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The anisotropic resistivity and second peak of magnetization curves were studied for
Bi,Sr,Ca(Cy_«M,),0, (M=Mn, Fe, Co, and Nisingle crystals. The-axis resistivityp.(T) and the anisot-
ropy in the normal statg,[ = (p./pap)*?], decrease rapidly with increasing doping concentratiomhile the
anisotropy factor in the superconducting stagg, obtained from the second peak field by the relatiy
=®d,/(sy,)?, increases systematically with This indicates that the anisotropy in the normal state is different
from that in the superconducting state, inconsistent with the conventional concept. The present results show
that y,, and s should be determined by different mechanisms in highly layered cuprates.

One of the peculiar characteristics of high-supercon-  3d transition elements, which hardly changes the carrier con-
ductors is the large electromagnetic anisotropy manifested inentration, but greatly affects the properties of the guO
the transport and magnetic properties for both the normal anglane, the doping effect on the anisotropy is far from
superconducting states. It mainly results from the layeredonsensu&®~*® In particular, for Ni-doped Bi2212,
crystal structure, which consists of alternate stacking of suYoshizakiet al*? found ay, decrease with Ni concentration,
perconducting Cu@layers and poorly conducting block lay- which is just contrary to the variation trend of the anisotropy
ers, and has great influence on the physical properties. Thefactor y, reported by Haet al® from measurements of the
are two ways to define the anisotropy. One is the anisotropgimensional crossover field in magnetization curves. This
in the normal state, usually characterized by theopposite doping dependence of the anisotropy obtained by
ratio of c-axis resistivity to ab-plane resistivity, i.ey,  different means cannot be solely attributed to the sample
=(pc/pan) 2. Another is the anisotropy factor in the super- discrepancy: instead, it may indicate that the anisotropies in
conducting state defined ag=\./\,=(m*/m%,)Y% here, the normal and superconducting states are different from
\. and\,, are the London penetration depths due to currentgach other and this difference should be detected by certain
flowing perpendicular and parallel to the Cuflanes, and means. So detailed studies of the substitution effect on the
m? and m*, are the effective masses of the electrons foranisotropy of Bi2212 are still needed. In this paper, we sys-
motion perpendicular and parallel to the Guplanes, re- tematically study both the anisotropic resistivity and mag-
spectively. Under the nearly free electron approximation, thé1etic second peak, from which the anisotropies in the normal
resistivity is proportional to the effective mass and the@nd superconducting states can be obtained for
resistivity anisotropy can be expressed Bs=(pc/pap)*?  Bi2SpCa(Cu_M,),0y (M=Mn, Fe, Co, and Nisingle
=(m¥/m%)Y?=y,. So it is usually taken for granted that Crystals. Itis observed that thg, andys change with oppo-
the anisotropy is a unique parameter in both the normal an@ite trends with substitution on the Cu site.
superconducting states. However, it is well known that the High-quality BLSr,Ca(Cy_,M,),0, (M=Mn, Fe, Co,
normal-state resistivity of hig-, cuprates is too complex to and Ni single crystals were grown by a self-flux method as
be described by the nearly free electron approximation. reported previously? The crystals used for the present study
this case the conventional three-dimensiof@D) Bloch  have sizes around 131X 0.02 mn? with the smallest di-
transport breaks down and theaxis transport proceeds mension along the axis. The thickness of the crystal was
through an incoherent mechanism due to charge confinemenieasured by a scanning electron microscope. The structural
coming from the highly two-dimensional nature of the elec-characterizations of single crystals have been done by x-ray
tronic states. On the other hand, and\ ,;, strongly depend diffraction using a rotating-anode diffractometéRrigaku,
on the superconducting properties, such as the paring synb/Max-yA) with CuK « radiation. The cation stoichiometry
metry of order parametérThus one may expect that the of single crystals was determined by energy-dispersive x-ray
anisotropy in the normal state in fact has a different physicalEDX) analysis using a scanning electron microscépte-
meaning than that in the superconducting state. With respeetoscan 440, Leiga The anisotropic resistivity was mea-
to the experimental results, a lot of works have been focusesured using the Montgomery methbtElectrical contacts of
on the substitution effect on the anisotropy. As for the mosless than 2() resistance were established by soldering the
highly anisotropic system BSr,CaCyO,(Bi2212), it was  copper leads onto the crystal surface on which pure gold was
found that bothy, and ys decrease monotonously with an evaporated. The dc magnetization measurements were car-
increase of the carrier concentration by changing the oxygeried out with a Quantum Design MPMSuperconducting
content®~® doping Pb on the Bi sitéor substituting Ca with  quantum interference devi¢8QUID) magnetometer. Before
rare-earth elemenfs But for the substitution of Cu by other the transport and magnetic measurements, all the crystals
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FIG. 1. Temperature dependence of thb-plane resistivity
pab(T) and thec-axis resistivityp(T) for Bi,Sr,Ca(Cy_«M,),0, H(G)
(M=Mn, Fe, Co, and Nisingle crystals. The doping concentra-
tions measured by EDX are indicated in the panels. The solid an
open symbols represent the experimental daja,gfT) andp.(T),
respectively. The solid lines are fits pf data to Eq.(1).

FIG. 2. Magnetization curvesM(H) at 25 K of
%iZSrZCa(Cq,XMX)ZOy (M=Mn, Fe, Co, and Nisingle crystals
with applied fieldHllc axis. The second ped, for each curve is
indicated by an arrow.

were annealed in air at 400 °C for 48 h to improve the ho-T_, defined as the zero-resistance temperature, decreases
mogeneity. Although annealing under so low temperature reguickly with the substitution for Cu, especially in case of Mn
sults in a slightly overdoped instead of optimal oxygen con-doping. For all dopants, the,, increases with an increase of
tent for Bi2212 single crystals, it can avoid the well-known the doping level, while the. decreases monotonously. This
surface phase decompositithlt should be pointed out that results in the systematic suppression of the resistivity anisot-
the magnetic and transport measurements had been done @py p./pa, With increasingx. The variations of the aniso-
the same crystal for each doping concentration. tropic resistivity are qualitatively consistent with previous
Figure 1 shows the temperature dependence ofathe results on Zn- and Ni-doped Bi2212 cryst&lg?Most of the
plane resistivityp,,(T) and thec-axis resistivityp.(T) fora  in-plane resistivity shows a nearly linear function of tem-
group of BpSr,Ca(Cy - ,M,),0, (M=Mn, Fe, Co, and Ni  perature with both the residual resistivipg,(0 K) and the
single crystals. The superconducting transition temperatureemperature coefficierdp,,/dT increase upon doping. Ac-
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TABLE I. The fitting parameters, b, d, andA of Eq. (1) to the

pe(T) data.T, is given in the first column. 100 __'_Mn' '
—e—TFe
Samples T, (K) a(@cmK) b(mQcm/K) d(Qcm) A (K) —A—Co
80 |- —vY—N 4 4140
x=0 83.5 0.410 0.106 0.687 439
Mn 0.4% 73 0.359 0.009 0.336 320
Mn 1.9% 63 0.745 0.152 0.128 198 > 60} T 1130 >
Fe 3.4% 715 3.103 0.390 0.261 147
Fe 4.4% 59 3.229 0.147 0.162 111
Co0.7% 72 2.719 0.607 0.330 175 40r T —o—mn 120
Co 3.2% 60.5 0.879 0.096 0.138 159 iii
Ni 2.3% 75.5 0.387 0.411 0.374 341 VoM
Ni 43% 67.5 5.275 0.522 0.048 80 R N TR

X (%) X (%)

cording to a gauge field theory based on themodel!’ the

T-linear resistivity of highT. cuprates may originate from temperature and y, with the doping concentration for
spin scattering and the coefficiedp,,/dT increases with g o, Ca(Cu_M,) 5 (M=Mn, Fe, Co, and Nisingle crystals.
decreasing the antiferromagnetic spin correlation. It can be >~ X2y e
expected that the antiferromagnetic spin Cor_re_lation in Quooccurrence of the second peak is due to the dimensional
plane weakens when the Mn, Fe, Co, or Ni ions substitutg gssover from 3D vortex lines to 2D pancake vortféé8
some Cu iong® The increase of residual resistivity is due to and the crossover filed®,, was predicated by Vinokur
the disorder in the Cufplane introduced by the substitu- ot 530 55 BZD=®0/(575)2?Dhere,<DO is the flux quantum
tional elements. For all the samples, the temperature depegngs is the space between two Cu®locks. This picture
dence of thec-axis resistivity shows a slightly metallic be- \ya5 strongly supported by the observations of the flux-line
havior at high temperature an(_j a semiconductive behawpr dhttice by neutron diffractiod* muon spin rotatiori2*® and

low temperature. The mechanism of the anomalous semicofyca| magnetization measuremedtavoreover, it provides a
ductive behavior ofp. in high-T; superconductors has at- ,sefyl and convenient means to obtain the anisotropy factor
tracted a lot of interest and many models have been prap, the superconducting stat&?” So the anisotropy factor in
posed; however, a clear picture still has not beenype superconducting states, of Bi,SLCa(Cu_,M,),0,

establishe.d.Rece_geg, more and more theories and experi-single crystals can be easily obtained from the second peak
mental evidenc€-2?? showed that the semiconductifigde- by the relation

pendence of p. is associated with the normal-state
pseudogap, which presents a barrier to thaxis charge Bsp=d>0/(3ys)2. 2
transport. In fact, oup. data were found to be well fitted by
the formula introduced by Yaet al® assuming the presence
of a pseudogap:

FIG. 3. Variations ofy,, at the superconducting onset transition

The doping dependence ¢f is shown in Fig. 3. In contrast,
the resistivity anisotropyy, at the superconducting onset
transition temperature is also given in Fig. 3. It is clear that
p(T)=(a/T)exp(A/T)+bT+d, (1)  7¥sincreases witlx, which is just contrary to the variation of
v, - This discrepancy indicates the different mechanisms that
wherea, b, andd are constants. The fitted curves are alsodetermine the anisotropy in the normal state and that in the
shown in Fig. 1 with the fitting parameters listed in Table . superconducting state.
It should be noted that the most effective parameter respon- The anisotropy in the superconducting state is mainly de-
sible for the reduction of. with doping level is the decrease termined by the interlayer Josephson coupling between,CuO
in the size of the pseudogdy If one assumes that the origin layers, in frame of the Lawrence-Doniach motfelespe-
of the pseudogap is related to the antiferromagnetic spin cowially for the highly anisotropic Bi2212 system. The weaker
relation of Cu sping? the ion substitution for Cu will disturb  the coupling strength is, the largeg is. While the resistivity
the correlation and result in the reduction of the pseudogapnisotropy in the normal state is mainly determined by the
Figure 2 shows the magnetization curves ofc-axis charge transport behavior, which depends on both the
Bi,S,Ca(Cy_,M,),0, (M=Mn, Fe, Co, and Nisingle carrier density and the potential barrier for the incoherent
crystals measured at 25 K with applied field parallel to¢he transport. So they, and ys characterizes different physical
axis. After the crystal was zero-field cooled to the experi-properties and they do not necessarily change with doping in
mental temperature, the magnetization was measured witihe same behavior. One may notice that the rare-earth ion
increasing field. The well-known second ped, appears in ~ substitution on the Ca site always increasesjthef Bi2212
each curve and shifts gradually to lower field with an in-single crystals in spite of . increases or decreastghile
crease of the doping concentration. As for the Bi2212 systhe increase of the oxygen content or Pb substitution for Bi
tem, the origin of the second peak has attracted a lot oflecreases the anisotropy.®’ And these changes of; are
interest and many explanations have been put for#&tl.  qualitatively consistent with the variations gf . The reason
Although it may relate to the vortex motion and pinning, themay be due to the fact th4t. on the one hand, the rare-earth
second peak intrinsically depends on the anisotropy in thesubstitution for Ca will effectively destroy the interlayer Jo-
superconducting state. A reasonable understanding is that tisephson coupling between Cufyers in the superconduct-
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ing state, while excess oxygen or Pb substitution has thandp./p,p, of Bi2212 single crystals. However, a systematic
opposite effect on the interlayer coupling; on the other handstudy on the Zn-substitution effect on the second peak has
the rare-earth substitution for Ca decreases the carrier comot been reported up until now. Further studies are needed in
centration, while excess oxygen or Pb substitution increasegjs field.

the carrier concentration. In contrast, for the substitution on |n conclusion, the anisotropies in both the normal and

the Cu site in the present study, an inconsistency between syperconducting states were systematically studied for
and vy, appears. Since the carrier concentration changes “tt'BiZSrZCa(Cq_XMX)ZOy (M=Mn, Fe, Co, and Ni single
due to the very low doping concentration for Cu, the rapiderystals. They, decreases witk, while the y, increases with
reduction ofp. andy, is mainly caused by the decrease of y ‘|t means that the anisotropy in the normal state is different

the barrier potentiad. And the dopant will destroy the local from that in the superconducting state, inconsistent with the
superconductivity in Cu@layers, which will weaken the in-  ~gnventional concept.

terlayer coupling and result in an increaseyqf® We would

like to point out that similar studies are still lacking for sub-  We are grateful to Y. P. Sun for the magnetization mea-
stituting a Cu ion by a Zn ion, which is a nonmagnetic im- surements. This work was supported by the National Natural
purity, different from Mn, Fe, Co, and Ni ions. Jeehall®  Science Foundation of China and the National Center for
have found that Zn doping leads to a rapid decrease gfthe Research & Development on Superconductivity.
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