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Systematic decrease of resistivity anisotropy in Bi2Sr2CaCu2Oy by Pb doping

T. Motohashi, Y. Nakayama, T. Fujita, K. Kitazawa, J. Shimoyama, and K. Kishio
Department of Superconductivity, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

~Received 11 September 1998!

CuO2 out-of-plane resistivity (rc) and in-plane resistivity (ra and rb) measurements were carried out on
Bi2.12xPbxSr1.8CaCu2Oy single crystals with various Pb content, 0<x<0.6. The absolute value ofrc in the
normal state systematically decreased with increasing Pb content, whereas no appreciable change was observed
in ra and rb by Pb doping. The resistivity anisotropy parameterg2[rc /rab5rc /Ararb58.53103, 2.5
3103, and 1.23103 was obtained at 100 K for oxygen overdopedx50, 0.3, and 0.6 crystals, respectively.
These results suggest that the electrical conductivity of blocking layers is systematically enhanced by Pb
doping, leading to a large reduction of the resistivity anisotropy in the present compound.
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I. INTRODUCTION

One of the most important characteristics of the hig
temperature superconducting cuprates~HTSC! is the large
electromagnetic anisotropy manifested in their transport
magnetic properties. This is caused by a highly tw
dimensional crystal structure which consists of altern
stacking of superconducting CuO2 and poorly conducting
blocking layers. Generally, in all HTSC single crystals, t
out-of-plane resistivityrc , corresponding to the electrica
conduction across the blocking layers, is always large w
respect to the in-plane resistivityrab along the well-
conducting CuO2 planes. In representative compounds, su
as YBa2Cu3Oy ~YBCO!,1 (La12xSrx)2CuO4 ~LSCO!,2 and
Bi2Sr2CaCu2Oy ~Bi2212!,3 transport properties have bee
extensively studied on single crystals with various carr
concentrations. The important universal feature pointed
from these studies is that the anisotropy parameterg2

[rc /rab5rc /Ararb in each system strongly depends
the carrier concentration.4 The magnitude ofrab and rc al-
ways becomes smaller by increasing the carrier concen
tion, whererc decreases much faster thanrab , leading to the
reduction ofg2 by carrier doping. As the doping level of th
crystals changes from carrier underdoped to optimal and
ther to overdoped states,g2 decreases monotonically, in con
trast to the critical temperatureTc , which is a parabolic func-
tion of the doping level. The typical values ofg2 obtained
from the resistivity measurements are 102;33103, 23102

;53103, and 33103;33104 for YBCO ~at 100 K!,1

LSCO ~at 50 K!,2 and Bi2212~at 100 K!,3 respectively. As
mentioned in the later section, the absolute value ofg2 is
intimately related to the crystal structure of the materials

Among the HTSC compounds, Bi2212 exhibits one of t
largest electromagnetic anisotropy due to its thick block
layers which consists of insulating Bi-O double layers. A
though Bi2212 and its homologous compou
(Bi,Pb)2Sr2Ca2Cu3Oy ~Bi2223! are the only materials cur
rently utilized for wire applications at high temperatures
to liquid N2 ~77 K!, their poor performance under magne
fields still prohibits the extensive use for high-field applic
tions. In order to overcome this problem, enormous effo
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have been made for improving the critical current propert
of Bi2212 and Bi2223 under magnetic fields. One of t
most effective but not very practical methods has been
introduction of artificial pinning centers into the materia
drastic enhancements of the irreversibility field (H irr) and the
critical current density (Jc) were reported by heavy-ion irra
diation, creating columnar defects.5,6 However, even for such
irradiated materials, degradation of pinning properties is s
pronounced at higher temperatures. Substantial decreas
H irr and Jc at high temperatures in the Bi-based superc
ductors are caused by the degradation of flux pinning du
their large electromagnetic anisotropy. It is thus conside
that the reduction of the anisotropy is effective for improvi
the critical current properties of Bi2212 and Bi2223. W
previously found that the irreversibility regions of Bi221
single crystals can be systematically enhanced by redu
the electromagnetic anisotropy with increasing the car
concentration, which can be controlled by oxyg
annealing.7 However, it has not been successful to enhan
H irr andJc at high temperatures drastically only by the ca
rier doping, since the heavy carrier doping causes the
crease ofTc simultaneously.

Recently, Chonget al.8 and Shimoyamaet al.9 found that
the heavily Pb doped Bi2212~nominal composition of
Bi1.6Pb0.6Sr1.8CaCu2Oy) single crystals show largeH irr and
Jc at high temperatures compared to Pb-free Bi2212. An
crease inJc by a few orders of magnitude resulting from
heavy Pb doping in Bi2212 single crystals have also b
reported in the previous studies.10,11 As a possible origin of
the observed superior performance, a reduced electrom
netic anisotropy caused by Pb doping has been sugge
Prior to these studies, the effect of Pb doping on
electromagnetic anisotropy of Bi2212 had been a
reported in literatures. Re´gi et al. reported that rc of
Bi1.6Pb0.4Sr2CaCu2Oy was reduced by approximately two o
ders of magnitude and changes the temperature depend
from semiconductive to nearly metallic.12 Kleiner and
Müller13 and Winkeleret al.14 also reported similar results
However, the results were not in a quantitative agreem
probably due to the differences in the carrier doping st
between Pb-free and Pb-doped crystals. The Pb doping
also change the carrier doping state. Therefore it has
14 080 ©1999 The American Physical Society
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TABLE I. Growth conditions and chemical compositions of Bi~Pb!2212 single crystals prepared in th
present study.

Starting composition Analyzed composition Growth rate
Sample Bi : Pb : Sr : Ca : Cu Bi : Pb : Sr : Ca : Cu Pb/~Bi1Pb! (mm h21)

x50 2.1 : — : 1.8 : 1.0 : 2.0 2.16 : — : 1.70 : 0.94 : 2.00 0 0.2
x50.1 2.0 : 0.1 : 1.8 : 1.0 : 2.0 1.92 : 0.04 : 1.75 : 0.95 : 2.00 0.018 0.5
x50.2 1.9 : 0.2 : 1.8 : 1.0 : 2.0 2.02 : 0.12 : 1.84 : 0.97 : 2.00 0.056 0.5
x50.3 1.8 : 0.3 : 1.8 : 1.0 : 2.0 1.82 : 0.22 : 1.83 : 0.98 : 2.00 0.108 0.5
x50.6 1.6 : 0.6 : 1.8 : 1.0 : 2.0 1.65 : 0.44 : 1.85 : 0.96 : 2.00 0.211 1.0
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been possible to know which is more effective for the red
tion of anisotropy by Pb doping; either change in the el
tronic structure, or an increase in the carrier concentratio

In the present study, we have measuredra , rb , andrc of
Bi2.12xPbxSr1.8CaCu2Oy @Bi~Pb!2212# single crystals by sys
tematically varying Pb content up tox50.6. It has been
found that the anisotropy parameterg2 of the oxygen over-
doped Bi~Pb!2212 drastically decreases with increasingx. In
a heavily Pb-doped crystal (x50.6), g2 as low as 1.23103

has been obtained at 100 K. This value was approxima
one order of magnitude smaller than that of the oxygen ov
doped Pb-free crystal (g258.53103). From the systematic
resistivity measurements in the present study, it has b
clarified that Pb doping in Bi2212 brings about both an
crease in the carrier concentration and the enhanceme
the electrical conductivity of blocking layers, leading to
large decrease in the resistivity anisotropy. It is hen
strongly suggested that the reduced anisotropy leads to
observed significant improvement of the critical curre
properties in the heavily Pb-doped Bi2212.8–11

II. EXPERIMENT

Bi~Pb!2212 single crystals with various Pb contentsx
were grown from feed rods with nominal cation ratios
Bi : Pb : Sr : Ca : Cu5 2.12x : x : 1.8 : 1.0 : 2.0 by the
floating zone technique using an image furnace equip
with a double ellipsoidal mirror. Details of the crystal grow
are described elsewhere.8 For Pb-rich compositions, sublima
tion of PbO was observed during the growth. It was theref
necessary to add some excess amount of PbO in sta
compositions to compensate such losses. We hence ado
a starting composition Bi : Pb : Sr : Ca : Cu5 2.2
2x : x : 1.8 : 1.0 : 2.0 for the heavily Pb-doped crystalx
50.6). The Pb-doped crystals were grown with relative
higher growth rate to suppress the sublimation loss of P
Starting compositions and growth rates in the present st
are summarized in Table I. Cation compositions of t
grown crystals were determined by ICP~inductively coupled
plasma! analysis as shown in Table I. Although analyz
Pb-content Pb/~Bi1Pb! monotonically increased with in
creasing starting Pb composition, these values were slig
smaller compared to that of the starting compositions. T
plate crystals withc axis along the shortest dimension
(;0.1 mm! were cut from the grown boules and we
cleaved to obtain fresh surfaces. Since the crystal structu
Bi2212 is also anisotropic within theab plane, existence o
the in-plane anisotropy was expected in the resistivity m
surements. In order to perform thera andrb measurements
-
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independently,a and b axes were determined by the x-ra
back reflection Laue technique as well as a polarizing mic
scope. In the diffraction patterns, we could easily determ
the a andb directions from superspots due to the modula
structure of Bi2212 along theb axis.15

Carrier concentration was controlled by post anneal
the grown crystals in sealed quartz tubes under prescr
oxygen partial pressures and temperatures. Crystals
nominal compositions ofx50, 0.1, 0.2, 0.3, and 0.6 wer
treated at 400 °C,P(O2)52.1 atm, whereP(O2) corre-
sponds to the oxygen partial pressure in quartz tubes at
nealing temperatures. This annealing procedure produ
oxygen overdoped Bi~Pb!2212 samples. Hereafter we deno
these samples ‘‘OV’’~overdoped!. For crystals withx50
~Pb-free! and x50.6 ~the largest Pb content in the prese
study!, we also prepared samples with lower carrier conc
trations by oxygen reduced annealing. Annealing conditio
450 °C, P(O2)52.031022 atm for x50 and 600 °C,
P(O2)53.931024 atm for x50.6 were selected for thes
two samples to produce nearly sameTc’s ;85 K. From the
reported relationship between annealing conditions
Tc ,9,16 these samples are considered to be in the lightly o
gen overdoped state. We denote these samples ‘‘LO
~lightly overdoped!.

In-plane resistivities (ra and rb) were measured by a
standard dc four-probe technique. Figure 1~a! shows the typi-
cal geometry of the sample and electrodes. Out-of-plane
sistivity (rc) measurements were carried out by a dc fo
probe method with current electrodes consisting of annu
rings as shown in Fig. 1~b!. Prior to post annealing in quart
tubes, these electrodes were set using gold paste and fir
800 °C for 15 min to obtain good electrical contacts with t
crystals. After the post annealing, gold wires of 0.05 mmf
were attached on these electrodes with silver paste. Foll
ing such a procedure, the contact resistance of each elec
could be suppressed to smaller than 2V. Applied current
used in the resistivity measurements was fixed at 10 mA
all the measurements, corresponding to the current den
j ;102 A/cm2 for rab and;1 A/cm2 for rc measurements
We have checked the reproducibility of the temperature
pencences and the absolute values ofra , rb, andrc by mea-
suring several crystals for each composition.

III. RESULTS AND DISCUSSION

A. Out-of-plane resistivity rc

Figure 2 shows the temperature dependence ofrc of the
Bi~Pb!2212 single crystals. For the oxygen overdoped~OV!
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14 082 PRB 59T. MOTOHASHI et al.
samples, shown with solid curves, the critical temperat
Tc , which is defined at a midpoint of resistivity transitio
systematically decreases from 79.1 to 65.1 K with increas
Pb content fromx50 to 0.6. The magnitude ofrc also sys-
tematically decreases with increasing Pb content. In
heavily Pb-doped samplex50.6, the value ofrc is 0.21
V cm at 100 K, corresponding to more than one order
magnitude smaller value compared to that ofx50: 2.67
V cm at the same temperature. As mentioned later, the m
nitudes ofra andrb were found to be nearly independent
Pb content. Therefore the present result clearly suggests
the resistivity anisotropy (g2[rc /rab5rc /Ararb) system-
atically decreases by Pb doping. In this figure,rc for samples
annealed in the oxygen reduced atmosphere,x50(LOV)

FIG. 1. Schematic drawings of the electrode configurations
~a! rab and ~b! rc measurements.

FIG. 2. Temperature dependence ofrc of Bi~Pb!2212.rc of the
oxygen overdoped~OV! and the lightly overdoped~LOV! samples
are represented by solid and broken curves, respectively.
e

g

e

f

g-

hat

andx50.6(LOV), are also shown as broken curves.Tc val-
ues ofx50(LOV) and x50.6(LOV) are 85.0 and 85.5 K
respectively. These LOV samples show largerrc compared
to the OV samples of the same Pb content. However
should be noted that smallrc is exhibited inx50.6(LOV):
rc51.20 V cm at 100 K. This value is by a factor of;0.2
smaller than that of the Pb-free LOV sample which h
nearly the sameTc @x50(LOV)# and, furthermore, smalle
than that of the Pb-free OV sample@x50(OV)#.

Figure 3 shows the temperature dependence ofrc normal-
ized by rc (T5273 K! of each crystal. Inx50(OV), the
temperature dependence ofrc changes from metallic
(drc /dT.0) to semiconductive (drc /dT,0) at T5124.2
K, where rc shows the minimum value. We defined th
temperature asT* . A similar feature has also been reporte
in the previous studies of oxygen overdoped Pb-free Bi22
single crystals.3,17 In the present study, as the Pb conte
increases, therc-T curve of the OV samples becomes mo
metallic andT* systematically decreases from 124.2 Kx
50) to 86.6 K (x50.3). Finally, the sample withx
50.6(OV), which has the largest Pb content in the pres
study, shows a metallic behavior over the whole tempera
range in the normal state. At temperatures higher than 15
rc exhibits a nearly linearT dependence with a positiv
slope in all these oxygen overdoped samples. The temp
ture derivative ofrc at 273 K normalized byrc(273 K!,
(drc /dT)/rc(273 K!, monotonically increases with increas
ing Pb content.

With decreasing the oxygen content in the crystals fr
OV to LOV, therc-T curve ofx50 becomes predominantl
semiconductive. It is known thatrc’s of both optimally car-
rier doped and underdoped Pb-free Bi2212 show semic
ductive temperature dependence up to room temperature3,16

In contrast, the lightly oxygen overdoped samplex
50(LOV) in the present study exhibits a metallic behav
down to T* 5192.7 K. This result, including the absolut
values ofrc , is in good agreement with the previous study17

A similar feature can be seen in the heavily Pb-doped cr

r

FIG. 3. Temperature dependence of normalizedrc of the oxy-
gen overdoped~solid curves! and the lightly overdoped~broken
curves! Bi~Pb!2212. Normalization was done with respect torc(T
5273 K! of each crystal. The temperatures whererc shows the
minimum value~defined asT* ) are marked by short arrows fo
each crystal.
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PRB 59 14 083SYSTEMATIC DECREASE OF RESISTIVITY . . .
tals x50.6(LOV), which exhibits relatively higherT*
5178.8 K despite its smallrc . Such a strongly semconduc
tive behavior has also been reported in other HTSC co
pounds such as LSCO and YBCO which have much sma
rc values.18 The temperature dependence ofrc changes from
metallic to semiconductive by decreasing the carrier conc
tration in both systems of LSCO (rc51022;100 V cm at
100 K! and YBCO (rc51023;1022 V cm at 100 K!. The
rc behavior with temperature is strongly affected by the c
rier concentration, and seems to be almost independent o
absolute value ofrc . Note that therc-T curves of x
50(LOV) and x50.6(LOV) show a similar tendency de
spite a large difference in the magnitude ofrc by a factor of

FIG. 4. Observedrc values,T* , and Tc of the oxygen over-
doped~circles! and the lightly overdoped~triangles! Bi~Pb!2212 as
a function of the analyzed Pb-concentration Pb/~Bi1Pb!. ~a! rc

values at 100 K~open symbols! and 273 K~closed symbols!, ~b! T*
~closed symbols! and Tc ~open symbols!. Broken curves in this
figure are guides to eye.
-
er

n-

-
he

5. In Fig. 4, rc values,T* , and Tc of each sample in the
present study are plotted as a function of the analyzed
concentration Pb/~Bi1Pb!. All these values systematicall
change with increasing Pb concentration. Observedrc val-
ues,T* , andTc are summarized in Table II.

B. In-plane resistivities ra and rb

Figure 5 shows the temperature dependence ofra andrb
of the oxygen overdopedx50, x50.3, andx50.6 crystals,
where solid and broken curves representra andrb , respec-
tively. In all the crystals examined, the values ofra andrb
are all in the order of 1024 V cm at 100 K; no appreciable
change was observed by Pb doping less than a factor o
This feature is very contrastive to that ofrc , where resistiv-
ity at 100 K is reduced by more than one order of magnitu
by Pb doping. To emphasize this difference, logarithm
plots ofra , rb , andrc for OV samples are shown in Fig. 6
A drastic change by Pb doping can be seen only in therc-T
curves.

For Pb-free Bi2212, the distinct difference betweenra
andrb has been reported previously,3,19–21whereas there is
no report concerning the in-plane anisotropy of Pb-dop
Bi2212. In the present study, Pb-free crystalx50 shows
larger rb than ra ; e.g., rb /ra52.0 at 100 K, clearly sug-
gesting the existence of the in-plane anisotropy. Suc

FIG. 5. Temperature dependences ofra and rb of the oxygen
overdopedx50, x50.3, andx50.6. Solid and broken curves rep
resentra andrb , respectively.
TABLE II. Observedrc values at 100 and 273 K,T* andTc of Bi~Pb!2212.

Sample rc(273 K! / V cm rc(100 K! / V cm T* / K Tc / K

x50 ~OV! 3.05 2.67 124.2 79.1
x50.1 ~OV! 2.53 2.05 112.7 73.3
x50.2 ~OV! 1.64 1.15 93.6 70.0
x50.3 ~OV! 0.946 0.615 86.6 67.2
x50.6 ~OV! 0.416 0.214 — 65.1

x50 ~LOV! 5.28 5.85 192.7 85.0
x50.6 ~LOV! 1.00 1.20 178.8 85.5
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14 084 PRB 59T. MOTOHASHI et al.
larger resistivity along theb axis has also been reported b
several groups.20–22 In contrast to this Pb-free Bi2212, ob
served difference betweenra and rb is rather small in the
Pb-doped crystals;rb /ra(100 K)50.9 and 1.3 forx50.3
andx50.6, respectively. Therefore the in-plane resistivity
Pb-doped Bi2212 is more isotropic compared to that of
Pb-free Bi2212. Note that onlyrb of x50 shows large val-
ues amongrab-T curves in Fig. 5.

Pb-free Bi2212 exhibits a modulated crystal structu
along theb axis with a modulation periodqb;4.8b, whereb
is the lattice parameter (;5.4 Å!.15 The anisotropic in-plane
resistivity of Bi2212 may be related to the modulated str
ture in this compound, because the corrugated CuO2 planes
along theb axis would give a larger effective mass of th
carrier, resulting in a larger resistivity along this direction.
is also known that the modulation periodqb is increased by
Pb doping, for example,qb58.2b and 9.3b when analyzed
Pb concentration Pb/~Bi1Pb! are 0.18 and 0.20
respectively,23 i.e., leading to less corrugated CuO2 planes by
Pb doping. Such structural change would be an origin of
smaller in-plane anisotropyrb /ra observed in the Pb-dope
Bi2212 crystals.

C. Electromagnetic anisotropy

The anisotropy parameterg2[rc /rab5rc /Ararb of the
oxygen overdopedx50, x50.3, andx50.6 crystals can be

FIG. 6. Temperature dependences ofra , rb , and rc of the
oxygen overdopedx50, x50.3, andx50.6. The top three curve
representrc-T. ra-T ~solid curves! and rb-T ~broken curves! are
shown at the lower part of the figure.
f
e

e

-

e

calculated using the measuredra , rb , and rc values. In
Table III, calculatedg2 at 100 and 273 K are summarize
g2 of x50.6 is approximately one order of magnitud
smaller than that ofx50. Since the magnitude ofrab is not
very sensitive to the compositional change,g2 is nearly pro-
portional to therc value. Figure 7 shows the temperatu
dependence of the calculated anisotropy parameterg2. Short
arrows are marked atTc of each sample. The magnitude o
g2 decreases with increasing Pb content over the whole t
perature range in the normal state.x50 andx50.3 crystals
exhibit a strong upturn ofg2 near Tc which is due to the
semiconductiverc behavior. In contrast,g2 of x50.6 is al-
most independent of temperature, reflecting a nearly meta
behavior along thec axis even nearTc . In this figure,g2 of
Pb-free and Pb-doped Bi2212 by Re´gi et al.12 are also shown
with broken curves. From the reportedTc , absolute value of
rc , and temperature dependence ofrc , we believe that the
Pb-free crystal in Ref. 12 is slightly carrier underdope
while the Pb-doped one, which has a similar analyzed
concentration of thex50.6 crystal in the present study,
carrier overdoped. It is considered that drastic reduction
g2 by Pb doping in Ref. 12 was caused by the large diff
ence in the carrier doping level between ‘‘carrier und
doped’’ Pb-free and ‘‘carrier overdoped’’ Pb-doped crysta
These results are thus quite consistent with the present r
taking the carrier doping state of each crystal into accou

There is an alternative way for estimating the electrom
netic anisotropy of Bi2212. In magnetization measureme

FIG. 7. Temperature dependence ofg2 of the oxygen overdoped
x50, x50.3, andx50.6 ~solid curves!. Short arrows are marked a
Tc of each sample.g2 of Pb-free and Pb-doped Bi2212 by Re´gi
et al. ~Ref. 12! are also shown as broken curves.
TABLE III. Resistivity values and the calculatedg2 of the oxygen overdoped Bi~Pb!2212 with x50,
x50.3, andx50.6.

100 K 273 K
ra rb rc g2 ra rb rc g2

Sample (mV cm) (mV cm) (V cm) (mV cm) (mV cm) (V cm)

x50(OV) 0.224 0.442 2.67 8.53103 0.462 0.950 3.05 4.63103

x50.3(OV) 0.267 0.230 0.615 2.53103 0.641 0.523 0.946 1.63103

x50.6(OV) 0.163 0.203 0.214 1.23103 0.383 0.533 0.416 9.23102
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PRB 59 14 085SYSTEMATIC DECREASE OF RESISTIVITY . . .
with magnetic fields parallel to thec axis, a characteristic
second peak is known to appear in theM -H hysteresis loops
at low temperatures. As one of the scenarios for the origin
this peak effect, the dimensional crossover of the vortex
tice has been proposed.24 In this mechanism, the crossove
field H2D-3D is related to the anisotropy parameterg2

[mc* /mab* in the superconducting state;m0H2D-3D

5F0 /g2s2, whereF0 and s are the flux quantum and th
superconducting layer spacing, respectively. In our previ
study, magnetization and resistivity measurements were
tematically carried out on Pb-free Bi2212 single cryst
with various oxygen content obtained from the same gro
boule.3,25 The g2 values estimated from the second pe
fields were semiqualitatively in good agreement with the
sistivity anisotropy parameters caluculated from thera , rb ,
andrc values.4 Figure 8 shows theM -H hysteresis loops o
our oxygen overdopedx50, x50.3, andx50.6 crystals at
30 K. From these loops,m0Hpk50.094 T forx50 and 0.150
T for x50.3 are obtained. Since the observedHpk’s of these
crystals are almost independent of temperature, we can
culateg2(Hpk)[F0 /(s2m0Hpk)59.33103 and 5.83103 for
x50 andx50.3, respectively, assumingHpk to correspond
to H2D-3D, where s515.4 Å was used. The estimate
g2(Hpk) of x50 is in good agreement with that obtaine
from the resistivity data at 100 K (g258.53103). On the
other hand,g2(Hpk) of x50.3 is rather larger thang2 from
the resistivity measurements at 100 K, but well agrees w
that nearTc (g2543103;53103 around 70 K, see Fig. 7!.
For x50.6, g2(Hpk)54.83103 was also obtained from
m0Hpk50.18 T at 30 K. However,Hpk strongly depends on
temperature in whole temperature range belowTc , suggest-
ing a different mechanism for the origin of the second pe
effect in such heavily Pb-doped crystals.9,26 Therefore, for
x50.6, there would be large ambiguity in the estimat
g2(Hpk).

As mentioned in the Introduction, the possibility of th
decrease in the anisotropy of Bi2212 by Pb doping was
ported in the previous literatures.12–14 However, the mecha
nism of reducing anisotropy has not been well understo
Two possible explanations for the decrease of the anisotr

FIG. 8. M -H hysteresis loops of the oxygen overdopedx50,
x50.3, andx50.6 at 30 K. The second peak fieldsHpk of each
crystal are marked by arrows.
f
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in the Pb-doped Bi2212 are considered, i.e.,~1! change in the
electronic structure, and~2! increase of the carrier concen
tration by Pb doping. The systematic investigation in t
present study revealed that the magnitude ofrc ~or anisot-
ropy parameterg2) decreases with increasing Pb conte
and Tc decreases simultaneously after annealing under
same condition~Fig. 4 and Table II!. This result suggests
that the substitution of Bi31 for Pb21 in Bi-O double layers
contributes to the increase in the carrier~hole! concentration
of the CuO2 planes. This is consistent with the fact that t
heavily Pb-doped Bi2212 crystals require strong oxygen
duced conditions for obtaining the carrier lightly overdop
samples having the sameTc;85 K compared to Pb-free
crystals. The anisotropy of Bi2212 systematically decrea
with increasing the carrier concentration by oxyg
annealing.3,7 Therefore the decrease of the resistivity anis
ropy in Pb-doped Bi2212 may be partly caused by the
crease of the carrier concentration through Pb doping. H
ever, the heavily Pb-doped crystal withTc585.5 K @x
50.6(LOV)# shows much smallerrc compared to the Pb
free one withTc585.0 K @x50(LOV)#. From the similarity
of Tc between these crystals, they are thought to have ne
the same effective carrier concentration. Therefore it
strongly suggested that Pb doping substantially reduces
resistivity anisotropy of Bi2212 even with the same carr
concentration of the CuO2 planes. We believe Pb doping int
Bi-O double layers of Bi2212 enhances the electrical c
ductivity of these layers, resulting in the reduction of t
resistivity anisotropy. It should be noted that the absol
value of rc of Pb-doped Bi2212 is strongly affected by th
oxygen content similarly as in the Pb-free Bi2212. The qu
titative disagreement concerning the anisotropy
Bi~Pb!2212 in the previous literatures12–14 would have been
simply caused by the difference in the carrier doping state
the samples.

One of the present authors has previously found that
anisotropy of HTSC is strongly associated with the distan
between CuO2 planes @d(CuO2-CuO2)#; a material with
larger d(CuO2-CuO2) shows largerg2.4 For example, the
electromagnetic anisotropy of carrier optimally dop
Bi2212 (g2;23104), HgBa2Ca2Cu3Oy (;2.53103), and
LSCO (;2.53102) is systematically reduced by decreasi
d(CuO2-CuO2), 12.1, 9.5, and 6.6 Å, respectively. From th
relationship, an extensive control of the anisotropy seem
be rather difficult becaused(CuO2-CuO2) is essentially gov-
erned by the basic crystal structure. Therefore we empha
that the observedg251.23103 of x50.6(OV) is an extraor-
dinary small value for the Bi-based superconductors wh
contain thick blocking layers. X-ray-diffraction analyses r
vealed that all Bi~Pb!2212 single crystals used in the prese
study have nearly the same lattice parametersc0530.65
;30.70 Å, suggesting that the structural change by Pb d
ing is negligible. Thus Pb doping reduces the anisotropy
Bi2212 without changing the superconducting layer spac
appreciably.

IV. CONCLUSION

In order to elucidate the effect of Pb doping on the a
sotropy of Bi2Sr2CaCu2Oy ~Bi2212!, out-of-plane resis-
tivity ( rc), and in-plane resistivity (ra and rb) of
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Bi2.12xPbxSr1.8CaCu2Oy single crystals with various Pb con
tent (0<x<0.6) have been measured. The absolute valu
rc in the normal state systematically decreased with incre
ing Pb content. On the other hand, no appreciable cha
was observed inra andrb by Pb doping. Anisotropy param
eter g2[rc /rab5rc /Ararb58.53103, 2.53103, and 1.2
3103 was obtained at 100 K for the oxygen overdopedx
50, 0.3, and 0.6 crystals, respectively. The present res
suggest that the electrical conductivity of the blocking lay
in Bi2212 is systematically enhanced by Pb doping, lead
to a large reduction of the resistivity anisotropy. We belie
this study shows that the anisotropy can be systematic
reduced by chemical substitutions into blocking layers of
Bi2212 compound. The present result is of particular imp
tance for material developments because it has shown
possibility that the critical current properties can be dra
ev
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cally improved by chemical substitutions into blocking la
ers. A smaller in-plane resistivity anisotropyrb /ra;1 was
observed in Pb-doped crystals compared to Pb-free
(rb /ra52.0). The change in the anisotropic value of t
in-plane resistivity by Pb doping would be explained by le
anisotropic in-plane crystal structure of Pb-doped Bi2212
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