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Effect of doping on the anisotropic resistivity in single-crystal Bi2Sr2CaCu2O81d
with Fe, Co, and Ni

X. H. Chen, S. Y. Li, K. Q. Ruan, Z. Sun, Q. Cao, and L. Z. Cao
Structural Research Laboratory and Department of Physics, University of Science and Technology of China,

Hefei, Anhui 230026, People’s Republic of China
~Received 13 July 1999!

Anisotropic transport properties have been investigated for single-crystal Bi2Sr2CaCu2O81d doped with Fe,
Co, and Ni. The doping has dramatic effects on both the in-plane resistivityrab and out-of-plane resistivityrc .
Upon doping with Fe, Co, and Ni the in-plane resistivityrab increases, accompanied by a decrease inTc . The
out-of-plane resistivity increases in the case of doping with Co and Ni, while monotonously decreasing with
increasing Fe concentration. The anisotropyrc(T)/rab(T) decreases with doping. The difference in the effect
of doping on transport properties between Fe, Co, and Ni arises from the fact that the Co and Ni preferentially
occupy the Cu site, whereas the trivalent atom of Fe possibly resides in the Bi site. The data ofrc are well
fitted by the activation-type phenomenological formularc(T)5(a/T)exp(D/T)1bT1c.
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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 ‘‘nonmetallic’’ tem-
perature dependence while the in-plane resistivity is meta
in behavior.1–3 The resistivity anisotropyrc /rab andc-axis
resistivity rc decrease systematically with increasing carr
concentration.1,4 In the overdoped regime, thec-axis resistiv-
ity rc(T) also shows a metallic behavior,5,6 especially the
c-axis resistivity of highly oxygenated YBa2Cu3O61x (x
.0.93) decreases linearly with temperature down to the
perconducting transition temperature.5,7 The resistivity an-
isotropy in over-doped La22xSrxCuO4 (x;0.34) is tempera-
ture independent, as expected of an anisotropic th
dimensional metal.4,6 This is strong evidence that the trans
tion into the ‘‘overdoped’’ regime involves a crossover fro
two-dimensional superconducting to three-dimensional m
tallic behavior. In Bi2Sr2CaCu2O81d ~Bi2212!, however, the
resistivity anisotropyrc /rab is as high as 105,3,8 which is
significantly larger than those of other layered cuprates;
insulating trend inrc(T) is observable at temperature as hi
as 200 K, even in the overdoped regime.9,10

The impurity effect on the anisotropic transport propert
is a sensitive probe for investigating the interlayer cha
dynamics.11,12 Many research studies on doping the Cu
planes with Fe, Co, Ni, and Zn in the Bi2212 system ha
been reported,13–24 however, in which less work was mad
for the c-axis resistivity and anisotropic transport propertie
A sharp contrary result was observed for the samples do
with Co and Zn.18,19The doping with Zn led to a reduction o
out-of-plane resistivity and anisotropy by about one order
magnitude. The semiconductorlike behavior of the out-
plane resistivity was strongly suppressed with Zn doping
contrast, there is an increase in out-of-plane resistivity w
Co doping. In addition, a temperature linear dependenc
the c-axis resistivity has been observed in the overdop
sample of Pb-doped Bi2212, and its magnitude is reduced
four orders, and is nearly the same magnitude as tha
PRB 600163-1829/99/60~22!/15339~6!/$15.00
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in-plane resistivity.25 It is anomalous that the anisotropy
too small, even much less than that of highly oxygena
YBa2Cu3O61x and overdoped La1.66Sr0.34CuO4. Many mod-
els for the out-of-plane conduction have been propos
however, no consensus has been achieved so far.26

To clarify further thec-axis conduction and the effect o
doping Cu-O planes on the out-of-plane resistivity and
isotropy, we have measured in detail the in-plane and
out-of-plane resistivities for single crystals of Bi2212 dop
with Fe, Co, and Ni using the Montgomery method. It
found that the in-plane resistivity for all crystals is line
with temperature, and the residual resistivity increases w
doping concentration. The out-of-plane resistivity shows
dramatic change upon doping. In the case of doping with
the c-axis resistivity monotonously decreases with Fe do
ing, and the anisotropic ratiorc(T)/rab(T) apparently de-
creases, while the out-of-plane resistivity increases u
doping with Co and Ni, and the anisotropic rat
rc(T)/rab(T) decreases compared with the pure Bi22
crystal. The out-of-plane resistivity can be well fitted by
thermally activated formula.

Single crystals of pure Bi2212 and Bi2212 doped with F
Co, and Ni were grown by self-flux using CuO as flux. T
single crystal of Bi2212 doped with Zn was also grown, b
an intergrowth of Bi2212 and Bi2223 phases was observ
and the resistivity measurement always shows two super
ducting transitions at about 90 and 120 K, respective
Therefore, we will not present the experimental results
single crystal Bi2212 doped with Zn. The composition
Bi2212 crystals was analyzed by electron probe microan
sis ~EPMA!. The analysis shows the doping concentration
to about 2 at. % of Ni and Co for Cu. The concentration of
in the crystals can be much higher, but there exists a crit
concentration of about 5 at. % to keep the Bi2212 structu
With increasing Fe concentration, the structure is chan
from the Bi2212 to the Bi1212 phase. A similar result h
been reported by vom Hedtet al.27 For higher concentrations
of Fe, the structure of the single crystal was identified as
15 339 ©1999 The American Physical Society
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1212 phase, which is similar to that of FeSr2YCu2O7 ~1212!
~Ref. 28! or (Bi,M )Sr2YCu2O7 ~1212! (M5Cu, Fe, etc!.29

It suggests that the trivalent atom of Fe preferentially oc
pies the Bi site in Bi-based systems. This is consistent w
the case of Fe doping in YBa2Cu4O8 ~Y2212!,30 in which Fe
substitutes preferentially for@Cu~1!# sites because the doub
Cu~1!-O chains in YBa2Cu4O8 ~Cu2212! are equivalent to
the double Bi-O layers from the viewpoint of crystallogr
phy.

We obtained two crystals for Co and Ni~1 at. % Co and
2.5 at. % Co; 1 at. % Ni and 2 at. % Ni! and three crystals fo
Fe ~0.5 at. %, 2 at. %, and 5 at. %! with different doping
concentrations, respectively. The crystals used to mea
resistivity had a typical size of 1.5 mm31 mm30.05 mm
with the shortest dimension along thec axis. The thickness
of the crystal was determined by a scanning electron mic
scope. Electrical contacts of less than 2V resistance were
established by soldering the copper leads onto the sam
surface on which pure silver was evaporated. The Montgo
ery contact configuration is the same as that reported in
previous paper.31 The anisotropic in-plane resistivity (ra and
rb) and the out-of-plane resistivityrc were separately mea
sured in the different crystals. In order to directly obtain t
anisotropic ratiorc(T)/rab(T), the transport along thea axis
and b axis is considered to be isotropic when the out-
plane resistivityrc was measured.

Figure 1 shows the temperature dependence of the an

FIG. 1. The temperature dependence of anisotropic in-plane
sistivity for the as-grown single crystal~circles! and the single crys-
tals doped with Fe~down triangles! and Co~up triangles!, and their
resistivity ratiorb(T)/ra(T).
-
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tropic in-plane resistivity for the as-grown single crystals.
is found that the normal state resistivity behavior is nea
the same, and is linear with temperature for the undoped
doped crystals with Fe and Co. The in-plane anisotro
rb(T)/ra(T) is also shown in Fig. 1. The anisotrop
rb(T)/ra(T) is temperature independent for all crystals.
suggests that a common scattering mechanism fora-axis and
b-axis transport. It is worth pointing out that the resistivi
ratio rb(T)/ra(T) for the crystal doped with Fe is nearly th
same as that for the pure crystal, while there is an appa
increase inrb(T)/ra(T) for the crystal doped with Co. Fo
the pure Bi2Sr2CaCu2O81d , the in-plane anisotropic ratio
was reported to be in the range 2–4,32–34 depending on the
carrier concentration. The anisotropic in-plane resistivity
believed to be due to incommensurate superlattice struc
along theb axis.33,34The corrugated CuO2 planes along theb
axis would give a larger effective mass of the carrier, lead
to a larger resistivity along this direction. The modulatio
period qb is decreased by Co doping,35 resulting in more
corrugated CuO2 planes. Such a structural change would
an origin of the larger in-plane ansotropyrb(T)/ra(T) ob-
served in Co-doped Bi2212 crystals.

Figure 2 shows the temperature dependence of in-p
resistivity rab(T) for the pure Bi2212 single crystal and th
crystal doped with Fe, Co, and Ni. All samples show t
well-known linear resistivityrab(T)5r01aT.36 We fit the
data ofrab(T) to the formula for all samples. The results a
listed in Table I. For the pure Bi2212 crystal, the temperat
dependence is nearly linear, but contains a small quadr

e-
FIG. 2. The temperature dependence of in-plane resistivity

the pure Bi2Sr2CaCu2O81d single crystal and the crystals dope
with Fe, Co, and Ni.
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PRB 60 15 341EFFECT OF DOPING ON THE ANISOTROPIC . . .
component, suggesting the crystal is in the slightly ov
doped regime. The residual resistivity was estimated fr
the intercept ofr0. Table I shows that the residual resistivi
monotonously increases with increasing the doping conc
tration for all crystals with a different dopant. The monot
nous increase in residual resistivity indicates a decrea
mean free pathl caused by scattering from the dopant im
purities. It is found in Table I that the doping with Fe, C
and Ni leads to a slightly monotonous increase with dop
concentration in the slope ofdrab /dT from about
0.007 mV mm/K for the pure crystal to 0.038 mV mm/K for
the crystal doped with 2.5 at. % Co, to 0.027 mV mm/K for
the crystal doped with 2 at. % Ni, and to 0.049 mV mm/K
for the crystal doped with 5 at. % Fe, respectively. It impli
that the doping results in a decrease in carrier concentra
The superconducting transition temperatureTc decreases
monotonically as the amount of Ni and Co in the crystals
increased until the saturation of the doping concentrat
We find the magnitude ofdTc /dx caused by Ni substitution
in B2212 is nearly the same as that by Co substitution
present results,dTc /dx52900 K for Ni and Co substitu-
tion, which is nearly the same as the result reported by K
er al.20 The change ofTc caused by Fe substitution is diffe
ent from that by Co and Ni substitution.dTc /dx52100 K
for Fe substitution is much less than2900 K for Ni and Co
substitution. Especially, theTc has a slight increase at th
low concentration of Fe. It could be because the low conc
tration doping of Fe results in a decrease in carrier conc
tration to make the crystals from the overdoped regime to
optimally doped regime. The difference of the effect of do
ing on Tc between Fe, Co, and Ni is also indicative that
preferentially occupies the Bi sites, being different from t
case of Co and Ni. This is consistent with the structu
analysis mentioned above. Therefore, it is easily underst
that Fe substitution has a weak destruction onTc compared
to the case of Co and Ni substitution.

The temperature dependence of out-of-plane resisti
rc(T) is shown in Fig. 3 for the Bi2Sr2CaCu2O81d single
crystal and the single crystals doped with Fe, Co, and Ni.
all crystals, the resistivity temperature dependen
drc(T)/dT is negative in the measuring temperature ran
between the superconducting transition temperature (Tc) and
300 K. It implies that the crystals are in the optimally dop
or slightly overdoped regime since a positivedrc(T)/dT at
high temperature has been observed in the heavily overdo

TABLE I. The fitting parameters of in-plane resistivity of no
mal state withrab(T)5r01bT for the undoped Bi2212 crystal an
the doped Bi2212 crystals with Fe, Co, and Ni.

Samples r0 (mV mm) b (mV mm/K)

Pure B2212 2.59860.005 0.007162.531025

1% Co 5.34760.005 0.013962.831025

2.5% Co 5.80760.005 0.038062.531025

1% Ni 4.16260.003 0.014461.231025

2% Ni 7.51260.009 0.027264.431025

0.5% Fe 4.23760.003 0.010461.631025

2% Fe 5.34760.007 0.015464.531025

5% Fe 7.01560.012 0.048867.331025
-
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regime.10,31 In the case of Co doping, therc(T) increases as
the amount of Co is increased, which is consistent with
result reported by Watanabe and Matsuda.18 But the crystal
doped with 1 at. % Co shows nearly the same behavio
r(T) as that for the pure Bi2212 crystal except for a redu
tion of Tc . The effect of doping with Ni on the out-of-plan
resistivity is similar to that for the doping with Co. It i
worth noting that the semiconductorlike behavior of the o
of-plane resistivity was suppressed with doping 1 at. %
compared to pure Bi2212 crystals, but the temperature
dient of the resistivity was still slightly negative. A simila
behavior has been reported for the Bi2212 single cry
doped with 1 at. % Zn, in which the reduction of the out-o
plane resistivity is more than one sixth.19 Jeon et al. ex-
plained their results by the elongation of the out-of-pla
coherence lengthjc based on the analysis of the superco
ductivity fluctuation. In the case of Fe doping, the out-o
plane resistivity monotonically decreases as the amoun
Fe in the crystals is increased. This is completely differ
from the case of the doping with Co and Ni. It could b
understood that Fe substitution for the Bi sites of the wea
coupled BiO-BiO double layers leads to an increase in
interlayer coupling strength between the adjacent blocks
the CuO2 planes, subsequently resulting in an elongation
the out-of-plane coherence lengthjc .

There have been many explanations for the tempera
dependence ofc-axis resistivity rc(T).26 Kumar and
Jayannavar37 proposed a model in which thec-axis confine-

FIG. 3. The temperature dependence of out-of-plane resisti
for the pure Bi2Sr2CaCu2O81d single crystal and the crystals dope
with Fe, Co, and Ni. The solid curves are fits ofrc(T) data to
Eq.~1!.
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15 342 PRB 60CHEN, LI, RUAN, SUN, CAO, AND CAO
ment and the semiconductingc-axis resistivity in the layered
cuprates was attributed to anisotropic weak localizati
However, this model gives the same temperature depend
for thec-axis resistivity as that for the in-plane resistivity,
contrast to our experimental results. On the other ha
Anderson38 argues that the observation of localization beh
ior in only one direction is not possible. The famous ‘‘co
finement’’ theory proposed by Anderson38,39 assumes tha
c-axis confinement and the ‘‘semiconducting’’c-axis resis-
tivity in the layered cuprates derive from properties of t
spin-charge-separated Luttinger liquid normal state. T
theory gives a semiconductingT dependence ofc-axis resis-
tivity with rc(T);1/T, and can qualitatively explain th
nonmetallic rc(T) behavior. Unfortunately, it cannot b
quantitatively well fit to our data. Levin and co-workers40

proposed an interlayer scattering model. According to t
model, thec-axis conductivity is contributed by three hop
ping processes: direct interlayer quasiparticle hopping, h
ping assisted through static disorder~impurities!, and hop-
ping assisted through inelastic boson-mediated scatte
~phonon!. According to the analysis of Ref. 41, in the fram
of the interlayer scattering model thec-axis resistivity can be
given byrc(T)5a01aT11/(c1bT) for the extremely an-
isotropic Bi-based cuprates. Although our data can be w
fitted to the above formula, the unphysical fitting paramet
of a0 andc, being negative for all crystals, are obtained. T
‘‘semiconducting’’ rc in underdoped La22xSrxCuO4 and
YBa2Cu3O61d has also been attributed to a gap in the s
density of states.6 However, recently it is reported that th
onset of the semiconductingrc(T) does not coincide with
the opening of the spin gap seen in therab(T) in the Bi2212
system.10 In the present experimental results, no opening
spin gap is observed in therab(T), while therc(T) shows a
semiconducting behavior. It suggests that the semicond
ing behavior ofrc(T) could not be explained by the spi
gap. The bipolaron theory proposed by Alexander a
co-workers42 can be fitted to the present data as reported
us.31 However, we find that the fitting by the activation-typ
phenomenological formula

rc~T!5~a/T!exp~D/T!1bT1c ~1!

is much better than the fitting by the bipolaron theory. In t
formula, a, D, b andc are constants, andT is independent.
The fitting curves are also shown in Fig. 3 as solid lines, a
the parameters obtained are listed in Table II. The dop
affects the activated term strongly. The fitting parameterb to
the data of all crystals was set to zero except for the cry
doped with 1 at.% Ni, since the fitting gave it a negati
value which was unphysical. However, the fitting becom
surprisingly better by the settingb50. But the parameterb
is positive for the crystal doped with 1 at. % Ni, and t
fitting is much better than that of settingb zero. It has been
reported10,31 that the out-of-plane resistivity of the unde
doped and optimally doped samples can be well reprodu
with the above activation-type phenomenological form
and the parameterb was set to zero, while the out-of-plan
resistivity of the overdoped samples cannot be fitted by
ting b50. Therefore, the nonzero parameterb of the crystal
.
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doped with 1 at. % Ni suggests that the crystal is in t
overdoped regime, in which a weakly semiconducting b
havior of out-of-plane resistivity is observed.10,31This is con-
sistent with our experimental results. According to the arg
ments of Anderson,43 doping the CuO2 planes with spin
impurities will rapidly destroy the unique Luttinger liqui
properties by smearing the spinon Fermi surface, reintrod
ing residual resistance and metallic transport along thec axis
as well as reducingTc . Although the spin impurity Ni dop-
ing with low concentration leads to an apparent suppress
in semiconducting behavior of out-of-plane resistivity, n
metallic out-of-plane resistivity is observed. Further resea
on the arguments of Anderson is being carried out.

Figure 4 shows the temperature dependence of the an

TABLE II. The fitting parametersa, D, b, andc of the formula
rc(T)5(a/T)exp(D/T)1bT1c to the data of the out-of-plane resis
tivity for the pure and doped Bi2212 crystals with Fe, Co, and N

Sample
a

~V cm/K! D ~K!
b

~V cm/K! c (V cm)

Pure B2212 27064.1 17161.3 0 2.0160.03
1% Co 18161.7 214.360.8 0 4.0760.02
2.5% Co 887622 13561.8 0 5.160.2
1% Ni 366610.8 8561.9 0.006360.0003 1.460.11
2% Ni 865614.8 13161.3 0 2.860.1
0.5% Fe 39165.9 16061.3 0 0.2660.05
2% Fe 15661.9 15761.0 0 1.8460.02
5% Fe 5362.2 22763.4 0 1.1060.03

FIG. 4. The temperature dependence of the anisotr
rc(T)/rab(T) for the same crystals as in Figs. 2 and 3.
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PRB 60 15 343EFFECT OF DOPING ON THE ANISOTROPIC . . .
ropy ratio rc(T)/rab(T) for the same crystals as in Figs.
and 3. The anisotropyrc(T)/rab(T) is rather larger; all crys-
tals exceed 104 at low temperature.rc(T)/rab(T) depends
on temperature for all the crystals. This implies that t
mechanisms governing the transport property along and
pendicular to the CuO2 plane are different. Upon doping th
CuO2 planes with Co and Ni, the anisotropy ratio decrea
relative to the pure Bi2212 crystal. The behavior of the a
isotropy ratio with doping is the same for Co and Ni dopin
This is consistent with the previous reports.18,19 This behav-
ior has been explained19 in that doping the CuO2 planes leads
to an elongation of the out-of-plane coherence lengthjc ,
while the in-plane coherence lengthjab was almost un-
changed. In the case of Fe doping, the anisotropy r
rc(T)/rab(T) monotonously decreases as the amount of
is increased. The anisotropy ratiorc(T)/rab(T) for the crys-
tal doped with 5 at. % Fe is about one-eighth of that for
pure Bi2212 crystal at low temperature. It further indica
that Fe substitution for Bi greatly strengthens the weak in
layer coupling between the double BiO layers. On the ot
re
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hand, it supports the observation that the much larger ani
ropy ratio rc(T)/rab(T) in Bi-based cuprates than in La
based and Y-based cuprates arises from the very weak b
between double BiO layers.

In conclusion, single crystals of Bi2212 doped with d
ferent concentrations of Fe, Co, and Ni were grown by
self-flux method and their anisotropic transport propert
(rab and rc) were examined. With Co and Ni doping,
decrease in the anisotropy ratiorc(T)/rab as well as an in-
crease in out-of-plane resistivity were observed, while
anisotropy ratiorc(T)/rab(T) and the out-of-plane resistiv
ity monotonously decrease as the amount of Fe is increa
The data ofrc(T) can be well fitted by the activated-typ
phenomenological formularc(T)5(a/T)exp(D/T)1bT1c.
An apparent suppression in semiconducting behavior of o
of-plane resistivity was observed for the crystal doped w
low concentrations of Ni.
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