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Nonequivalence of the anisotropy in the normal state to that in the superconducting state
of Bi2Sr2Ca„Cu1ÀxM x…2Oy „MÄMn, Fe, Co, and Ni…
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The anisotropic resistivity and second peak of magnetization curves were studied for
Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co, and Ni! single crystals. Thec-axis resistivityrc(T) and the anisot-
ropy in the normal stategn@5(rc /rab)

1/2#, decrease rapidly with increasing doping concentrationx, while the
anisotropy factor in the superconducting state,gs , obtained from the second peak field by the relationBsp

5F0 /(sgs)
2, increases systematically withx. 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 gn andgs should be determined by different mechanisms in highly layered cuprates.
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One of the peculiar characteristics of high-Tc supercon-
ductors is the large electromagnetic anisotropy manifeste
the transport and magnetic properties for both the normal
superconducting states. It mainly results from the laye
crystal structure, which consists of alternate stacking of
perconducting CuO2 layers and poorly conducting block lay
ers, and has great influence on the physical properties. T
are two ways to define the anisotropy. One is the anisotr
in the normal state, usually characterized by t
ratio of c-axis resistivity to ab-plane resistivity, i.e.,gn

5(rc /rab)
1/2. Another is the anisotropy factor in the supe

conducting state defined asgs5lc /lab5(mc* /mab* )1/2; here,
lc andlab are the London penetration depths due to curre
flowing perpendicular and parallel to the CuO2 planes, and
mc* and mab* are the effective masses of the electrons
motion perpendicular and parallel to the CuO2 planes, re-
spectively. Under the nearly free electron approximation,
resistivity is proportional to the effective mass and t
resistivity anisotropy can be expressed asgn5(rc /rab)

1/2

5(mc* /mab* )1/25gs . So it is usually taken for granted tha
the anisotropy is a unique parameter in both the normal
superconducting states. However, it is well known that
normal-state resistivity of high-Tc cuprates is too complex to
be described by the nearly free electron approximation.1 In
this case the conventional three-dimensional~3D! Bloch
transport breaks down and thec-axis transport proceed
through an incoherent mechanism due to charge confinem
coming from the highly two-dimensional nature of the ele
tronic states. On the other hand,lc andlab strongly depend
on the superconducting properties, such as the paring s
metry of order parameter.2 Thus one may expect that th
anisotropy in the normal state in fact has a different phys
meaning than that in the superconducting state. With res
to the experimental results, a lot of works have been focu
on the substitution effect on the anisotropy. As for the m
highly anisotropic system Bi2Sr2CaCu2Oy~Bi2212!, it was
found that bothgn and gs decrease monotonously with a
increase of the carrier concentration by changing the oxy
content,3–6 doping Pb on the Bi site,7 or substituting Ca with
rare-earth elements.8,9 But for the substitution of Cu by othe
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3d transition elements, which hardly changes the carrier c
centration, but greatly affects the properties of the Cu2

plane, the doping effect on the anisotropy is far fro
consensus.10–13 In particular, for Ni-doped Bi2212,
Yoshizakiet al.12 found agn decrease with Ni concentration
which is just contrary to the variation trend of the anisotro
factor gs reported by Haet al.13 from measurements of th
dimensional crossover field in magnetization curves. T
opposite doping dependence of the anisotropy obtained
different means cannot be solely attributed to the sam
discrepancy: instead, it may indicate that the anisotropie
the normal and superconducting states are different fr
each other and this difference should be detected by ce
means. So detailed studies of the substitution effect on
anisotropy of Bi2212 are still needed. In this paper, we s
tematically study both the anisotropic resistivity and ma
netic second peak, from which the anisotropies in the nor
and superconducting states can be obtained
Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co, and Ni! single
crystals. It is observed that thegn andgs change with oppo-
site trends with substitution on the Cu site.

High-quality Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co,
and Ni! single crystals were grown by a self-flux method
reported previously.14 The crystals used for the present stu
have sizes around 1.53130.02 mm3 with the smallest di-
mension along thec axis. The thickness of the crystal wa
measured by a scanning electron microscope. The struc
characterizations of single crystals have been done by x
diffraction using a rotating-anode diffractometer~Rigaku,
D/Max-gA! with CuKa radiation. The cation stoichiometr
of single crystals was determined by energy-dispersive x-
~EDX! analysis using a scanning electron microscopy~Ste-
reoscan 440, Leica!. The anisotropic resistivity was mea
sured using the Montgomery method.15 Electrical contacts of
less than 2V resistance were established by soldering
copper leads onto the crystal surface on which pure gold
evaporated. The dc magnetization measurements were
ried out with a Quantum Design MPMS2 superconducting
quantum interference device~SQUID! magnetometer. Before
the transport and magnetic measurements, all the crys
11 384 ©2000 The American Physical Society
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were annealed in air at 400 °C for 48 h to improve the h
mogeneity. Although annealing under so low temperature
sults in a slightly overdoped instead of optimal oxygen co
tent for Bi2212 single crystals, it can avoid the well-know
surface phase decomposition.16 It should be pointed out tha
the magnetic and transport measurements had been don
the same crystal for each doping concentration.

Figure 1 shows the temperature dependence of theab-
plane resistivityrab(T) and thec-axis resistivityrc(T) for a
group of Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co, and Ni!
single crystals. The superconducting transition tempera

FIG. 1. Temperature dependence of theab-plane resistivity
rab(T) and thec-axis resistivityrc(T) for Bi2Sr2Ca(Cu12xMx)2Oy

(M5Mn, Fe, Co, and Ni! single crystals. The doping concentr
tions measured by EDX are indicated in the panels. The solid
open symbols represent the experimental data ofrab(T) andrc(T),
respectively. The solid lines are fits ofrc data to Eq.~1!.
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Tc , defined as the zero-resistance temperature, decre
quickly with the substitution for Cu, especially in case of M
doping. For all dopants, therab increases with an increase o
the doping level, while therc decreases monotonously. Th
results in the systematic suppression of the resistivity ani
ropy rc /rab with increasingx. The variations of the aniso
tropic resistivity are qualitatively consistent with previou
results on Zn- and Ni-doped Bi2212 crystals.10,12Most of the
in-plane resistivity shows a nearly linear function of tem
perature with both the residual resistivityrab(0 K) and the
temperature coefficientdrab /dT increase upon doping. Ac

FIG. 2. Magnetization curves M (H) at 25 K of
Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co, and Ni! single crystals
with applied fieldHic axis. The second peakBsp for each curve is
indicated by an arrow.
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cording to a gauge field theory based on thet-J model,17 the
T-linear resistivity of high-Tc cuprates may originate from
spin scattering and the coefficientdrab /dT increases with
decreasing the antiferromagnetic spin correlation. It can
expected that the antiferromagnetic spin correlation in Cu2
plane weakens when the Mn, Fe, Co, or Ni ions substit
some Cu ions.18 The increase of residual resistivity is due
the disorder in the CuO2 plane introduced by the substitu
tional elements. For all the samples, the temperature de
dence of thec-axis resistivity shows a slightly metallic be
havior at high temperature and a semiconductive behavio
low temperature. The mechanism of the anomalous semi
ductive behavior ofrc in high-Tc superconductors has a
tracted a lot of interest and many models have been
posed; however, a clear picture still has not be
established.1 Recently, more and more theories and expe
mental evidence19–22 showed that the semiconductingT de-
pendence of rc is associated with the normal-sta
pseudogap, which presents a barrier to thec-axis charge
transport. In fact, ourrc data were found to be well fitted b
the formula introduced by Yanet al.19 assuming the presenc
of a pseudogapD:

rc~T!5~a/T!exp~D/T!1bT1d, ~1!

wherea, b, and d are constants. The fitted curves are a
shown in Fig. 1 with the fitting parameters listed in Table
It should be noted that the most effective parameter resp
sible for the reduction ofrc with doping level is the decreas
in the size of the pseudogapD. If one assumes that the origi
of the pseudogap is related to the antiferromagnetic spin
relation of Cu spins,23 the ion substitution for Cu will disturb
the correlation and result in the reduction of the pseudog

Figure 2 shows the magnetization curves
Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co, and Ni! single
crystals measured at 25 K with applied field parallel to thc
axis. After the crystal was zero-field cooled to the expe
mental temperature, the magnetization was measured
increasing field. The well-known second peakBsp appears in
each curve and shifts gradually to lower field with an
crease of the doping concentration. As for the Bi2212 s
tem, the origin of the second peak has attracted a lo
interest and many explanations have been put forward.24–30

Although it may relate to the vortex motion and pinning, t
second peak intrinsically depends on the anisotropy in
superconducting state. A reasonable understanding is tha

TABLE I. The fitting parametersa, b, d, andD of Eq. ~1! to the
rc(T) data.Tc is given in the first column.

Samples Tc ~K! a ~V cm K! b ~mV cm/K! d ~V cm! D ~K!

x50 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
Fe 3.4% 71.5 3.103 0.390 0.261 147
Fe 4.4% 59 3.229 0.147 0.162 111
Co 0.7% 72 2.719 0.607 0.330 175
Co 3.2% 60.5 0.879 0.096 0.138 159
Ni 2.3% 75.5 0.387 0.411 0.374 341
Ni 4.3% 67.5 5.275 0.522 0.048 80
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occurrence of the second peak is due to the dimensio
crossover from 3D vortex lines to 2D pancake vortices28,29

and the crossover filedB2D was predicated by Vinokur
et al.30 as B2D5F0 /(sgs)

2; here, F0 is the flux quantum
and s is the space between two CuO2 blocks. This picture
was strongly supported by the observations of the flux-l
lattice by neutron diffraction,31 muon spin rotation,32,33 and
local magnetization measurements.34 Moreover, it provides a
useful and convenient means to obtain the anisotropy fa
in the superconducting state.7,8,27 So the anisotropy factor in
the superconducting state,gs , of Bi2Sr2Ca(Cu12xMx)2Oy
single crystals can be easily obtained from the second p
by the relation

Bsp5F0 /~sgs!
2. ~2!

The doping dependence ofgs is shown in Fig. 3. In contrast
the resistivity anisotropygn at the superconducting onse
transition temperature is also given in Fig. 3. It is clear th
gs increases withx, which is just contrary to the variation o
gn . This discrepancy indicates the different mechanisms
determine the anisotropy in the normal state and that in
superconducting state.

The anisotropy in the superconducting state is mainly
termined by the interlayer Josephson coupling between C2
layers, in frame of the Lawrence-Doniach model,35 espe-
cially for the highly anisotropic Bi2212 system. The weak
the coupling strength is, the largergs is. While the resistivity
anisotropy in the normal state is mainly determined by
c-axis charge transport behavior, which depends on both
carrier density and the potential barrier for the incoher
transport. So thegn and gs characterizes different physica
properties and they do not necessarily change with dopin
the same behavior. One may notice that the rare-earth
substitution on the Ca site always increases thegs of Bi2212
single crystals in spite ofTc increases or decreases,8 while
the increase of the oxygen content or Pb substitution for
decreases the anisotropygs .6,7 And these changes ofgs are
qualitatively consistent with the variations ofgn . The reason
may be due to the fact that,7–9 on the one hand, the rare-ear
substitution for Ca will effectively destroy the interlayer J
sephson coupling between CuO2 layers in the superconduct

FIG. 3. Variations ofgn at the superconducting onset transitio
temperature and gs with the doping concentration fo
Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co, and Ni! single crystals.
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ing state, while excess oxygen or Pb substitution has
opposite effect on the interlayer coupling; on the other ha
the rare-earth substitution for Ca decreases the carrier
centration, while excess oxygen or Pb substitution increa
the carrier concentration. In contrast, for the substitution
the Cu site in the present study, an inconsistency betweegs
andgn appears. Since the carrier concentration changes
due to the very low doping concentration for Cu, the rap
reduction ofrc andgn is mainly caused by the decrease
the barrier potentialD. And the dopant will destroy the loca
superconductivity in CuO2 layers, which will weaken the in-
terlayer coupling and result in an increase ofgs .8 We would
like to point out that similar studies are still lacking for su
stituting a Cu ion by a Zn ion, which is a nonmagnetic im
purity, different from Mn, Fe, Co, and Ni ions. Jeonet al.10

have found that Zn doping leads to a rapid decrease of thrc
,

.

,

ra
-

i-

i,

a

p

.

E.

.

,

e
d,
n-
es
n

le

andrc /rab of Bi2212 single crystals. However, a systema
study on the Zn-substitution effect on the second peak
not been reported up until now. Further studies are neede
this field.

In conclusion, the anisotropies in both the normal a
superconducting states were systematically studied
Bi2Sr2Ca(Cu12xMx)2Oy (M5Mn, Fe, Co, and Ni! single
crystals. Thegn decreases withx, while thegs increases with
x. It means that the anisotropy in the normal state is differ
from that in the superconducting state, inconsistent with
conventional concept.
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