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Anisotropic resistivities of single-crystal Bi2Sr2CaCu2O81d with different oxygen content
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The in-plane resistivityrab(T) and the out-of-planerc(T) have been extensively measured for the pure
single-crystal Bi2Sr2CaCu2O81d (Bi2212) annealed at different oxygen pressure. Therc(T) and anisotropy
@rc(T)/rab(T)# decreases rapidly with increasing carrier concentration. It is found that the out-of-plane resis-
tivity decreases linearly with temperature down to about 120 K for the overdoped sample; its resistivity
anisotropy is a weak temperature dependence. In theab plane, the anisotropy is very weak and nearly
independent of temperature. The data ofrc(T) and rc(T)/rab(T) are well fitted by the bipolaron theory
proposed by Alexandrov and Mott.@S0163-1829~98!05945-1#
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A distinctive property for the high-Tc layered cuprates is
their extremely anisotropic resistivity at temperatures ab
the superconducting transition temperatureTc . In the under-
doped regime, thec-axis resistivity has a ‘‘nonmetallic’’
temperature dependence while the in-plane resistivity
metallic in behavior.1–3 The resistivity anisotropyrc /rab
andc-axis resistivityrc decrease systematically with increa
ing carrier concentration.1,4 In the overdoped regime, thec-
axis resistivityrc(T) also shows a metallic behavior,5,6 es-
pecially the c-axis resistivity of highly oxygenated
YBa2Cu3O61x (x.0.93) decreases linearly with temper
ture down to the superconducting transition temperatur5,7

The resistivity anisotropy in overdoped La22xSrxCuO4
(x;0.34) is temperature independent as expected
an anisotropic three-dimensional metal.4,6 These are
strong evidence that the transition into the ‘‘overdope
regime involves a crossover from two-dimensional sup
conducting to three-dimensional metallic behavior.
Bi2Sr2CaCu2O81d , (Bi2212) however, the resistivity an
isotropy rc /rab is as high as 105,3,8 which is significantly
larger than those of other layered cuprates. The insula
trend in rc(T) is observable as high as 200 K, even in t
overdoped regime.9,10 An important issue is whether the me
tallic behavior orT-linear dependence of the out-of-plan
resistivity takes place in the overdoped sample of Bi2212
further issue concerns the intrinsic behavior of the of out-
plane resistivity for the layered cuprates. Many models
the out-of-plane conduction have been proposed, howeve
consensus has been achieved so far.11 Recently, a tempera
ture linear dependence of thec-axis resistivity has been ob
served in the overdoped sample of Pb-doped Bi2212, an
magnitude is reduced by four orders and is nearly the s
magnitude as that of in-plane resistivity.12 It is anomalous
that the anisotropy is too small, even much less than
PRB 580163-1829/98/58~21!/14219~4!/$15.00
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of highly oxygenated YBa2Cu3O61x and overdoped
La1.66Sr0.34CuO4. However, less work is made for thec-axis
resistivity of the overdoped Bi2212 sample. It is because
heavy overdoped sample is difficult to obtain.

To clarify further thec-axis conduction, we have mea
sured in detail the in-plane and the out-of-plane resistiv
for more than twenty crystals of Bi2Sr2CaCu2O81d with a
different oxygen content using the Montgomery method.13,14

We will demonstrate that the in-plane resistivity of Bi2212
nearly linear with temperature at high temperatures, but
slight deviation from linearity occurred at about 190 K
which is believed to arise from the pseudogap opening
the underdoped crystal. It is observed that the out-of-pl
resistivity is metallic above 120 K, and the anisotropy
weakly temperature dependent for the overdoped sam
The out-of-plane resistivity and the anisotropy is well e
plained by the bipolaron proposed by Alexandrov and Mo

High-purity single crystals of Bi2212 were grown by se
flux using CuO as flux. The crystals used to measure re
tivity had a size of 1.5 mm30.6 mm35 m m with the short-
est dimension along thec axis. The thickness of the crysta
was determined by a scanning electron microscope. To
tain the crystals with the different oxygen content, the
grown single crystals were annealed at 500 °C and the
ferent oxygen partial pressures of 1027;102 atm. Electrical
contacts of less than 2V resistance were established b
soldering the copper leads onto the sample surface on w
pure silver was evaporated. The Montgomery contact c
figuration is shown in the inset of Fig. 1 and Fig. 2. Inste
of the point contact in the original Montgomery method, w
extended the contacts along the edges of the samples to m
mize the distortion effect of finite contact size along thec
axis. The obtained crystals were characterized by x-ray
14 219 ©1998 The American Physical Society
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fraction with CuKa radiation. Lattice parameters for sing
crystals were refined using the~0,0,1! Bragg peaks over the
u range.

X-ray diffraction shows that the crystals were of th
proper Bi2212 phase, and grown preferentially along thc
axis. There is no indication of the presence of the second
phase. It is found that thec-axis parameter of crystal in

FIG. 1. The temperature dependence of anisotropic in-plane
sistivity for the as-grown single crystal, and the resistivity ra
ra(T)/rb(T) ~inset! for the as-grown single crystal~circles! and
cystals annealed at the pressure of 100 atm~up triangles! and 1027

atm ~squares!, respectively. Inset: schematic of the electric cont
configuration.

FIG. 2. The temperature dependence of in-plane resisti
rab(T) for Bi2Sr2CaCu2O81d single crystals annealed at differe
oxygen pressure; the crystals annealed at oxygen pressure of27

atm: crosses; 1025 atm: down triangles; 1023 atm: up triangles; 1
atm: diamonds; 10 atm: squares; 100 atm: circles. Inset: schem
of the electric contact configuration.
ry

creases with decreasing annealing oxygen pressure, a
listed in Table I. It arises from the increase of excess oxyg
incorporated between the Bi2O2 double layers, being consis
tent with the previous reports.15,16 To a certain extent, the
change of thec axis is believed to be a token of the change
carrier concentration because thec-axis parameter is sens
tive to oxygen content.

Figure 1 shows the temperature dependence of the an
tropic in-plane resistivity for the as-grown single crystal.
schematic of the Montgomery contact configuration is sho
in the inset of Fig. 1. It is found that the normal state res
tivity behavior along thea-axis and b-axis directions is
nearly the same. The in-plane anisotropy@ra(T)/rb(T)# is
also shown in the inset of Fig. 1. The resistivi
ra(T)/rb(T)) is about 1.5–2.0 and temperature independ
for the as-grown crystal and the crystals annealed at p
sures of 100 and 1027 atm, respectively, which is consisten
with the previous report,17 suggesting a common scatterin
mechanism fora-axis andb-axis transport. Therefore, w
will consider the transport along thea axis and theb axis to
be isotropic for the entire sample. It is worth pointing o
that the transport along thea andb directions shows a char
acteristic deviation from linearity at the same temperature
underdoped samples.

Figure 2 shows the temperature dependence of in-p
resistivity rab(T) for Bi2Sr2CaCu2O81d single crystals an-
nealed at different oxygen pressure.Tc changes systemati
cally with the annealing oxygen pressure. Here, we do
determine the value of the oxygen content because it is v
difficult to accurately determine it for single crystal. How
ever, the change of thec-axis parameter may be considere
as a token of the change of oxygen content. It is noted
the decrease ofc-axis parameter corresponds to the chan
of Tc from the underdoped to overdoped regime. The sup
conducting transition temperature changes from 76 K of
underdoped crystal to 78 K of the overdoped crystal. W
increasing annealing oxygen pressure, the value ofrab(T)
and the slopedrab /dT decrease. It indicates that the carri
concentration in the crystals increases with increasing
nealing oxygen pressure, corresponding to the decreas
the c-axis parameter. For the single crystals annealed un
oxygen pressures of 1027 and 1025 atm, the resistivityrab
deviates from high-temperatureT-linear behavior at a char
acteristic temperatureT* far aboveTc , whereT* is 190 and
160 K, respectively. This is believed to be evidence for
pseudogap~or spin gap! in the underdoped sample, whic
has been explained to be due to a decrease in spin scatt
caused by the opening of the spin gap.18 For the single crys-
tals as-grown and annealed under 1023 atm, a typicalT-
linear behavior is observed and theTc is about 90 K, which
is transport characteristic for the optimally doped sample
T2 component is observed in the single crystals annea
under oxygen pressures of 10 and 100 atm, indicating
transport behavior of the overdoped sample.

The temperature dependence of out-of-plane resisti
rab(T) for Bi2Sr2CaCu2O81d single crystals annealed at di
ferent oxygen pressure is shown in Fig. 3. A systematic e
lution of rc(T) with reduction of the annealing oxygen pre
sure in these crystals is observed. That is, the magnitud
rc increases rapidly. For the optimally doped and und
doped crystals, the resistivity temperature depende
drc(T)/dT is negative in the measuring temperature ran
between the superconducting transition temperature (Tc) and

e-

t

y

tic



line

.4

.2
4
7
3
7

PRB 58 14 221BRIEF REPORTS
TABLE I. The fitting parametersB, sb , c, D1 , andAx1/2 of Eq. ~3! to therc(T) data andAx1/2, and
D2 of Eq. ~1! to therc(T)/rab(T) data. The first line gives the annealing oxygen pressure. The second
gives thec-axis parameters.

Samples Tc (K) c axis ~Å! B sb(K21) c(K21) D1 ~K! Ax1/2 D2 ~K!

100 atm 78 30.58 0.112 0.1443 4.463 310.7 4100.6 152
10 atm 80.3 30.61 0.615 0.0026 0.768 409.6 3510.4 416
1 atm 85 30.72 0.054 0.0203 0.161 638.0 3097.1 580.
1023 atm 89 30.92 0.111 0.0007 0.080 501.4 3798.2 507.
1025 atm 81 30.98 0.027 0.0018 0.008 540.2 3320.6 571.
1027 atm 76 31.09 0.029 0.0016 0.009 619.4 2809.4 646.
. I

l
re
ge

is
ot
u
ge

g
th

ge
he
tin

elu-

ed

ret
sed

ra-

the
eir
al

ivi
nt
10

rv

in

d at

tm:
300 K. For the overdoped crystals, thedrc(T)/dT is positive
at high temperature, while negative at low temperature
between,rc(T) has a minimum. The temperatureTmin cor-
responding to the minimumrc is about 120 K for the crysta
annealed at the oxygen pressure of 100 atm. This featu
shown rather clearly for the crystal annealed at the oxy
pressure of 100 atm by replotting therc vs T curve in the
inset of Fig. 3.

Figure 4 shows the temperature dependence of the an
ropy rc /rab for the same crystals as in Fig. 2. The anis
ropy is rather larger, which is consistent with the previo
report.3 The anisotropy increases as the annealing oxy
pressure decreases. This suggests that the mechanisms
erning the transport property along and perpendicular to
CuO2 plane are different. The temperature dependence
anisotropy becomes weak with increasing annealing oxy
pressure. This is consistent with what is expected since t
is strong evidence that a crossover from 2D superconduc
to 3D metallic behavior occurs when La22xSr xCuO4 is
doped into the nonsuperconducting overdoped regimex
.0.25).4,6

FIG. 3. The temperature dependence of out-of-plane resist
rab(T) for Bi2Sr2CaCu2O81d single crystals annealed at differe
oxygen pressure; the crystals annealed at oxygen pressure of27

atm: crosses; 1025 atm: down triangles; 1023 atm: up triangles; 1
atm: diamonds; 10 atm: squares; 100 atm: circles. The solid cu
are fits ofrc(T) data to Eq.~3!. Therc(T) vs T curve for the crystal
annealed at the oxygen pressure of 100 atm is replotted in the
to show more clearly the temperature behavior.
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There have been several theoretical models aiming to
cidate the temperature dependence ofc-axis transport
rc(T),11 for example interlayer scattering or phonon~impu-
rity! assisted tunneling, the ‘‘confinement’’ theory propos
by Anderson.19 In Ref. 9, Watanabeet al.have discussed the
theoretical models mentioned above. Here, we will interp
our experimental data using the bipolaron theory propo
by Alexandrov and Mott.20,21 In their theory, polarons domi-
nate in thec-axis transport at intermediate and high tempe
tures because they are much lighter in thec direction than
bipolarons. At the same time, the polaron contribution to
in-plane transport is small at any temperature due to th
low density compared with the bipolaron one. The norm
state out-of-plane resistivityrc(T) is given by the
formula20,21

rc~T,x!

rab~T,x!
5Ax1/2e

D~T,x!
2T , ~1!

where A is constant,x is the doping level, andD is the
bipolaron binding energy.

ty
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set

FIG. 4. The temperature dependence of the anisotropyrC /rab

for the same crystals as in Fig. 2 and Fig. 3; the crystals anneale
oxygen pressure of 1027 atm: crosses; 1025 atm: down triangles;
1023 atm: up triangles; 1 atm: diamonds; 10 atm: squares; 100 a
circles. The solid curves are fits ofrc(T)/rab(T) to Eq. ~1!.
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rab~T!5
m2Cv0

4e2

T1sbT2

n2nL1bnLT
, ~2!

where C5Cac1nLCim and sb5ae2bnL /m2C is the rela-
tive boson-boson scattering cross section,nL , n are the total
number of localized bosons and bosons per unit cell, res
tively. Therefore, we can obtain the expression ofrc(T),

rc~T!5BeD~T,x!/2TT1sbT2/11cT, ~3!

whereB5m2Cv0/4e2(n2nL) andc5bnL /(n2nL).
We fit the experimental data in Fig. 3 and Fig. 4 by usi

the above expressions ofrc(T) and rc(T)/rab(T), respec-
tively. In the fitting,D is considered to be temperature ind
pendent. The fitting curves are shown in Fig. 3 and Fig. 4
solid lines, and the parameters obtained are listed in Tab
It is found that the experimental results can be well descri
by the bipolaron theory. TheD obtained by fitting anisotropy
@rc(T)/rab(T)# data using Eq.~1! is nearly the same as tha
obtained by fitting thec-axis resistivityr(T) using Eq.~3!,
but theD obtained from Eq.~1! is two times more than tha
obtained from Eq.~3! for the overdoped sample annealed
the oxygen pressure of 100 atm. It should be pointed out
the anisotropy data of the overdoped samples cannot be
reproduced by Eq.~1!. It indicates that our experimental re
sult is consistent with that predicted by the bipolaron the
for the underdoped and optimal samples. From Table I,
found that the fitting parameters to the experimental data
the sample annealed at the oxygen pressure of 1 atm see
be anomalous compared with that for the other samples.
Ax1/2 increases with increasing annealing oxygen pressur
indicates that the carrier concentration increases with the
nealing oxygen pressure, which is expected. TheD increases
with decreasing annealing oxygen pressure; that is, the b
laron binding energy shifts to high temperature with the
crease of carrier concentration. Alexandrovet al. expected a
strong dependence of the binding energy,D[D(T,x), on
doping because of the screening.21 The change of the bipo
laron binding energy with doping is consistent with that
re
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the ‘‘spin gap’’ temperature. In Ref. 21, theD has been
believed to be normal-state gap~or the ‘‘spin gap’’ in the
uniform spin susceptibility!, but the obtainedD is not con-
sistent with the ‘‘spin gap’’ temperature in Fig. 2. It sugges
that the bipolaron binding energy might not be considered
the ‘‘spin gap.’’ But the bipolaron theory successfully a
counts for the deviation from linearity in in-plane resistivi
due to the opening of the pseudogap.20 One can see from
Table I that the parameterc increases with doping, differen
from the case of YBa2Cu3O7-d in which both the number of
localized bosons and the number of extended bosons
crease with doping, butbnL /(n2nL) decreases with
doping.20

It has been reported that numerical fits were carried
using the functional formrc(T)5(a/T)exp(D/T)1bT1c,
wherea, b, c, andD are fitting constant.9,10 It is found that
the experimental results of the underdoped and optim
doped samples can be well reproduced with the above
mula and the parameterb was set to zero. But the exper
mental data of the overdoped samples cannot be fitted
setting b50. This is consistent with the previous report,10

suggesting that aT-linear contribution torc(T) has to be
added. While itsrc(T) can be well fitted by the bipolaron
theory for a whole doping level, the anisotropy data of t
overdoped samples cannot be well reproduced by Eq.~1!.

In summary, an intensive study of the anisotropy (rab and
rc) on the single crystals Bi2Sr2CaCu2O81d annealed at the
different oxygen pressure was made. The spin gap deve
ment with carrier concentration has been observed in
plane resistivity. The rc(T) and the anisotropy
@rc(T)/rab(T)# can be well reproduced by the bipolaro
theory proposed by Alexandrov and Mott. Therc(T) and the
anisotropy@rc(T)/rab(T)# decrease with increasing carrie
concentration. There exists a minimum out-of-plane resis
ity for the overdoped samples;rc(T) has a positive slope a
the high temperature. The anisotropy@rc(T)/rab(T)# has a
weak temperature dependence for the overdoped sam
which is consistent with that predicated by the bipolar
theory.
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