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Out-of-plane transport properties of Bi,sr,CaCu20, single crystals
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K.-H. Yoo, D. H. Ha, Y. K. Park, and J. C. Park
Korea Research Institute ofStandards and Science, P 0 .Bo.x 3, Taedok Science Town,

Taejon, 305 606-, Republic ofKorea
(Received 26 August 1993)

We have investigated c-axis transport in the normal and mixed states of Bi&Sr2CaCu208 single crystals.
The temperature dependence of the normal-state resistivity along the c axis is significantly afFected by
thermal annealing, but all data are we11 described by the relation p=poTexp(E/k&T), suggesting a
thermally activated hopping motion. In the mixed state, the behavior of p, (T,H) and J,(H) is observed
to be closely related to the behavior ofp,N( T). Some implications of these results are discussed.

One of the striking features of high-temperature super-
conductors is the large anisotropy, which is especially
pronounced in the Bi-based materials. In
Bi2Sr2CaCu208, for example, the normal-state resistivity'
and the magnetoresistivity for H~~c (Refs. 2 and 3) show
dramatic anisotropies between the c axis and the ab
plane. In order to explain large anisotropy, several mod-
els assuming interlayer tunneling or weak coupling '

have been proposed for c-axis conduction, and the pres-
ence of Josephson coupling between layers has been ex-
perimentally seen in Bi2SrzCaCu208 single crystals.
However, it should be pointed out that most reported
data ' ' consistent with the interlayer weak-coupling
model are obtained with samples whose c-axis resistivity

p,N in the normal state displays semiconductorlike
behavior, but p,z of some samples are reported to show
metallic behavior.

In this paper, we describe an experiment to study the
c-axis transport properties in normal and mixed states of
Bi2Sr2CaCu20, single crystals possessing different tem-
perature dependences of p,~. It is found that p,N(T) in

Bi2Sr2CaCu208 single crystals changes with thermal an-
nealing from semiconducting behavior to more metallic
behavior and that this p,z(T) may be accounted for by a
thermally activated hopping motion. In the mixed state,
different behaviors of p, (T,H) are observed for samples
having different temperature dependence of p,z. For the
sample where p,~ increases near T, with decreasing tem-
perature, p, (T,H) shows the depression of onset transi-
tion temperature T, and the enhancement of p„which
have been observed previously in Bi2Sr2CaCu208 single
crystals ' and qualitatively explained by interlayer
weak-coupling models. ' On the other hand, for the
sample exhibiting linear temperature dependence of p,z,
p, (T,H) is found to be explained by a fiux-motion mod-
el' rather than by the interplane weak-coupling model,
in spite of the absence of a macroscopic Lorentz force.
From these results it is inferred that the layers in
Bi2Sr2CaCu208 may be intrinsically well coupled. How-
ever, the magnitude of interplane coupling may be easily
reduced by structural defects or stresses so that the
effects of interlayer weak coupling are observed in many

samples. In fact, the measured p, (T,H) of samples hav-

ing different p,N( T) may be understood if the excess resis-

tivity in the mixed states has the origin in the motion of
nonrigid flux lines, but as the strength of interlayer cou-
pling becomes weak by defects or stresses, additional dis-
sipation caused by interlayer weak coupling is added to
dissipation due to flux motion. We have also measured
the critical current density I, as a function of magnetic
field applied perpendicular to the c axis for two samples
which show different behaviors of p, (T,H). Different
magnetic field dependences of J, are found in two sam-
ples. In the sample where T, depression and enhanced
magnetoresistance are observed, a kind of oscillation is
observed that indicates the presence of interlayer weak
coupling; in the other sample, where T, is not changed
and only the transition width is broadened by the appli-
cation of magnetic field, J, exhibits the bulk property.

Single crystals of Bi2Sr2CaCu208 used in our measure-
ments were grown by a traveling-solvent-floating-zone
method described elsewhere. " The crystals were cut into
bars with typical dimension of 4X2X0.2 mm . Low-
resistance contact ( ( 1 Q) was made to the sample using
silver paint. The resistivity and critical current-density
measurements were carried out using a standard four-
probe technique. The independence of exact contact
configuration was checked by exchanging the role of
current and voltage probes and confirming that the data
were unaffected. The current density used in the resistivi-
ty measurements was 0.0125 A/cm2. The magnetic field
was applied parallel to the c axis in the resistivity mea-
surement and perpendicular to the c axis in the critical
current measurement.

Figure 1(a) is a plot of p, vs T in zero field for a
Bi2SrzCaCu208 crystal (sample I) annealed at several tem-
peratures for 30 min in air and cooled to room tempera-
ture in a furnace. The zero-resistivity temperature T o is
not changed by thermal annealing. However, the magni-
tude of p,N is reduced and the temperature dependence of
p,N is affected by thermal annealing. p,& of the as-grown
sample increases monotonically with decreasing tempera-
ture for T & 300 K, while p,N of the annealed sample ex-
hibits a minimum followed by a resistivity upturn, and its
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FIG. 3. Temperature dependence of the c-axis resistivity in
magnetic fields of 0, 1, 3, 5, and 7 T oriented parallel to the c
axis for three Bi2Sr2CaCu208 single crystals: (a) sample I, (b)
sample II, and (c) sample III. The dashed curves are theoretical
fits described in the text. The insets of Figs. 3(a) and 3(b) show
Arrhenius plots of hp obtained by subtracting the dashed
curves from the experimental data.

stresses may be applied to the sample during cutting, it is
guessed that a kind of distortion between layers may be
released by thermal annealing, and this leads to a reduc-
tion of the value of E ( =k~ To). Similarly, sample depen-
dence of E may be explained by difFerences in the defect
density in the crystals.

Figure 3(a) is a plot of p, vs T in magnetic fields of
0,1,3,5,7 T oriented in the c direction for sample I whose

p,z displays the peak near T, . T, appears to decrease
and the peak of p, near T, increases as the magnetic field

increases. These behaviors are very similar to what was
observed previously in Bi2Sr2CaCu208 crystals, ' which

have been explained by interlayer weak-coupling mod-
els. ' The dashed curves in Fig. 3(a) represent p, (T,H)
calculated from the model proposed in Ref. 2, where

p, (T,H) is interpreted by thermally activated phase slip
across a weak link described by

p, (T,H) =p,z[IO(h/4nek~T)J, (0)

X(1—T/T ) 4 /H] (4)

where p,~[ =ppT exp(E/k~ T)] is the normal-state
resistivity, Io the modified Bessel function,

J,=J,(0)(1—T/T, )3~ the intrinsic Ginzburg-Landau
depairing critical current density, and 40 the flux quan-
tum. In calculations, T, =85.3 K, p0=0.0027 Oem/K,
E =14.6 meV, and J,(0)=5.4X10 A/cm were as-
sumed, where the values of T„po, and E were obtained
from the ex erimental data and the value of
J,(0)=5.4X10 A/cm, which is consistent to that re-
ported in Ref. 2, was obtained by fitting the data to Eq.
(4). The experimental data is explained qualitatively by
Eq. (4), but the data show more dissipation than that pre-
dicted by the theory.

Figure 3(b) is a plot of p, vs T in various magnetic
fields for sample II where p,z(T) exhibits a resistivity
minimum at T =99 K. Similarly to sample I, T, is shift-
ed to the lower temperature and p, near T, is slightly
enhanced by the magnetic field. The p, (T,H) calculated
from Eq. (4) with T, =84 K, p0=0.0024 0 cm/K,
E =8.53 meV, and J,(0)=5.4X10 A/cm is represent-
ed by the dashed curves. The T, depression is well ac-
counted for by Eq. (4}, but, similarly to sample I, the
measured magnetoresistance is higher than the calculated
one from Eq. (4) at low temperatures. Surprisingly, how-
ever, the data in Figs. 3(a) and 3(b) and the data reported
in Ref. 2 are all best fit with the same value of
J,(0)=5.4X10 A/cm despite the different behaviors of
p,~(T). It may be a kind of indication that phase slip-

page is preferrable to interlayer Josephson tunneling as
the origin of the c-axis excess dissipation in the mixed
state.

Figure 3(c) is a plot ofp, vs T in several magnetic fields
for sample III where p,N(T) is linear. Contrary to sam-

ples I and II, T, is not changed by the magnetic field and
the magnetoresistance is not enhanced near T, . The p,
calculated from Eq. (4) with T, =96 K, J,(0)=5.4X 106

A/cm, po
=0.0022 0 cm/K, and E=6.32 meV is

represented by the dashed curves. A large discrepancy is
observed between the experimental data and the predic-
tion of Eq. (4). Equation (4) yields p, (T) with a negative
slope. However, the measured p, exhibits a positive slope
with respect to T for T&T, and H&0. It implies that
the broadening of the resistive transition shown in Fig.
3(c} may be caused by vortex motion ratQer than inter-
layer weak coupling. In our experiment, H is parallel to
J so that a macroscopic Lorentz force is zero and the
Lorentz-force-driven flux motion is not expected. How-
ever, if the flux lines are neither rigid nor straight' and
there is some sort of misalignment between H and J, dis-
sipation due to flux motion may be produced even in the
absence of a macroscopic Lorentz force.
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FIG. 4. Magnetic field dependence of the critical current
density normalized by the critical current density in zero field at
T =78 K for Bi&Sr2CaCu&08 single crystals (samples I and III).
In this measurement, the magnetic field is applied perpendicular
to the c axis and the current parallel to the c axis. The solid
curves are guides for the eye.

The result of sample III shown in Fig. 3(c) suggests
that dissipation caused by vortex motion also may be
present in samples I and II in addition to the dissipation,
due to interlayer weak coupling, and its magnitude may
not be negligible. Indeed, more dissipation than that pre-
dicted from Eq. (4) is observed in Figs. 3(a) and 3(b). The
insets of Figs. 3(a) and 3(b) show the difference b,p be-
tween the experimental data and the calculated curves
from Eq. (4) as a function of I/T for samples I and II, re-
spectively. These Arrhenius plots support the result that
Ap at low temperatures is from thermally activated flux
creep. The values of Uo (63.4—22.8 meV) estimated from
b,p of samples I and II in the insets of Figs. 3(a) and 3(b)
are comparable to Uo (58.8 —18.1 meV) obtained from p,
of sample III in Fig. 3(c), but slightly higher than Uo
(27.8 —8.62 meV) obtained from the data of p, t, which
were measured simultaneously with p, .

Figure 4 shows the normalized J,(H) by J,(0) at
T =78 K as a function of magnetic field applied perpen-
dicular to the c axis for samples I and III. In sample I, J,
is reduced by about half in H =0.02 T and a kind of os-
cillation is observed, suggesting the presence of weak
coupling. However, J,(H) of sample III remains almost

constant in low magnetic fields. It verifies the above ar-
guments that the layers of sample I are connected via
weak coupling, while the layers of sample III are we11

coupled so that the effects of weak coupling are not ob-
served.

In summary, we have measured the c-axis resistivity p,
of Bi2Sr2CaCu208 single crystals in normal and mixed
states. In the normal state, although p,N(T) shows semi-
conductorlike or metallic behavior depending on the sam-
ple preparation, p,~(T) is well described by Eq. (1) for all
samples. From the analogy of Eq. (1) to the transport via
a thermally activated hopping process, it is inferred that
the e-axis transport in Bi2Sr2CaCu208 may occur by hop-
ping motion of charge carriers localized at the Cu-0
planes. In the mixed state, depending on the value of E
obtained by fitting p, tt(T) to Eq. (1), different behaviors
of p, (T,H) are observed Fo.r F. &k&T, (sample III),
p, (T,H) exhibits similar resistive transition broadening
to that of the well-known in-plane resistivity p, b usually
interpreted in terms of dissipative flux motion. For
E )k&T, (samples I and II), however, p, (T,H) displays
the T, depression and the enhanced magnetoresistance
near T„ followed by a broadening of the resistive transi-
tion. The data of samples I and II are found to be well
explained by the sum of dissipations caused by nonrigid
vortex motion and thermally activated phase slip across
the layers consisting of weak links. These results imply
that the layers in Bi2Sr2CaCu20, may be well coupled in-
trinsically as seen in sample III. However, since the
strength of interlayer coupling is easily weakened by
structural defects or stresses, the effects due to interplane
weak coupling are observed in many samples. In addi-
tion, we have also measured J, at 78 K as a function of
magnetic field oriented perpendicular to the c axis for
samples I and III. As expected from the magnetoresis-
tivity measurements, J, of sample I shows a kind of oscil-
lation, while J, of sample III shows no indication of in-
terlayer weak coupling.

This work was supported by the Ministry of Science
and Technology, Republic of Korea. We would like to
thank Dr. I. S. Kim for his helpful discussions, and C. M.
Ihm and Y. Y. Song for technical assistance.

S. Martin, A. T. Fiory, R. M. Fleming, L. F. Schneemeyer, and
J. V. Waszczak, Phys. Rev. Lett. 60, 2194 (1988).

~G. Briceno, M. F. Crommie, and A. Zettl, Phys. Rev. Lett. 66,
2164 (1991};Physica C 204, 389 (1993).

Yu. I. Latyshev and A. F. Volkov, Physica C 182, 47 (1991).
4K. E. Gray and D. H. Kim, Phys. Rev. Lett. 70, 1693 (1993).
~P. W. Anderson and Z. Zou, Phys. Rev. Lett. 60, 132 (1988).
S. Martin, A. T. Fiory, R. M. Fleming, G. P. Espinosa, and A.

S. Cooper, Appl. Phys. Lett. 54, 72 (1988).
7R. Kleiner, F. Steinmeyer, G. Kuntel, and P. Muller, Phys.

Rev. Lett. 68, 2394 (1992).
Y. M. Wan, S. E. Hebbouol, D. C. Harris, and J. C. Garland,

Phys. Rev. Lett. 71, 157 (1993).
Sunqi Feng, Hang Zhang, Xing Zhu, Bei Zhang, Qingrong

Feng, Jian Zhang, and Zizhao Gan, Physica C 162-164, 1649
(1989),and references therein.

~ T. T. M. Palstra, B. Batlogg, R. B. van Dover, L. F.
Schneemeyer, and J. V. Waszczak, Phys. Rev. 8 41, 6621
(1990}.
Dong Han Ha, Kunikiko Oka, Furnitoshi Iga, and Yoshikazu
Nishihara, Jpn. J. Appl. Phys. 32, L778 (1993).

'2P. B.Allen, in Physical Properties of High Temperature Super
conductors I, edited by D. M. Ginsberg (World Scientific,
Singapore, 1989), p. 213, and references therein.
D. P. Karim and A. T. Aldred, Phys. Rev. B 20, 2255 (1979);
J. B. Goodenough, in Progress in Solid State Chemistry, edited
by H. Reiss (Pergamon, Oxford, 1971),Vol. 5, p. 145.
D. R. Nelson and S. Seung, Phys. Rev. B 39, 9153 (1989).


