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Systematic decrease of resistivity anisotropy in B5r,CaCu,O, by Pb doping
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CuG, out-of-plane resistivity §.) and in-plane resistivity d, and p,) measurements were carried out on
Bi, ;- xPBSn ¢CaCyO, single crystals with various Pb contents@<0.6. The absolute value g¢f; in the
normal state systematically decreased with increasing Pb content, whereas no appreciable change was observed
in p, and p, by Pb doping. The resistivity anisotropy parameﬁélEpC/paprC/\/JZ 8.5x10% 2.5
X 10%, and 1.2 10° was obtained at 100 K for oxygen overdoped 0, 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.
[S0163-182699)00821-9

I. INTRODUCTION have been made for improving the critical current properties
of Bi2212 and Bi2223 under magnetic fields. One of the
One of the most important characteristics of the high-most effective but not very practical methods has been the
temperature superconducting cupratei'SCO) is the large introduction of artificial pinning centers into the materials;
electromagnetic anisotropy manifested in their transport andrastic enhancements of the irreversibility field{) and the
magnetic properties. This is caused by a highly two-critical current densityJ;) were reported by heavy-ion irra-
dimensional crystal structure which consists of alternateliation, creating columnar defect§ However, even for such
stacking of superconducting CyCand poorly conducting irradiated materiz_:lls, degradation of pinning prqperties is still
blocking layers. Generally, in all HTSC single crystals, thePronounced at _hlgher temperatures. Subgtantlal decreases of
out-of-plane resistivityp., corresponding to the electrical Hir @ndJc at high temperatures in the Bi-based supercon-
conduction across the blocking layers, is always large witfluctors are caused by the degradation of flux pinning due to
respect to the in-plane resistivitp,, along the well- their large electromagnetic anisotropy. It is thus considered

conducting Cu@ planes. In representative compounds suci{hat the reduction of the anisotropy is effective for improving
as YBaCU,0, (YBCO) (Lay_SK),Cu0, (LSCO)2 and he critical current properties of Bi2212 and Bi2223. We

. : 3 o h b previously found that the irreversibility regions of Bi2212
Bi,S,CaCy0, (Bi2212),” transport properties have been single crystals can be systematically enhanced by reducing

extensively studied on single crystals with various carrief,q electromagnetic anisotropy with increasing the carrier
concentrations. The important universal feature pointed oUtyncentration. which can be controlled by oxygen
from these studies is that the anisotropy parameter  annealing. However, it has not been successful to enhance
=pc/pab=pc/\papy in €ach system strongly depends onH, andJ, at high temperatures drastically only by the car-

the carrier concentratichThe magnitude op,, andp. al-  rier doping, since the heavy carrier doping causes the de-
ways becomes smaller by increasing the carrier concentrarease ofT, simultaneously.
tion, wherep. decreases much faster thay,, leading to the Recently, Chongt al® and Shimoyamat al® found that

reduction ofy? by carrier doping. As the doping level of the the heavily Pb doped Bi221Znominal composition of
crystals changes from carrier underdoped to optimal and furBi; ¢Ph, ¢Sr; CaCyQO,) single crystals show largel;, and
ther to overdoped stateg? decreases monotonically, in con- J at high temperatures compared to Pb-free Bi2212. An in-
trast to the critical temperatuiig,, which is a parabolic func- crease inJ, by a few orders of magnitude resulting from
tion of the doping level. The typical values 9f obtained heavy Pb doping in Bi2212 single crystals have also been
from the resistivity measurements are?4®x 10°, 2x10°  reported in the previous studi€s™ As a possible origin of
~5x10% and 3x10°~3x10* for YBCO (at 100 K,® the observed superior performance, a reduced electromag-
LSCO (at 50 K),?> and Bi2212(at 100 K),* respectively. As netic anisotropy caused by Pb doping has been suggested.
mentioned in the later section, the absolute valueydfis  Prior to these studies, the effect of Pb doping on the
intimately related to the crystal structure of the materials. electromagnetic anisotropy of Bi2212 had been also
Among the HTSC compounds, Bi2212 exhibits one of thereported in literatures. Rg et al. reported thatp. of
largest electromagnetic anisotropy due to its thick blockingBi, Pk, ,Sr,CaCyO, was reduced by approximately two or-
layers which consists of insulating Bi-O double layers. Al-ders of magnitude and changes the temperature dependence
though Bi2212 and its homologous compoundfrom semiconductive to nearly metalfié. Kleiner and
(Bi,Pb),Sr,CaCu;0, (Bi2223) are the only materials cur- Mdller*® and Winkeleret al'* also reported similar results.
rently utilized for wire applications at high temperatures upHowever, the results were not in a quantitative agreement,
to liquid N, (77 K), their poor performance under magnetic probably due to the differences in the carrier doping state
fields still prohibits the extensive use for high-field applica-between Pb-free and Pb-doped crystals. The Pb doping may
tions. In order to overcome this problem, enormous effortsalso change the carrier doping state. Therefore it has not
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TABLE I. Growth conditions and chemical compositions of B)2212 single crystals prepared in the
present study.

Starting composition Analyzed composition Growth rate
Sample Bi:Pb:Sr:Ca:Cu Bi:Pb:Sr:Ca:Cu @iH-Ph) (mmh1)
x=0 21:—:18:1.0:20 2 —:1.7,: 0.9,:2.00 0 0.2
x=0.1 20:01:18:1.0:20 1,90.0,: 1.75: 0.9 : 2.00 0.018 0.5
x=0.2 19:02:18:10:20 200.1,: 1.8;: 0.9, : 2.00 0.056 0.5
x=0.3 18:03:18:1.0:2.0 1,80.2%: 1.8;: 0.9 : 2.00 0.108 0.5
x=0.6 16:06:18:1.0:2.0 1560.4,: 1.8: 0.9 : 2.00 0.211 1.0

been possible to know which is more effective for the reducindependentlya and b axes were determined by the x-ray
tion of anisotropy by Pb doping; either change in the elecback reflection Laue technique as well as a polarizing micro-
tronic structure, or an increase in the carrier concentration.scope. In the diffraction patterns, we could easily determine
In the present study, we have measupgd p,, andp. of  thea andb directions from superspots due to the modulated
Biy.1— «PhSt ¢CaCyO, [Bi(Ph2217 single crystals by sys-  structure of Bi2212 along thie axis™®
tematically varying Pb content up t®=0.6. It has been Carrier concentration was controlled by post annealing
found that the anisotropy parametgt of the oxygen over- the grown crystals in sealed quartz tubes under prescribed
doped BiPb)2212 drastically decreases with increasign oxygen partial pressures and temperatures. Crystals with
a heavily Pb-doped crystak&0.6), y* as low as 1.X10°  nominal compositions ok=0, 0.1, 0.2, 0.3, and 0.6 were
has been obtained at 100 K. This value was approximatelfreated at 400°C,P(O,)=2.1 atm, whereP(O,) corre-
one order of magnitude smaller than that of the oxygen oversponds to the oxygen partial pressure in quartz tubes at an-
doped Pb-free crystalh?=8.5x10%). From the systematic nealing temperatures. This annealing procedure produced
resistivity measurements in the present study, it has beedxygen overdoped BPb2212 samples. Hereafter we denote
clarified that Pb doping in Bi2212 brings about both an in-these samples “OV”(overdopedl For crystals withx=0
crease in the carrier concentration and the enhancement (Pb-fre¢ and x=0.6 (the largest Pb content in the present
the electrical conductivity of blocking layers, leading to a study), we also prepared samples with lower carrier concen-
large decrease in the resistivity anisotropy. It is hencdrations by oxygen reduced annealing. Annealing conditions
strongly suggested that the reduced anisotropy leads to th50°C, P(0,)=2.0x10 2 atm for x=0 and 600°C,
observed significant improvement of the critical currentP(0O,)=3.9x10 % atm for x=0.6 were selected for these

properties in the heavily Pb-doped Bi22%2? two samples to produce nearly safigs ~85 K. From the
reported relationship between annealing conditions and
Il. EXPERIMENT T.,%®these samples are considered to be in the lightly oxy-

gen overdoped state. We denote these samples “LOV”

Bi(Ph2212 single crystals with various Pb contents (jightly overdoped.

were grown from feed rods with nominal cation ratios of In-plane resistivities g, and p,) were measured by a

Bi:Pb:Sr:Ca:Cu=21-x:x:18:10:20bythe standard dc four-probe technique. Figute) shows the typi-
floating zone technique using an image furnace equippegs| geometry of the sample and electrodes. Out-of-plane re-
with a don_JbIe ellipsoidal mirror. I_Details of th.e. crystal gr_owth sistivity (p.) measurements were carried out by a dc four-
are described elsewheft€or Pb-rich compositions, sublima- probe method with current electrodes consisting of annular
tion of PbO was observed during the growth. It was Fhereforqings as shown in Fig.(b). Prior to post annealing in quartz
necessary to add some excess amount of PbO in startingpes, these electrodes were set using gold paste and fired at
compositions to compensate such losses. We hence adopiggo °C for 15 min to obtain good electrical contacts with the

a starting composition Bi : Pb : Sr : Ca : C& 2.2 (rystals. After the post annealing, gold wires of 0.05 ghm
—x:x:18:1.0:2.0 for the heavily Pb-doped crystal ( ere attached on these electrodes with silver paste. Follow-
=0.6). The Pb-doped crystals were grown with relativelying such a procedure, the contact resistance of each electrode
higher growth rate to suppress the sublimation loss of PbGoyld be suppressed to smaller tharf)2 Applied current
Starting compositions and growth rates in the present studyseq in the resistivity measurements was fixed at 10 mA in
are summarized in Table |. Cation compositions of they|| the measurements, corresponding to the current density
grown crystals were determmed by ICRductively coupled j~10% Alcm? for p,, and~1 Alcn? for p. measurements.
plasma analysis as shown in Table I. Although analyzed\ye have checked the reproducibility of the temperature de-

Pb—co_ntent P_tﬁBi+Pb) monof[(_)nically increased with i_n- pencences and the absolute valuepaf p,, andp,, by mea-
creasing starting Pb composition, these values were shghtlguring several crystals for each composition.
smaller compared to that of the starting compositions. Thin

plate crystals withc axis along the shortest dimension

(~0.1 mm were cut from the grown boules and were IIl. RESULTS AND DISCUSSION
cleaved to obtain fresh surfaces. Since the crystal structure of A OUt-of-Dl L
Bi2212 is also anisotropic within thab plane, existence of - Out-of-plane resistivity p

the in-plane anisotropy was expected in the resistivity mea- Figure 2 shows the temperature dependence.aff the
surements. In order to perform tipg and p, measurements Bi(Pb2212 single crystals. For the oxygen overdogedy)
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FIG. 3. Temperature dependence of normalipgdf the oxy-
gen overdopedsolid curves and the lightly overdopedbroken
curves Bi(Pb2212. Normalization was done with respectoidT
=273 K) of each crystal. The temperatures whereshows the
minimum value(defined asT*) are marked by short arrows for
each crystal.

andx=0.6(LOV), are also shown as broken curvég.val-

ues ofx=0(LOV) andx=0.6(LOV) are 85.0 and 85.5 K,

respectively. These LOV samples show largercompared

éo the OV samples of the same Pb content. However, it

Should be noted that small. is exhibited inx=0.6(LOV):
«=1.20 O cm at 100 K. This value is by a factor 6f0.2
maller than that of the Pb-free LOV sample which has
early the sam@ . [x=0(LOV)] and, furthermore, smaller

FIG. 1. Schematic drawings of the electrode configurations fo
(& pap and(b) p. measurements.

samples, shown with solid curves, the critical temperatur
T., which is defined at a midpoint of resistivity transition,
systematically decreases from 79.1 to 65.1 K with increasin
Pb content fromx=0 to 0.6. The magnitude qf.. also sys-
tematically decreases with increasing Pb content. In th T
heavily Pb-doped samplge=0.6, the value ofp. is 0.21 an that of the Pb-free OV samfle=0(OV)].

Q cm at 100 K, corresponding to more than one order of Figure 3 shows the temperature dependenge; obrmal-
magnitude smaller value compared to that)of0: 2.67 2€d by pe (T=273 K) of each crystal. Ik=0(0V), the
Q) cm at the same temperature. As mentioned later, the maé@mperature dependence qjc changes from metallic
nitudes ofp, andp, were found to be nearly independent of dpc/dT>0) to semiconductivedpc/dT<0) atT=124.2

Pb content. Therefore the present result clearly suggests thlét where p; shows the minimum value. We defined this

o . 2 _ — —temperature a$*. A similar feature has also been reported
the resistivity anisotropy {"=pc/pap=pc/Vpapy) System- o previous studies of oxygen overdoped Pb-free Bi2212
atically decreases by Pb doping. In this figysgfor samples

; single crystal$:'’ In the present study, as the Pb content
annealed in the oxygen reduced atmosphere0(LOV) increases, the-T curve of the OV samples becomes more

' ' [ ‘ metallic andT* systematically decreases from 124.2 K (

=0) to 86.6 K (=0.3). Finally, the sample withx
=0.6(0V), which has the largest Pb content in the present
AN study, shows a metallic behavior over the whole temperature
--------------------- ] range in the normal state. At temperatures higher than 150 K,
pc exhibits a nearly linealT dependence with a positive
slope in all these oxygen overdoped samples. The tempera-
ture derivative ofp, at 273 K normalized byp(273 K),
(dp./dT)/ p(273 K), monotonically increases with increas-
ing Pb content.

With decreasing the oxygen content in the crystals from
OV to LOV, thep.-T curve ofx=0 becomes predominantly
semiconductive. It is known that.’s of both optimally car-
rier doped and underdoped Pb-free Bi2212 show semicon-
ductive temperature dependence up to room temperatfire.
In contrast, the lightly oxygen overdoped sample
=0(LOV) in the present study exhibits a metallic behavior

FIG. 2. Temperature dependencepgfof Bi(Pb)2212_pC of the down to T*=192.7 K. This result, including the absolute
oxygen overdopedOV) and the lightly overdopedOV) samples  values ofp., is in good agreement with the previous stddy.
are represented by solid and broken curves, respectively. A similar feature can be seen in the heavily Pb-doped crys-

pe (€2cm)

T (K)
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I: 0\‘ - overdopedk=0, x=0.3, andx=0.6. Solid and broken curves rep-
. T .
100 e T . N resentp, andp,,, respectively.
6“0’ ------ [ P, O O
50 Te . 5. In Fig. 4, p. values,T*, and T, of each sample in the
present study are plotted as a function of the analyzed Pb-
0 (') ' 0'1 ‘ 0'2 concentration PiBi+Pb). All these values systematically
’ ) change with increasing Pb concentration. Obsemvgdal-
Pb/ (Bi + Pb) ues,T*, and T, are summarized in Table Il.
FIG. 4. Observedp. values,T*, and T, of the oxygen over- L
doped(circles and the lightly overdopegriangles Bi(Pb2212 as B. In-plane resistivities p, and py,
a function of the analyzed Pb-concentration (Bb+Ph). (a) p Figure 5 shows the temperature dependenge,@nd p;,

values at 100 Kopen symbolsand 273 K(closed symbols (b) T*
(closed symbolsand T, (open symbols Broken curves in this
figure are guides to eye.

of the oxygen overdoper=0, x=0.3, andx= 0.6 crystals,
where solid and broken curves represgpiand p,,, respec-
tively. In all the crystals examined, the valuesgf and py,

are all in the order of 10* Q cm at 100 K; no appreciable
tals x=0.6(LOV), which exhibits relatively highefT* change was observed by Pb doping less than a factor of 2.
=178.8 K despite its small.. Such a strongly semconduc- This feature is very contrastive to that @f, where resistiv-
tive behavior has also been reported in other HTSC comity at 100 K is reduced by more than one order of magnitude
pounds such as LSCO and YBCO which have much smalleby Pb doping. To emphasize this difference, logarithmic
pc valuest® The temperature dependencepgfchanges from  plots ofp,, py, andp. for OV samples are shown in Fig. 6.
metallic to semiconductive by decreasing the carrier concenA drastic change by Pb doping can be seen only ingth&
tration in both systems of LSCQp{=10"2~10° Qcm at  curves.

100 K) and YBCO (p,=10"3~10"2 Q cm at 100 K. The For Pb-free Bi2212, the distinct difference between

pc behavior with temperature is strongly affected by the car-and p, has been reported previoush?-2'whereas there is
rier concentration, and seems to be almost independent of the report concerning the in-plane anisotropy of Pb-doped
absolute value ofp.. Note that thep.-T curves of x  Bi2212. In the present study, Pb-free crystat0 shows
=0(LOV) and x=0.6(LOV) show a similar tendency de- larger p, thanp,; e.g.,p,/pa=2.0 at 100 K, clearly sug-
spite a large difference in the magnitudeppfby a factor of  gesting the existence of the in-plane anisotropy. Such a

TABLE Il. Observedp, values at 100 and 273 K* and T, of Bi(Pbh2212.

Sample pc(273 K) / O cm pc(100 K) / Q2 cm T /| K T. /K
x=0 (OV) 3.05 2.67 124.2 79.1
x=0.1(0V) 2.53 2.05 112.7 73.3
x=0.2 (QV) 1.64 1.15 93.6 70.0
x=0.3(0V) 0.946 0.615 86.6 67.2
x=0.6 (OV) 0.416 0.214 — 65.1
x=0 (LOV) 5.28 5.85 192.7 85.0

x=0.6 (LOV) 1.00 1.20 178.8 85.5
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x=0, x=0.3, andx=0.6(solid curve$. Short arrows are marked at
FIG. 6. Temperature dependencesmf, p,, and p. of the  Tc of each sampley? of Pb-free and Pb-doped Bi2212 by d¢te

oxygen overdopeat=0, x=0.3, andx=0.6. The top three curves et al- (Ref. 12 are also shown as broken curves.

represenip.-T. p,-T (solid curve$ and p,-T (broken curvegsare

shown at the lower part of the figure. calculated using the measureqd, p,, and p. values. In

Table Ill, calculatedy? at 100 and 273 K are summarized.

y? of x=0.6 is approximately one order of magnitude

smaller than that ok=0. Since the magnitude ¢f,, is not

larger resistivity along th® axis has also been reported by
several group&’~22In contrast to this Pb-free Bi2212, ob-

served difference betwegsy and Po is rather small i_n the \ery sensitive to the compositional changd,is nearly pro-
Pb-doped crystals;;)_b/pa(loo K)=0.9 ?”d 13 forx_—Q.Q portional to thep. value. Figure 7 shows the temperature
andx=0.6, respectively. Therefore the in-plane resistivity of yonengence of the calculated anisotropy paramgteShort
Pb-doped_ Bi2212 is more isotropic compared to that of thearrOWS are marked &, of each sample. The magnitude of
Pb-free Bi2212. Note that only, of x=0 shows large val- 2 yecreases with increasing Pb content over the whole tem-

ues among,,-T curves in Fig. S. erature range in the normal staxe= 0 andx=0.3 crystals
Pb-free Bi2212 exhibits a modulated crystal structureh g : 3 €Ty

e i . exhibit a strong upturn ofy?> near T, which is due to the
?"029 Itheb axis with a mOdZI‘}t\'olg _IF_’ﬁr'oqQNA"Sbt V\(herlteb semiconductivep, behavior. In contrcasty2 of x=0.6 is al-
Is the lattice parameter~(5. ). € anisotropic in-plane ., independent of temperature, reflecting a nearly metallic
resistivity of Bi2212 may be related to the modulated StruCy ahavior along the axis even neaf .. In this figure,y? of
ture in this compound, b_ecause the corrug.ated Lpl@nes Pb-free and Pb-doped Bi2212 bY@:et all2 are also'shown
along theb axis would give a larger effective mass of the with broken curves. From the reportdd, absolute value of
carrier, resulting in a larger resistivity along this direction. It '

) . A pc, and temperature dependenceppf we believe that the
:Sbaldsgp:(r?gomgrtgigﬁglgogggogn%egqg :;r:gzr:‘?‘jfzgé’ Pb-free crystal in Ref. 12 is slightly carrier underdoped,

' b— - ' hile the Pb-doped hich h imil lyzed Pb
Pb concentration P@®i+Pb are 0.18 and 0.20, whiie the oped one, which has a simiar analyze

ivelPie.. lead | d b concentration of thex=0.6 crystal in the present study, is
respectllve i.e., leading to less corrugate Cyﬁ]ar)e's Y carrier overdoped. It is considered that drastic reduction of
Pb doping. Such structural change would be an origin of th

€2 o ;

. . . v by Pb doping in Ref. 12 was caused by the large differ-
smaller in-plane anisotropy,/p, observed in the Pb-doped gnce iy the carrier doping level between “carrier under-
Bi2212 crystals.

doped” Pb-free and “carrier overdoped” Pb-doped crystals.
These results are thus quite consistent with the present result
taking the carrier doping state of each crystal into account.
The anisotropy parameter=p./pa,=pc/\papp Of the There is an alternative way for estimating the electromag-
oxygen overdoped=0, x=0.3, andx= 0.6 crystals can be netic anisotropy of Bi2212. In magnetization measurements

C. Electromagnetic anisotropy

TABLE Ill. Resistivity values and the calculategf of the oxygen overdoped Btb)2212 withx=0,
x=0.3, andx=0.6.

100 K 273 K
Pa Po pe ' Pa Po pe v
Sample (2 cm) (mQcm) (Q cm) (mcm) (mQcm) (€ cm)
x=0(0V) 0.224 0.442 2.67 8%1C° 0.462 0.950 3.05 4810°
x=0.3(0V) 0.267 0.230 0.615 2510° 0.641 0.523 0.946 161C°

x=0.6(0V) 0.163 0.203 0.214 1210° 0.383 0.533 0.416 9R1C?
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— T 71— in the Pb-doped Bi2212 are considered, i.&. change in the
|x=00 H/e electronic structure, an@) increase of the carrier concen-
Hhi~ 1.8 kOe 30K 7 tration by Pb doping. The systematic investigation in the
i T i present study revealed that the magnitudeofor anisot-

Hi = 0.94 kOe ropy parametery?) decreases with increasing Pb content,
b seos and T, decreases simultaneously after annealing under the
alk=1-50k06 same conditionFig. 4 and Table ). This result suggests

that the substitution of Bi" for P** in Bi-O double layers
contributes to the increase in the carrieole) concentration
of the CuQ planes. This is consistent with the fact that the

-1 J heavily Pb-doped Bi2212 crystals require strong oxygen re-
duced conditions for obtaining the carrier lightly overdoped
I 1 samples having the samB,~85 K compared to Pb-free

ol . crystals. The anisotropy of Bi2212 systematically decreases
“0 1 2 3 4 5 with increasing the carrier concentration by oxygen
H (kOe) annealing®’ Therefore the decrease of the resistivity anisot-
_ ropy in Pb-doped Bi2212 may be partly caused by the in-
FIG. 8. M-H hysteresis loops of the oxygen overdoped0,  crease of the carrier concentration through Pb doping. How-
x=0.3, andx=0.6 at 30 K. The second peak fielttg, of each ever, the heavily Pb-doped crystal with,=85.5 K [x
crystal are marked by arrows. =0.6(LOV)] shows much smallep, compared to the Pb-
free one withT,=85.0 K[x=0(LOV)]. From the similarity
with magnetic fields parallel to the axis, a characteristic of T, between these crystals, they are thought to have nearly
second peak is known to appear in tleH hysteresis loops the same effective carrier concentration. Therefore it is
at low temperatures. As one of the scenarios for the origin ogtrongly suggested that Pb doping substantially reduces the
this peak effect, the dimensional crossover of the vortex latresistivity anisotropy of Bi2212 even with the same carrier
tice has been proposétiln this mechanism, the crossover concentration of the Cugplanes. We believe Pb doping into
field Hypsp is related to the anisotropy parametef  Bi-O double layers of Bi2212 enhances the electrical con-
=m;/m}, in the superconducting state;ugH,p3p  ductivity of these layers, resulting in the reduction of the
=d,/y°s?, where®, ands are the flux quantum and the resistivity anisotropy. It should be noted that the absolute
superconducting layer spacing, respectively. In our previousalue of p. of Pb-doped Bi2212 is strongly affected by the
study, magnetization and resistivity measurements were sysxygen content similarly as in the Pb-free Bi2212. The quan-
tematically carried out on Pb-free Bi2212 single crystalstitative disagreement concerning the anisotropy of
with various oxygen content obtained from the same growrBi(Pb)2212 in the previous literatur&s*would have been
boule®?® The »? values estimated from the second peaksimply caused by the difference in the carrier doping state of
fields were semiqualitatively in good agreement with the rethe samples.
sistivity anisotropy parameters caluculated from ghe py,, One of the present authors has previously found that the
andp,, values? Figure 8 shows th&1-H hysteresis loops of anisotropy of HTSC is strongly associated with the distance
our oxygen overdopesl=0, x=0.3, andx=0.6 crystals at between Cu@ planes[d(Cu0,-Cu0,)]; a material with
30 K. From these loopgoH = 0.094 T forx=0 and 0.150 larger d(CuO,-CuQ,) shows largery.* For example, the
T for x=0.3 are obtained. Since the obsenteg's of these  electromagnetic anisotropy of carrier optimally doped
crystals are almost independent of temperature, we can caBi2212 (y>~2x10%, HgBaCaCu;Oy (~2.5% 10%, and
culatey?(Hpd =Po/(s?moHp) =9.3x 10* and 5.8<10° for ~ LSCO (~2.5X 10°) is systematically reduced by decreasing
x=0 andx=0.3, respectively, assumirtd to correspond d(Cu0,-CuG,), 12.1, 9.5, and 6.6 A, respectively. From this
to H,p3p, Where s=15.4 A was used. The estimated relationship, an extensive control of the anisotropy seems to
yZ(Hpk) of x=0 is in good agreement with that obtained be rather difficult becaus#{ Cu0,-Cu0,) is essentially gov-
from the resistivity data at 100 Ky€=8.5x10°). On the erned by the basic crystal structure. Therefore we emphasize
other handy?(H,,) of x=0.3 is rather larger thay? from  that the observeg®=1.2x 10° of x=0.6(OV) is an extraor-
the resistivity measurements at 100 K, but well agrees wittdinary small value for the Bi-based superconductors which
that nearT, (y?=4x 10°~5x 10° around 70 K, see Fig.)7  contain thick blocking layers. X-ray-diffraction analyses re-
For x=0.6, yZ(Hpk)=4.8>< 10° was also obtained from vealed that all BiPb2212 single crystals used in the present
uoHp=0.18 T at 30 K. Howevertd,, strongly depends on study have nearly the same lattice paramet®ys 30.65
temperature in whole temperature range belqw suggest- ~30.70 A, suggesting that the structural change by Pb dop-
ing a different mechanism for the origin of the second peakng is negligible. Thus Pb doping reduces the anisotropy of
effect in such heavily Pb-doped crystaf®. Therefore, for ~ Bi2212 without changing the superconducting layer spacing
x=0.6, there would be large ambiguity in the estimatedappreciably.

4zM (kG)
=)

2
Y (Hpk)-
As meqtloned in the Introduc_:uon, the pOSSIbI!Ity of the IV. CONCLUSION
decrease in the anisotropy of Bi2212 by Pb doping was re-
ported in the previous literaturé$:** However, the mecha- In order to elucidate the effect of Pb doping on the ani-

nism of reducing anisotropy has not been well understoodsotropy of BpSr,CaCyO, (Bi2212), out-of-plane resis-
Two possible explanations for the decrease of the anisotropyvity (p.), and in-plane resistivity 4, and p,) of
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Bi,.1-«PhSr ¢CaCyO, single crystals with various Pb con- cally improved by chemical substitutions into blocking lay-
tent (0<x=<0.6) have ’been measured. The absolute value ogrs. A smaller in- plane resistivity anisotropy/p,~1 was

pc in the normal state systematically decreased with increag?bserved in Pb-doped crystals compared to Pb-free one
ing Pb content. On the other hand, no appreciable chand@s/pa=2.0). The change in the anisotropic value of the
was observed ip, andpy, by Pb doping. Anisotropy param- in—plane r_es_istivity by Pb doping would be explained. by less
eter y?=p./pap=pc/papp=8.5x10°, 2.5x1C% and 1.2 anisotropic in-plane crystal structure of Pb-doped Bi2212.

X 10° was obtained at 100 K for the oxygen overdoped

=0, 0.3, and 0.6 crys_tals, respec_ti\_/ely. The present results ACKNOWLEDGMENTS
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