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Variation of Tc and transport properties of the Co-doped Bi2Sr2Ca12xYxCu2O8 system

B. Bandyopadhyay, P. Mandal, and B. Ghosh
Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Calcutta 700 064, India

~Received 29 July 1998; revised manuscript received 16 December 1998!

We report the effect of the substitution of the 3d transition metal element Co for Cu on the resistivity, Hall
coefficient, and thermopower in the normal state of the Bi2Sr2CaCu2O8 system over a wide range of carrier
concentration. The carrier concentration is varied by partial replacement of Ca by Y ions. The superconducting
transition temperature (Tc) is found to decrease considerably and a significant enhancement of the ther-
mopower is observed with increasing Co doping. BothTc and thermopower show linear dependence on Co
concentration. The temperature dependence of the thermopower for the underdoped samples shows a weak
anomaly above the broad peak. This anomaly may be assigned to the opening of a normal-state gap in the
density of states. A scaling behavior for the normal-state thermopower for optimum and underdoped samples
has been established from our studies. We have also shown that the thermopower of all underdoped cuprates
can be scaled into a single universal functional form.@S0163-1829~99!09325-X#
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I. INTRODUCTION

It is well established that the normal-state transport pr
erties of high-temperature superconductors are profoun
different from those of conventional metals and superc
ductors. The understanding of this unusual normal state i
important step to elucidate the superconducting mechan
in the high-Tc systems. The strongly correlated charge d
namics in the two-dimensional CuO2 network is the origin of
many anomalous transport properties and high supercond
ing transition temperatures. Several effects due to str
electronic correlation are usually manifested in mater
with reduced carrier density, commonly known as und
doped. The universal doping-temperature phase diagram
the cuprates shows the proximity of magnetic ordering, m
tallic, and superconducting phases, and suggests that the
interrelated. The undoped parent compounds are usually
tiferromagnetic~AF! Mott-Hubbard insulators. With increas
ing carrier doping, magnetic fluctuations suppress long-ra
ordering and superconductivity evolves in the proximity
the insulator-to-metal~IM ! transition. Therefore, the evolu
tion of the metallic phase from the AF insulating phase h
received much attention. Recently, a new phenomenon
been discovered in underdoped samples. A gaplike featu
the electronic spectrum of low-energy excitations have b
inferred from neutron difraction,1 NMR,2 specific heat,3

electrical4 and optical5 conductivity, thermopower,6 and Ra-
man spectroscopy.7 In fact all transport properties of high-Tc
superconductors exhibit a systematic dependence on
concentration including, most notably, the thermopower. T
thermopower is a simple but highly sensitive tool to det
any changes in the electronic transport mechanism du
small variations of carrier density or disorder in the Cu2
plane.

In this paper, we report the charge transport characte
tics of the Co-doped Bi2Sr2Ca12xYxCu2O8 system with con-
trolled carrier density from highly underdoped to slight
overdoped. In the YBa2Cu3O7 system, Zn and Ni occupy Cu
sites in the CuO2 plane whereas Co and Fe go into the Cu
chain site and decrease carrier density. However, in the
PRB 600163-1829/99/60~5!/3680~6!/$15.00
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2212 system Co goes into the CuO2 plane without affecting
the carrier density. In YBa2Cu3O7 ~Ref. 6!, YBa2Cu4O8
~Ref. 6!, and La22xSrxCuO4 ~Ref. 8! systems, thermopowe
decreases systematically with the doping of Zn and Ni an
clear indication of the normal-state gap opening and its s
pression with Zn doping have been reflected in the temp
ture dependence of the thermopower of the underdo
samples. In the present study, our aim is to investig
whether similar behavior also exists in the Co-doped
2212 system.

II. EXPERIMENTAL TECHNIQUES

Polycrystalline samples of nominal compositio
Bi2Sr2Ca12xYx(Cu12yCoy)2O8 were synthesized by a con
ventional solid-state reaction method. Stoichiomet
amounts of oxides and carbonates were mixed throughly
then reacted in air for several days with intermediate gri
ings. The heat treatment temperature was increased line
with x from 860 to 900 °C as Y concentration increases fro
0 to 1.0. The x-ray diffraction patterns show that all t
samples are single phase having orthorhombic structure.
systematic change of lattice parameters and other phys
properties with increasing Co concentration suggest that
is incorporated in the lattice. The variation of lattice para
eters are consistent with the reported results.9 Energy disper-
sive x-ray fluorescence analysis was used to estimate the
concentration in the samples. The photopeak integrals of
and CoK lines were obtained with a standard peak fitti
program. The concentrations of Cu and Co in the samp
were then calculated using the fundamental parameter t
nique@Eq. ~1! of Ref. 10# where the effect of absorption of
rays in the sample as well as in the air gap and the enha
ment of the CoK x ray by Cu K x rays were taken into
account.11 The estimated values ofy are within 15% of the
nominal compositions. The thermopower of the samples
been measured using a differential technique where a s
temperature gradient is created across the sample and
voltage developed between the hot and cold junctions of
thermocouple formed by the sample and Cu wires is m
3680 ©1999 The American Physical Society



iq

ffi
e
a

ge
a

nc
ur

in
an

u-
ll
n

th

pe
t

o

su

s
,

s
th

p
is

he

s-

i
.

e
i

of
f

al
id

s

n

PRB 60 3681VARIATION OF Tc AND TRANSPORT PROPERTIES OF . . .
sured. The details of the setup and measurement techn
have been reported earlier.12 The electrical resistivity has
been measured by dc four probe method. The Hall coe
cient measurements have been done at room temperatur
der the magnetic field of 20 kOe. The magnetic field w
reversed to eliminate any magnetoresistance. The avera
four to five sets of data were taken to calculate the H
coefficient for each sample.

III. RESULTS AND DISCUSSIONS

The effect of Co doping on the temperature depende
of the resistivity and superconducting transition temperat
of Bi2Sr2Ca12xYx(Cu12yCoy)2O8 is shown in Figs. 1~a! and
1~b! for two batches of samples withx50 and 0.3. Both the
conductivity andTc are observed to decrease with increas
Co concentration. The midpoint of the superconducting tr
sition in ther vs T plot is defined asTc here.Tc determined
in this way is very close to the temperature at whichdr/dT
is maximum. Forx50, all the samples are metallic and s
perconducting. Ther vs T of Co-rich samples shows a sma
upturn or semiconductinglike behavior for higher Y conte
samples. Thex dependence ofTc for the undoped (y50)
samples is as reported in the literature.13,14 The variation of
Tc as a function ofy is shown in Fig. 1~c! for samples with
different x. From the figure, it is clear thatTc decreases lin-
early with Co doping. From the figure we can see that
slope ofTc vs y curves, i.e., the rate ofTc suppression with
Co doping, is a function of the Y concentration. The slo
increases with increasing Y content. This suggests that
Tc suppression is stronger in the underdoped regime.

There are various ways to explain theTc suppression by
magnetic and nonmagnetic impurities. In the framework
conventional Abrikosov-Gorkov~AG! theory, it can be inter-
preted as the incorporation of magnetic impurities into a
perconductor. However, in CaBa-123~Ref. 15! magnetic
~Ni! and nonmagnetic impurity~Zn! depressTc with equal
effectiveness. Sun and Maki16 studied the impurity effect in
d-wave superconductors and found that theTc reduction for
elastic scattering in weak-couplingd-wave superconductor
follows the AG equation. Tallon,17 using the AG equation
analyzed the experimental results of different high-Tc sys-
tems and found that the initial slope of the depression inTc
with impurity concentration (dTc /dy) is constant for over-
doped samples where the pseudogap is absent and rise
idly in the underdoped region with the appearence of
pseudogap. Our present findings that showdTc /dy is stron-
ger in the underdoped region and weaker in the overdo
region are in conformity with their observations and analys

The thermopowerS for samples with differentx andy are
plotted against temperature in Fig. 2. For t
Bi2Sr2CaCu2O81d (x50 and y50) sample,S is negative
from 310 K down toTc , and decreases linearly with increa
ing T. S increases systematically with increasing impurity~y!
concentration but remains mostly negative and maintains
linear dependence onT up to the highest doping level of Co
The following clear characteristics are observed in theSvs T
curve with increasing Y doping (x): ~1! S changes from
negative to positive and becomes nonlinear inT, ~2! a broad
peak appears and this peak shifts towards higher temp
tures,~3! a small anomaly appears slightly above the peak
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theSvs T curve forx>0.3 samples~clearly depicted in Fig.
3!. The small, negative and linearT dependence ofS in the
overdoped regime is consistent with the metallic nature
the resistivity. It has been pointed out6 that the appearance o
the broad peak in theS-T curve with increasingx ~decreasing
carrier density! is due to the opening of a gap in the norm
state termed the ‘‘pseudogap’’ or ‘‘spin gap.’’ The rap

FIG. 1. Temperature dependence of the electrical resistivitier
of Bi2Sr2Ca12xYx(Cu12yCoy)2O8 for various Co doping.~a! x
50.0, ~b! x50.30. ~c! The suppression of Tc for
Bi2Sr2Ca12xYx(Cu12yCoy)2O8 as a function of Co concentratio
for various Y contents (x). Tc is determined from the resistive
transition.
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FIG. 2. Temperature dependence of the thermopowerS of Bi2Sr2Ca12xYx(Cu12yCoy)2O8 samples for various impurity concentration
(y). ~a! x50.0. ~b! x50.20. ~c! x50.30. ~d! x50.40. ~e! x50.50.
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decrease ofS below this peak is also due to the opening
this gap. In the Zn-substituted YBa2Cu3O7 and YBa2Cu4O8
samples, this broad peak is suppressed considerably an
thermopower is enhanced at low temperatures well below
peak.6 The disorder introduced in the CuO2 plane by the
random distribution of Zn ions suppresses the gap. The t
perature at whichS of Zn-doped samples deviates from th
undoped one has been assigned as the gap-opening tem
ture. In the La22xSrxCuO4 system too, thermopower de
creases considerably with Zn and Ni doping.8 This behavior
is seen in the underdoped as well as in the highly overdo
f
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samples. Seraet al.8 proposed thatS consists of two parts: a
T-linear part and an anomalous part. The linear term is us
and ascribed to electron diffusion in metals while the anom
lous term is due to the spin fluctuations or spin correlati
They suggested that the decrease ofS by Zn substitution is
due to the decrease of the anomalous spin fluctuation te
However, the thermopower of Bi-2212 system shows a d
ferent kind of behavior with Co doping.S is observed to
increase monotonically with Co concentration up to the hig
est value ofy and shows a broad peak for optimum a
underdoped samples. Also, we have not seen any enha
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ment of S below the peak in the Co-substituted samples
observed in Zn-doped YBa2Cu3O7 ~Ref. 6!. Except for a
small shift in the peak towards the higher temperature,
nature of theT dependence ofS for the Co-doped samples i
similar to that of undoped samples. The above unusual
havior ofS with Co doping cannot be ascribed to a decre
in the carrier density. Maedaet al.18 measured the Hall co
efficient of Zn-, Ni-, Co-, and Fe-doped Bi-2212 and did n
observe any decrease in the carrier density. In fact, t
results show a small decrease in the Hall coefficient for
doped samples as compared to the undoped one. We
also measured the Hall coefficient at room temperature fo
x50.4 sample for different Co concentrations and obser
thatRH does not depend on the impurity concentration. Th
the increase ofS with Co doping must have a different or
gin.

In Fig. 3, we show the temperature dependence ofS for
the underdoped samples (x>0.3) with y50. Above the
peak, thermopower shows a small anomaly below a cha
teristic temperature (TS* ). This feature was reproduced i
several measurements. It may be noted that Co-do
samples with differentx also show a similar anomaly abov
the peak. As has already been discussed, the broad peakS
arises due to the opening of the normal-state gap. The t
peratureTS* below whichSshows anomaly is assigned to th
gap opening temperature. A deviation from the line
resistivity19,20 behavior below a certain temperature and
small anomaly in the thermopower20 close to this tempera
ture has been observed for oxygen deficient Bi-22
samples. It has been suggested that the normal state
opens below this temperature.19,20The gap opening tempera
turesTS* are 179, 196, 203, 230, and 258 K, respectively,
our samples withx50.3, 0.4, 0.42, 0.44, and 0.46. The
temperatures (TS* ) are comparable with those reported
others for samples with similarTc and doping level.5,7,19,20

Due to the complicated temperature dependence of t
mopower in high-Tc superconductors, it is difficult to deter
mine the carrier density or other normal-state parameters
lated to electron transport in these systems. Sev
theoretical models have been proposed to explain the t

FIG. 3. Temperature dependence of the thermopower for
underdoped Bi2Sr2Ca12xYxCu2O8 samples with x50.30, 0.40,
0.42, 0.44, and 0.46. Forx50.30 sample,Shas been shifted upwar
by 8.5 mV/K. The arrows indicate the appearance of a we
anomaly due to the opening of the normal-state gap.
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perature dependence ofS but at this moment it is hard to
judge which one is best to describe the thermopower of hi
Tc materials. Nevertheless, efforts have been made to
whether any correlation between the thermopower and o
physical parameters such as carrier density,Tc , etc.,
exists.21–23 With the variation of carrier level, a strong de
pendence ofTc on room-temperature thermopower (S300 K)
similar to that ofTc vs carrier density has been observed
different systems. To observe whether the Co-doped Bi-2
system shows a similar behavior we have plottedS300 K as a
function of Tc and Co concentration in Fig. 4. Figure 4~a!
shows that for a givenY concentration,Tc decreases linearly
with S300 K. This behavior is quite different from that o
parabolic dependence ofTc on S300 K in oxygen deficient
systems21 whereTc is suppressed due to the decrease of c
rier density. Thus the effects ofTc suppression on normal
state thermopower due to the disorder in the CuO2 plane and
due to changes in carrier density are different in nature. I
clear from the Fig. 4~b! thatS300 K increases linearly with Co
concentration for samples withx,0.50. Forx50.5 sample,
a strong deviation from linear behavior is observed. It m
be mentioned that thex50.5 doping is close to the metal-to
insulator transition in this system. This suggests that the

e

FIG. 4. ~a! The variation ofTc with room-temperature ther
mopower (S300 K) for various values of x in
Bi2Sr2Ca12xYx(Cu12yCoy)2O8 samples.~b! The dependence o
room temperature thermopower (S300 K) on Co concentration for
various Y content Bi2Sr2Ca12xYx(Cu12yCoy)2O8 samples.
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fluence of Co substitution onS is different in the metallic and
in the insulating regimes.

The various normal-state transport parameters of highTc
superconductors can be scaled to universal master cu
Uchida4 showed that the in-plane resistivity o
YBa2Cu3O72d deviates from linear behavior below a cha
acteristic temperatureTr* well above theTc and observed
that all therab vs T plots for underdoped samples includin
HgBa2Ca2Cu3O81y fall into a single curve by scalingT/Tr*
andrab(T)/rab(Tr* ). Hwanget al.24 found that the Hall co-
efficient RH(T) of La22xSrxCuO4 can be scaled to a univer
sal functional form RH(T)5RH

0 1RH* f (T/TH* ). RH(T) is
temperature dependent below a characteristic temperaturTH*
and becomes T independent (RH

0 ) aboveTH* . The tempera-
ture TH* is found close to the characteristic temperatu
where the susceptibility and the Knight shift show peaks.
in the other cases,TH* is also found to increase with th
depletion of carrier density. For the Y-123 system, simi
type of scaling behavior for the Hall coefficient is confirm
by Chenet al.25 They observed that the characteristic te
peraturesTr* and TH* are close to each other. So far th
scaling has been done on materials with finiteTc and the
physical properties considered mainly resistivity and Hall
efficient. Mandal et al.22 established a scaling of the
mopower for the nonsuperconducting Bi-2212 and Tl-22
samples. They observed that theS vs T plots for the nonsu-
perconducting samples fall into a single curve by scal
S(T)/S* andT/T* as in the case of resistivity. Here,T* is
the temperature whereSshows its maximum valueS* . Simi-
lar scaling behavior forS has also been reported recently
Cooper and Loram23 for La22xSrxCuO4 and YBa2Cu3O72d

systems. They observed that the temperature (Tx* ) wherex
shows maximum is approximately two times higher than t
of T* . To investigate whether a similar type of scaling is a
applicable for Co-doped samples we have plottedS/S* vs
T/T* in Fig. 5. It is clear that all theS vs T plots for super-
conducting as well as nonsuperconducting samples of Fi
which show broad peaks can be scaled to a single curve.
some superconducting samples, the low-temperature dat
viate and are not plotted in this figure. This is due to the h
superconducting onset temperature which is closer to
peak as compared to other samples.

It has been observed4 that the opening of the pseudoga
strongly modifies the temperature dependence of in-plane
sistivity belowTr* . rab remains linear aboveTr* but follows
T2.5 dependence belowTr* . This behavior is universal for al
underdoped cuprates. This suggests that the resistivity fo
the underdoped cuprates can be scaled into a single univ
curve after subtracting the residual resistivity.4 Now the
question arises of whether a similar type of universal sca
also exists for other transport coefficients. For this we h
plotted the thermopower data for Tl2Ba2CaCu2O8 ~Tl-2212!
~Ref. 26!, La22xSrxCuO4 ~LSCO! ~Ref. 23!, and
YBa2Cu3O72d ~YBCO! ~Ref. 23! systems in Fig. 5. One ca
see that all the curves for different systems fall onto a sin
curve. For the La22xSrxCuO4 system, the small deviation
may be due to the scattering of experimental data.23 Thus as
es.
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in the case of resistivity and Hall coefficient, one can sc
thermopower also into a single universal curve of the fo
S/S* 5 f (T/T* ). As S is zero atT50, the functionf (T/T* )
should also vanish atT50. The inset of Fig. 5 shows th
variation of T* and S* with Y concentration~carrier den-
sity!. The nature of variation of these two parameters w
carrier density are qualitatively similar to that for th
La22xSrxCuO4 ~Refs. 23,24! and YBa2Cu3O72d ~Ref. 23!
systems.

In summary, we have investigated the normal-state tra
port properties of Co-doped Bi-2212 system over a w
range of carrier concentration by means of resistivity, th
mopower, and Hall coefficient. Our studies reveal the f
lowing. ~1! Tc decreases linearly with increasing Co imp
rity. ~2! In the optimum and underdoped regimes,S vs T
shows a weak anomaly above the broad peak associated
the normal-state gap opening phenomenon. The gap ope
temperatures obtained from the thermopower measurem
are close to those reported from other measurements.~3!
Thermopower increases monotonically with Co doping a
the room-temperature thermopower forx,0.5 samples
shows a linear dependence on Co concentration. For thx
50.5 sample,S increases with Co at a rate much faster th
linear. ~4! All the Svs T plots showing broad peaks fall int
a single curve by scalingT/TS* andS(T)/S* . ~5! As with the
resistivity the thermopower of underdoped cuprates can
scaled into a single functional form.
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FIG. 5. The thermopower for Bi2Sr2Ca12xYx(Cu12yCoy)2O8

samples of Fig. 2 with 0.20<x<0.60, plotted rescaled asS/S* vs
T/T* . The symbols are for present work. All samples are not p
ted in this figure to avoid overlapping. The scaling behavior
La22xSrxCu2O4 ~Ref. 23!, YBa2Cu3O7 ~Ref. 23!, and Y-doped
Tl2Ba2CaCu2O8 ~Ref. 26! systems are also shown in this figur
Inset: The variation ofT* andS* with (12x).
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