at 107 K.

Contacts for resistance measurements were mounted
using silver paint (Dupont No. 5007). For c-direction
resistance measurements, the Montgomery method has
been widely used. This indirect way is not appropriate
for our samples, since the smallest contact area we can
make is not small compared to the size of our samples.
Since the resistance is highly anisotropic, ' we used a
simple four-contact method to measure the resistance
along the a and c axes. The contact arrangement is
shown in the inset of Fig. 3. In order to form the bottom
contacts (contact nos. 1, 2, 3, 4), the sample was laid on
four copper wires onto which small drops of silver paint
had been placed. NbSe3 whiskers were used for the four
top contacts (contact nos. 5, 6, 7, 8). We made the drop-
lets of silver paint as large as we could to promote uni-
form current Aow, but small enough to avoid having the
silver paint flow over an edge and short the c-axis resis-
tance. For c-axis measurements, the current was passed
through the two end wires on each side (contact
nos. 1, 4, and 5, 8 shorted together). The voltage,
5V V2 3 V6 7 was measured using the two middle
wires, with contact nos. 2, 3 and 6, 7 shorted together on
each side. Thus, the current was forced to be nearly uni-
form through the sample. For the a-direction measure-
ments, we used the contacts at the two ends of one large
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face as current leads (contact nos. 5, 8 or 1, 4). Voltage
leads were formed by the middle pair on the same large
face (contact nos. 6, 7 or 2, 3).

Figure 3 shows a typical plot of R, and R, versus T for
phase pure samples. For simplicity we have chosen a
sample with a single resistive transition. Both the c- and
a-direction resistances go to zero at T, =106 K. The
slope dR, /dT is negative, while dR, /dT is positive down
to T= T, . Similar results were obtained for 2:2:1:2sam-
ples with a typical T, of about 81 K. Mixed phase sam-
ples have been found which exhibit drops in the resis-
tance R, at two temperatures, corresponding to the
2:2:1:2and 2:2:2:3phases. In such samples, the drop in
R, at the critical temperature of the 2:2:2:3phase is ac-
companied by an upward jump in R, . However, the gen-
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FIG. 2. Temperature dependence of the magnetization of a

2:2:1:2sample.

eral features of the single-phase samples are still found in
the mixed samples.

Figure 4 shows a comparative plot of 1n[R, /R, oj
versus 1000/T and R, versus 1000/T, where R,o is the
room-temperature value of R, . It is clear that the
thermal activation law (R ~ e ~ ) gives a better fit to
the c-axis resistance than does R ~ 1/T. " This is true be-
tween 120 K and room temperature for all 11 samples in-
vestigated. The average activation energy E can be es-
timated from this fit. For the 3 samples showing a transi-
tion corresponding to the 2:2:1:2phase, E is (230+20) K
or 20 meV. For the 8 samples showing a transition corre-
sponding to the 2:2:2:3phase, the average E is (250+20)
K or 22 meV.

Near T„the a-axis resistance is no longer linear in T
and the c-axis resistance deviates from the activated law
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FIG. 1. Selected area diAraction (SAD) patterns from a
(Bi, Pb) 2SrzCa„&Cu„O whisker. The patterns are indexed ac-
cording to the 2:2:1:2phase.

FIG. 3. Normalized resistance vs temperature curves for
current flow parallel (R ) and perpendicular (R, ) to the CuO
layers of (Bi,Pb)2Sr2Ca„ 1Cu„O . A sketch of the contact
geometry is shown in the inset.
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FIG. 4. Temperature dependence of the resistance along the

c axis plotted as a function of 1000/T. The activated law gives a
better fit to the resistance data along the c axis.
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—E /kT
e ' . We attribute these deviations to Aslamasov-
Larkin fluctuations. The paraconductivity o.

~ (above T, )

is defined to be the difference between the measured con-
ductivity s and the extrapolated conductivity o,
(oz =o —o, ). Above 210 K, the R versus T curve is
very nearly linear and the extrapolated conductivity is
obtained from this temperature range. In the mean-field
region, the Aslamosov-Larkin (AL) theory' '' shows that
the paraconductivity, in different dimensions, is given by
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cr = [e /(16k'd)]r
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FIG. S. {a) Paraconductivity in the a direction. The straight
line shows a slope of 2 expected for 10. (b) Analysis of the

"pararesistivity" along the c axis. The straight line is a fit using
the 30 value for A, .

where r= ( T —T, )/T, is the reduced temperature, and d
and S are the thickness and cross-sectional area of the
sample, respectively. In high-T, copper oxide supercon-
ductors, there exists an intrinsic two-dimensional (2D)
Cu-0 structure and large anisotropy between the c axis
and the a-b plane. Because of this structure one would
expect the paraconductivity to follow Eq. (lb). Results
previously reported in the literature showed complicated
properties of 3D, ' 2D, ' ' and crossover' of the dimen-

sionality in high-T, materials.
Assuming Aslamasov-Larkin behavior for the a-

direction Auctuation, we find that the paraconductivity
along the a axis o. » near the 2:2:2:3 transition tempera-
ture is proportional to ~, where A, = —,

' as in Fig. 5. The
mean A, obtained from eight samples is 1.52+0.03. This
implies that the fluctuations in these samples are 1D,
perhaps because the conduction path is percolating
through a 2:2:1:2matrix. This is consistent with electron
microscopy and magnetization measurements which
show that the samples are at least 95% 2:2:1:2phase. On
the other hand, a

& &
for the three 2:2:1:2samples investi-

gated is also proportional to r with A, =(1.52+0.03).
It should be noted that measurements of o. » in larger

single crystals of 2:2:1:2yield values of A, between 0.33
and 1.' In films, where percolative conduction is prob- /dT (

)(1+2)/2
P

(2)

able, values of k= —,
' have also been found. '

The temperature dependence of the conductivity in the
c direction is also modified near T, . We find an anoma-
lous decrease in the c-axis conductivity above T, . Using
a similar approach as in the a-axis paraconductivity, we
defined a so-called "pararesistivity" p, as the difference
between the measured resistivity and the extrapolated
resistivity. Analyzing this pararesistivity using the same
formalism as o», we observe that o,=[p, ]

' is pro-
portional to r '~ [Fig. 5(b)]. This behavior has been
reproduced on 11 samples giving a power A. =—,'. This
suggests that if the enhanced resistivity near T, were due
to fluctuations they would be 3D "resistive" Auctuations.
This unusual decrease in conductance may be due to the
reduction in the number of normal carriers caused by the
Auctuations in the a-b plane. It could also be due to an
increase in the tunneling resistance across the CuO layers
as they become superconducting.

Fitting Eqs. (la) —(lc) to the experimental data is usual-

ly very sensitive to the choice of the value of T, and to
the extrapolated slope of the R versus T relation. The
following equation'
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allows an alternative determination of A, independent of
the value of T, . A log-log plot of —do /dT versus 0
will provide the value of A, , and therefore the dimen-
sionality of the fluctuations. Values of A, obtained from
Eq. (2) were the same as in the previous analysis, 1D for
the a direction and 3D for the c direction.

The 1D behavior of the excess conductivity in the a-b
plane instead of the expected 2D behavior' ' may mean
that the cross section of the samples is less than the
correlation length or that there is a percolative structure
in our samples despite the clearly single-phase electron-
diffraction pattern and the single resistive and magnetic
superconducting transitions. The correlation length mea-
sured in the a-b plane is about 1 nm. Our samples are
typically about 100 pm wide and 10 pm thick. Thus, it is
very unlikely that the fluctuations are due to the dimen-
sions of our whiskers.

In conclusion, we have measured the in-plane and out-
of-plane resistance of (Bi,Pb)2Sr2Ca„,Cu„o samples,
which were grown from a glass and were well character-
ized. Resistance measurements show that the samples
can be single phase 2:2:2:3, mixed phase of 2:2:2:3 and

2:2:1:2,or single phase 2:2:1:2. The SQUID results show
some 2:2:2:3but mostly the 2:2:1:2phase. EDS and elec-
tron diffraction show mostly the 2:2:1:2phase. These re-
sults indicate that there is a percolating 2:2:2:3 phase
path with the majority of the sample being the 2:2:1:2
phase, causing the conductive fluctuations in the a
direction to follow Aslamosov-Larkin one-dimensional
behavior. However, a percolating path is not a reason-
able explanation for 1D-like behavior in the single-phase
2:2:1:2 samples. Thus, both explanations of the 1D
behavior (sample size and percolation path) do not seem
to fit our 2:2:1:2samples. Above the transition tempera-
ture, the c-axis conductance was fit by a thermal activa-
tion law. An activation energy of (230+20) K for the
2:2:1:2phase and (250 20) K for the 2:2:2:3 phase was
found. In both 2:2:2:3 and 2:2:1:2 samples, the c-axis
resistivity near T, increases faster than the activated
behavior. We attributed this "pararesistivity" to freezing
out of normal carriers, due to the fluctuations in the a-b
plane. We show, however, that this c-axis "pararesistivi-
ty" follows a power law with X=—,', as do 3D Aslamosov-
Larkin fluctuations.
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