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Variation of T, and transport properties with carrier concentration
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Electrical resistivity, magnetic susceptibility, and the Hall voltage of Bi2Sr2Ca& „Y Cu208+~ (Bi
2:2:1:2)and (Bi& Pb )2Sr2Ca&Cu30»+~ (Bi 2:2:2:3)samples are measured as a function of tempera-
ture. A metal-insulator transition originating from the change of carrier concentration is found in

the Bi 2:2:1:2system at x =0.55. Analysis of the electrical resistivity in the insulating region sug-
gests that the transport is governed by a variable-range-hopping mechanism in the low-temperature
region and phonon-assisted hopping of polarons in the high-temperature region. A universal
dome-shaped T, versus nH variation is observed in the Bi 2:2:1:2and Bi 2:2:2:3 systems, which is
similar to that reported in La& „Sr Cu04 and YBa2Cu307 „systems. Various normal-state param-
eters, such as the effective mass of the carrier, Fermi energy, density of states at the Fermi level, and
correlation energy, are calculated and compared to those reported in the literature.

I. INTRODUCTION

The well-established phase diagram of the Cu02-based
superconductors is that the systems are Mott-Hubbard
insulating in the low-carrier-concentration region and su-
perconducting in the intermediate range, whereas in the
heavily doped region they are normal metals. ' The
carrier concentration in the high-T, systems may be
varied by varying the dopant and oxygen contents. Ong
et al. observed a linear relation between the carrier con-
centration (nH = 1/RHe, RH is the Hall constant) and the
doping concentration (x) in the La2 Sr CuO& (2:1:4)
system. The super conducting transition temperature
(T, ) is strongly related to nH in the 2:1:4 (Ref. 2) and
YBazCu~07 (1:2:3) (Refs. 4 and 5) systems. T, in-
creases with the increase of the carrier concentration,
passes through a maximum, and then decreases and be-
comes zero beyond a critical concentration. For the su-
perconducting samples, R~ is strongly temperature
dependent, RH ' being linear in T. However, for low car-
rier concentration, R~ is, in general, temperature in-
dependent. ' ' The concentration at which maximum T,
is observed varies from system to system. The values
are 0.15 (Ref. 2), 0.25, (0.5 in a single crystal)
(Ref. 6), 0.25 —0.35 (Refs. 8 and 9), 0.20 (Refs. 10
and 11), and 0.10—0.15 (Ref. 12) per Cu ion for
the 2:1:4, 1:2:3, Bi2Sr2Ca& Y CuzO&+~ (Bi 2:2:1:2),
(Bi, ,Pb„),Sr,Ca,Cu, 0,0+~ (Bi 2:2:2:3), and
TlzBazCazCu30, 0+~ (Tl 2:2:2:3) systems, respectively.
Uemura et al. ' from muon-spin relaxation studies, ob-
served a universal linear relation between T, and n, /m *

for the four high-T, systems where n,, is the supercon-
ducting carrier density and m* is the effective mass.
They also found saturation and suppression of T, in the
heavily doped samples. Moreover, saturation starts at

different levels of n, /I* and increases progressively in
2:1:4, 1:2:3,2:2:1:2,and 2:2:2:3 systems. A similar rela-
tion between T, and co (co„ is the plasma frequency) was
observed by Tanaka' from an optical measurement.

Most of the reports available on the resistivity and Hall
coefticient of the high-T, systems are in that region of
carrier concentration where the systems are supercon-
ducting. Comparatively less amount of work has been
done in the nonsuperconducting concentration. Studies
in this region are also useful in understanding the mecha-
nism of superconductivity. In the 2:1:4system, transport
properties in this region have been studied by several
workers. ' ' Ellman et al. ' measured the resistivity (p)
of La2 Sr„Cu04 (0.02 ~ x ~ 0. 10) samples near the
metal-insulator (MI) transition point. In the low-
temperature region ( T ~ 8 K), p( T) follows a relation

p =poexp[( To /T)" ]),

where pp Tp and n are constants. For the x =0.02 sam-
ple, a best fit of p( T) is obtained for n =

—,
' and To =74 K,

whereas for x =0.05 these values are —,
' and 645 K. n =

—,
'

is indicative of a Mott variable-range-hopping (VRH)
mechanism in three dimensions. ' The localization
length (a ') calculated from To is large (16—30 A), sug-
gesting that the system is near the MI transition point.
Matsuda et al. made similar analysis on
Y& Pr BazCu307 for x )0.7 where the system be-
comes insulating. The observed resistivity is neither a
three-dimensional (3D) VRH (n =—') nor an activation
(n = 1) type. In the oxygen-deficient EuBa2Cu307
sample, a 2D VRH (n =

—,') is observed in the tempera-
ture range 14—125 K (Ref. 18). In the Bi 2:2:1:2system,
Tamegai et al. obtained n =

—,
' (2D VRH) while Yosh-

izaki et al. ' obtained n =—' (3D VRH) in a limited tem-
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perature range.
In the present work we have studied the

electrical resistivity, magnetization, and Hall
effect of Bi2Sr2Ca& ~ Y~Cuz08+y and
(Bi& „Pb„)2Sr2CazCu&O&o+~ samples. The T, versus nH
plot in these systems also follows a universal dome-
shaped curve as found in the 2:1:4 and 1:2:3 systems. '

Moreover, nH is linear with the Y concentration (x) in

Bi2Sr2Cai „Y Cuz08+, the behavior predicted for a
strongly correlated Mott-Hubbard system. For
Bi2SrzCa& Y CuzOs+~ (x )0.55), the resistivity is insu-
lating in nature and, in the low-temperature region, the
transport property is governed by a 2D VRH mechanism
(n =

—,
' ). At x =0.55, n changes from —,

' to —', indicating a
crossover from a 2D VRH to a 3D VRH mechanism. In
the high-temperature region ( T ~ OD /2, 8D =Debye
temperature =300 K for high-T, systems '), the best fit
of p(T) yields n =1 for x &0.55. Thus, the resistivity in
the high-temperature region is thermally activated. The
thermally activated resistivity and temperature indepen-
dent RH (for x )0.45) predict an activated mobility in
this system which suggests that the transport in this re-
gion may be due to hopping of polarons.

II. SAMPLE PREPARATION

ty of the samples was measured by the standard dc four-
probe technique. For the semiconducting samples
(x )0. 5), a very small current (1—100 pA) was used to
avoid any Joule heating which might change the sample
temperature. For the Hall voltage measurement low-
resistance contacts to the sample [10.0 X 3.0 X (0. 15—
0.30) mm ] were made by applying a conductive silver
paint in the desired configuration and annealing at 400 C
for about 30 min. A Keithley 181 nanovoltmeter was
used for resistivity and Hall voltage measurements. The
magnetic field (8) applied for the Hall voltage measure-
ments was 20 kOe and the current (I) was 30 mA. For
proper alignment, the sample was rotated about an axis
parallel to the current direction until the Hall voltage be-
came maximum and was kept fixed in this position. At
each temperature, for a particular value of I and B, 8 —10
sets of independent measurements were made and their
average was used to calculate the Hall coefficient R~.
Hall voltage measurements were performed in the tem-
perature range where the magnetoresistance of the sam-
ples is negligible.

IV. RESULTS AND DISCUSSION

A. X-ray analysis

Bi2Sr2Ca, „Y„CuzOs+~ (x =0—1.0) samples with
different nominal compositions were prepared by mixing
powders of Bi20~, SrCO~, CaCO~, YzO~, and CuO (all
99.999% pure) in the appropriate ratio and calcinating at
850'C for 24 h in air. The product was recalcinated
several times in air with intermediate grindings for a total
span of firing time more than 90 h. The recalcination
temperature (860'C for x =0 and 900'C for x = 1.0) was
increased linearly with the doping concentration (x). Fi-
nally, the product was ground, pressed into pellets and
annealed in air at the above-mentioned temperature for
more than 48 h. We have also prepared one
BizSr2Ca, Cu208+y sample by the matrix method. In this
case, SrCO&, CaCO&, and CuO powders were mixed in
the ratio 2:1:2and fired at 960 C for a few days with in-
termediate grindings. Powders of Bi20& and Sr2CaCuz05
were then mixed in the ratio 1:1,pressed into pellets, fired
at 930 C for 1 h, and quenched to room temperature.
This procedure was repeated for a second time and then
annealed in air at 850'C for more than 12 h. (To distin-
guish the two Bi2SrzCaCuz08+y samples, one was
prepared directly and the other by the matrix method;
hereafter, the former sample is referred to as sample 3
and the latter as sample 8.) (Bi, „Pb„)2Sr2CazCu~O, O+y
(x =0. 125—0.3 ) samples were prepared by mixing
powders of Bi20~, PbO, SrCO&, CaCO~, and CuO in the
appropriate ratio and calcinating twice at 850 C in air
for 48 h with intermediate grinding. The product was
ground, pressed into pellets, and annealed at 860'C for a
prolonged time (150 h) to increase the volume fraction of
the high-T, phase.

III. EXPERIMENT
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The x-ray-diffraction patterns show that all the
Bi2Sr2Ca, „Y„Cu208+y samples are single phase having
orthorhombic structure. The lattice parameters a and c
for the Bi2Sr2Ca& „Y Cu20&+ (x =0—0.7) samples are
plotted in Fig. 1 against the yttrium concentration (x).
As x increases, the c parameter decreases gradually while
the a parameter shows an increase. An analysis of our
data indicates orthorhombic distortion with b slightly
larger than a in all the samples. The presence of
small orthorhombicity has also been observed in
Bi2Sr2Ca, Cuz08+y single crystals. The lattice parame-
ters obtained in the present work are in good agreement
with those reported earlier. The decrease of c-axis

The samples were characterized by the powder x-ray-
diffraction method using Cu Ka radiation. The resistivi-

FIG. 1. The variation of the lattice parameters a and c with x
in the Bi2Sr2Cal Y Cu208+~ samples.
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length with increasing x is due to the smaller size of the
Y + ion compared to the Ca + ion. However, it is very
difficult to understand the increase in the a parameter
from the substitutional point of view since the a-axis
length is controlled by the in-plane Cu—0 bond distance.
The increase in a may be due to the decrease of hole con-
centration that weakens the Cu—0 bonding. As the car-
rier concentration decreases, the number of Cu + ions,
which form a shorter Cu—0 bond length compared to
the Cu + ions, decreases. A similar variation in the a
and c parameters has also been observed in the La system
when the La + ion is replaced by a slightly larger Sr +

ions. (Bi, ,Pb, )2Sr2Ca2Cu30, o+~ (x (0.25) samples
contain a major amount of the 2:2:2:3phase (c =37.1 A)
and a small amount of the 2:2:1:2phase (c =30.7 A).
Both of the phases are orthorhombic in structure. For
x ~0.25 the 2:2:1:2phase dominates in the sample. De-
tails of the x-ray analysis for some of the
(Bi, ,Pb, )2Sr2Ca2Cu30io+~ samples are reported else-
where. "
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B. Resistivity

The temperature dependence of the resistivity for the
Bi&Sr&Ca, „Y„CuzOs+~ (x =0—0.7) system is shown in
Figs. 2(a) and 2(b). For comparison, the resistivity for
sample B is also shown in the figure. The transition tem-
perature (T, ) of this sample is 81 K, which is 15 K
higher than that of sample 3 prepared by a direct solid-
state reaction. Figure 2 shows that T, decreases grad-
ually with the increase of yttrium concentration (x).
Samples with x ~0.5 are superconducting and show me-
tallic behavior in the normal state. As the Y content is
increased beyond 0.5, the resistivity shows a change from
metallic behavior [p =po+ a Tj to a semiconducting be-
havior, particularly in the low-temperature region. For
instance, the x =0.55 sample shows a metallic behavior
at high temperature ( T ) 130 K) and a semiconducting
behavior in the low-temperature region ( T & 130 K).
These two regions are separated by a shallow minimum
(p;„) at about 130 K ( T;„). For other samples
(x )0.55), p;„has not been observed in the measured
temperature range (20—300 K). The appearance of p;„
has been detected in other systems also, e.g. , at x &0.065
in the La2 Sr Cu04 (Ref. 16) and x )0.47 in

EuBaqCu3O7 „(Ref. 18) samples. The absence of
minimum in the p versus T curve in our samples with
x )0.55 suggests that p;„ in these samples occurs at a
relatively higher temperature ( )300 K).

The semiconducting behavior in the p versus T curve
below T;„ follows Eq. (1). The value of the exponent n

determines the nature of the conduction mechanism in
the semiconducting region of the sample. Data of the in-
sulating samples are analyzed using Eq. (1) with a least-
squares fit between 20 to 300 K. The results are present-
ed in Figs. 3(a)—3(c). Below 140 K, the resistivity of all
the insulating samples (x =0.60—1.0) may be well de-
scribed by relation (1) with n =

—,'. This suggests that the
conduction in the low-temperature region is governed by
a two-dimensional variable-range-hopping mechanism.
For x =0.55, the best fit is, however, obtained with n =

—,
'
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FIG. 2. (a) The temperature dependence of the resistance for
the Bi2Sr2Ca& „Y Cu208+~ (x =0—0.45) samples. (b) The tem-
perature dependence of the resistance for the
Bi,Sr2Ca& Y Cu208+~ (x =0.55 —0. '70) samples. As the yttri-
um content in the samples decreases, the resistance also de-
creases, and to accommodate all of the results in the same
graph, the resistance of different samples is multiplied with suit-
able factors.

(Ref. 27). Tamegai et al. observed a 2D VRH mecha-
nism (n =

—,') in BizSrzCai Y CuzO&+, whereas Yosh-
izaki et al. ' reported a three-dimensional VRH (n ——„')
mechanism for the same system. Our measurement sug-
gests that, for x )0.55 the conduction at low tempera-
ture is governed by a 2D VRH mechanism whereas, for
x =0.55, a crossover from 2D VRH to 3D VRH occurs.

From the least-squares fit, TQ for di6'erent samples is
calculated, which decreases rapidly with the decrease of
the Y content. The variation of TQ as a function of 1 —x
is presented in Fig. 4. The localization length a (a is
the coefficient of exponential decay of localized states) is
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FIG. 3. (a) The logarithm of the low-temperature (T (140 K) resistance of the Bi,Sr~Ca& Y CU208+y samples as a function of
T ' ' for x =0.60—0.80 (lower scale) and T ' for x =0.55 (upper scale). (b) The logarithm of the high-temperature (T&140 K)
resistance of the Bi&Sr~Ca& Y Cu208+y (x =0.60—0.80) samples as a function of T . (c) The temperature dependence of the resis-
tance for the Bi~Sr&Ca, „Y Cuz08+~ (x =0.70) sample. The solid curve corresponds to the exp[(To/T)' ] fit, the dashed curve
corresponds to the exp(T; /T) fit, and the solid circles are the experimental points. The high-temperature region has been shown en-
larged in the inset.
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FIG. 4. The variation of To and 8'(defined in the text) as a
function of 1 —x in the Bi2Sr2Ca& Y Cuz08+~ samples.

FIG. 5. The variation of the room-temperature resistivity
with x for the BizSr2Ca& Y Cu208+~ samples.

calculated for different samples from the following ex-
pression for To.

27(x
Tp = for two dimensions

EF

16o,
for three dimensions

k~N EF

(2a)

(2b)

(Refs. 28 and 17, respectively), where N(EF ) is the densi-
ty of states at the Fermi level and kz is the Boltzmann
constant. The value of N(Ez) derived from different
measurements ' lies in the range 10—25 states/eV cell,
which corresponds to 0.18—0.43 states/eV/A of the
CuOz plane (for two dimensions) and 2.25 —5.62X 10

0
states/eV/A (for three dimensions). Using these values
of N(EF), we estimated the localization length a '. For

0
x =0.6, n ' lies in the range 6—10 A and decreases slow-
ly with the increase in x. This value of localization
length a ' is approximately 3—5 times the Cu—0 bond
length in the Cu02 plane. At x =0.55, the system is
close to the metal-insulator transition point [a =60—80
A, as calculated from Eq. (2b)]. As the MI transition is
approached, T~ decreases. The disappearance of To at
the transition point may be due to the divergence of lo-
calization length. [An increase in N(Ez) may, however,
also lead to a reduction in TD.] The nonlocalization of
states at a Fermi level below x =0.55 is also evident from
the metallic behavior of p( T). The MI transition at
x =0.55 is also seen from the variation of p3QQ
with x (Fig. 5). For low x, the resistivity is small and
increases sharply beyond x =0.55. A similar MI
transition was observed by Clayhold et al. ' in
Bi4Sr3Ca3 x Tm„CuzO&6+y samples at x 1 4.

The high-temperature resistivity of
Bi2Sr2Ca, „Y„Cu20s+ (x ~0.60) fits well with the ex-
pression

p=a exp[T, /T]', n —1,

8'= 8'~+ O'D/2 for T & OD/2

for T (OD/4, (4)

where 8'8 is the hopping energy of the polaron, O'D is
the disorder energy arising from the energy difference of
the neighboring sites due to disorder. Since the Debye
temperature (OD ) for this system is —300 K (Ref. 21), we
may consider that the data points above 140 K corre-
spond to the high-temperature region ( T ~ OD /2).

Assuming the high-temperature activation energy 8'to
be close to the hopping energy 8'II (Ref. 17), one can
have a rough estimate of the electron-phonon coupling
strength y= 8'~/k&OD, where 8'p is the polaron bind-
ing energy and equal to 28'H in the narrow band limit.
In the high-T, oxide systems, it is established that the
bandwidth is very narrow for small hole (carrier) concen-
trations and increases exponentially with the carrier con-

where a and T, are constants. This suggests that the con-
duction in high temperature is thermally activated. In
Fig. 3(c) we have shown how the resistivity for the
x =0.70 sample changes from exp( T; /T) at high temper-
atures ( T ~ 150 K) to exp[( Tz/T)' ] at low tempera-
tures ( T ~ 100 K). The Hall coefficient of
Bi2SrzCal Y Cu208+y insulators is almost independent
of temperature (see also, Fig. 7). Hence, the mobility
(p, =oRH) has the same temperature dependence as that
of the conductivity. The thermally activated mobility is a
signature of conduction by polarons. ' Evidence of the
formation of polarons (around the charge carriers) in the
high-T, systems has also been obtained from photoin-
duced absorption studies.

In case of impurity conduction where both the hopping
and disorder take part in the conduction mechanism, the
total activation energy ( 8' =kT, ) is given by'
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centration. In the Bi2Sr2Ca& Y„Cu208+y system, the
large-x region corresponds to the low hole concentration.
Tamegai et aI. found that, for x =0.9, the carrier con-
centration is as low as 3 X 10 per Cu ion. Assuming
that the bandwidth is negligible for such low hole concen-
trations, we have calculated the value of the electron-
phonon coupling strength for x =0.9 as @=5.4. Such a
large value of y indicates that the electron-phonon in-
teraction is very strong and the corresponding polarons
should be small polarons.

To get an idea about the size of the polaron, one can
use the formula'

rp =mA/(2 &pm
*

)
'~

For a small bandwidth, 8'z/2=—8&—= O'. From the ex-
perimental value of W ( -930 K for x = 1.0) and m *

(-4m„see Sec. IV D), the radius of the polaron is es-
0

timated to be -7 A. The activation energy 8'decreases
sharply with decreasing x (increasing carrier concentra-
tion) for x (0.9 (Fig. 4). The bandwidth in the high-T,
system increases sharply with carrier concentration;
thus, the decrease in 8' may be mainly due to the in-
crease in the bandwidth for large carrier concentrations.
A reduction in the polaron binding energy also lowers the
value of 8'.

C. Magnetic susceptibility

The dc magnetic susceptibility was measured using a
vibrating sample magnetometer in a field of 20 kOe. The
normal-state susceptibility for different Y-content sam-
ples is shown in Fig. 6. Figure 6 shows that dy/dT is
negative in the high-temperature region for all the sam-
ples we studied. The susceptibility at room temperature
decreases with the increase of Y concentration. The ap-
pearance of a broad maximum with increasing Y content
may be attributed to the short-range 2D antiferromagnet-
ic correlation in the Cu02 planes. This behavior of g(T)
is very similar to that observed in the La2 Sr Cu04
and YBa2Cu307 systems. At high temperature (300
K), if we ignore the very weak Curie-like contribution
due to the local moment and subtract the core diamag-
netic contribution (

—2.06 X 10 emu/mol), the remain-
ing paramagnetic contribution is found to be 3.8 X 10
(for x =0) to 2. 5X10 emu/mol (for x =0.35). If we
assume that this component comes from the Pauli
paramagnetism and Landau diamagnetism, the Pauli sus-
ceptibility is calculated to be (5.7 —3.7) X 10 emu/mol.

D. Hall voltage
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FIG. 6. The temperature dependence of the dc magnetic sus-
ceptibility for the Bi&Sr,Ca& Y„Cu,O, +~ (x =0—0.3S) sam-
ples. O: sample 3, ~: sample B.
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400"
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200— 0.40

dependent of temperature. The carrier density in these
samples is calculated using a single-band model
(nH=1/RHe). The value of nH for sample 8 (x =0) is
3. 1 X 10 ' cm and this is in agreement with the value
(3.0 X 10 ' cm ) reported for single crystals. The vari-
ation of hole concentration (normalized to formula unit)
at 120 K with Y concentration is shown in Fig. 8. The
solid line represents the variation of the carrier concen-
tration calculated assuming each Y atom removes one
itinerent hole from the BizSr2Ca&Cu208+y system. In
this case we assume that the oxygen content of the system
is —8.30 so that the system becomes insulating for
x =0.6. Fukuyama and Hasegawa calculated the car-
rier density for a strongly correlated Hubbard system.

The Hall coefficient (RH ) of the Bi samples is positive
and temperature dependent, RH ' being linear in tempera-
ture. The temperature dependence of RH ' for
Bi2Sr2Ca& „Y„Cuz08+y samples is presented in Fig. 7.
The temperature dependence of RII

' is weaker in these
samples compared to the 1:2:3 system and decreases
with the increase of Y concentration. The ratio of RH
at 300 and 120 K for x =0 and 0.45 samples are 1.45 and
1.30, respectively. RH for samples with x )0.45 is in-

O.SS

0
0 100

T(K)

200 300

FIG. 7. The variation of the inverse Hall coefficient (R& ) as
a function of temperature for the Bi2Sr2Ca& „Y„Cu208+y
(x =0—0.SS) samples.
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Their result shows that the Hall coefficient is positive and
RH is proportional to the doping concentration (x) for
small hole concentration. Figure 8 shows that the mea-
sured Hall carrier agrees well with the value calculated
by Fukuyama and Hasegawa for strongly correlated sys-
tems.

Hall voltage measurements have also been per-
formed in the Pb-doped Bi 2:2:2:3 system. The tem-
perature dependence of RH ' for the 2:2:2:3 phase
(Bi, „Pb„)2Sr2Ca2Cu30, o+~ samples is plotted in Fig. 9.
The temperature dependence of RH ' for the 2:2:2:3 sys-
tem is quite strong and the carrier density is low. The ra-
tio of RH' at 300 and 140 K lies between 2.0 (for
x =0.15) to 1.6 (for x =0.175) (cf. 1.45 —1.30 for the
2:2:1:2 system). T, is maximum (107 K) for the
x =0. 15 and minimum (93 K) for the x =0. 175 samples
and their carrier densities at 300 K are 2X10 ' and
3 X 10 ' cm, respectively. Rateau et al. ' and Oto
et a/. " measured the Hall voltage for the Bi 2:2:1:2and
2:2:2:3systems and they also observed a strong tempera-
ture dependence of RH ( ~1/T) for the 2:2:2:3 phase
samples. The carrier concentration nII obtained for the
sample, for which the highest T, (107 K) is observed,
is very close to that obtained by Rateau et al. '

(1.7X10 ' cm ). However, this value of nH is smaller
than that reported by Oto et al. " for their single-phase
sample (2. 8 X 10 ' cm ). The strong temperature
dependence of R~ for the 2:2:2:3 system is comparable
with that for the 1:2:3 system. One important
difference between the 1:2:3 and 2:2:2:3 systems is that
the temperature dependence of RH (or nH ) for the 2:2:2:3
system does not decrease appreciably with the suppres-
sion of transition temperature (T, ). In the 1:2:3system,
the strong temperature dependence in, RH was assumed
to originate from the two bands (1D chain and 2D
planes). This explanation is not applicable in the Bi sys-
tems. Thus, it appears that the temperature dependence
of RH and its suppression on doping in high-T, supercon-
ductors have some other common origin.
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spectively. For the 2:2:1:2system, superconductivity ap-
pears above a carrier concentration 0.07 holes/Cu. T, in-
creases with the increase of the carrier concentration,
passes through a maximum at about n~ =3 X 10 ' cm
(i.e., 0.32 hole/Cu atom) and then decreases with further
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and ~: BiSrCaCuzO (three samples prepared in three different
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(Bi

& x Pbx )zSrzCazCu301Q+y system. The uPPer scale corre-
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increase of the hole concentration. A similar variation of
T, versus nH for Bi 2:2:2:3has also been observed [Fig.
10(b)]. In this case, the maximum is observed at
nH =2X10 ' cm (0.19 hole/Cu atom). Thus, for both
the systems a correlation between the carrier concentra-
tion and superconductivity transition temperature exists.
Similar dome-shaped curve has also been observed in the
2:1:4 and 1:2:3 systems. ' In the 2:2:1:2system, the car-
rier concentration for x =0.25 and 0 (sample B) is small-
er than that of sample 3, although the transition temper-
atures for the former samples are higher than the
latter sample by 5 and 15 K, respectively. The results
suggest that, as the hole concentration of the system
increases above a critical value, the superconductivity is
suppressed.

We now compare our results of Hall voltage measure-
ments with those reported by other groups. The carrier
concentration (nH) and transition temperature (T, )

determined in the Y substituted samples are very close to
the value reported by Tamegai et al. Koike et al. also
measured nH for a series of cation-substituted Bi 2:2:1:2
systems. In this case, Ca and Sr were substituted by Lu,
Na and La, K, respectively. They observed the max-
imum in T, at around 0.28 holes/Cu atom (for x =0.2)
which is slightly smaller than our value. Allgeier and
Schilling studied the variation of T, with oxygen con-
tent in the Bi 2:2:1:2system and observed a T, maximum
at n~-0. 32. In the Bi4Sr3Ca3 „Tm Cu40&6+~ system,
Clayhold et al. ' observed that n~ decreases linearly
from 0.5 to 0.35 holes/Cu atom as x increases from 0 to
0.5, whereas T, remains unaffected. Such a plateau in the
T, versus x (or nH ) curve has not been observed by oth-
ers including us. One common feature in the Bi 2:2:1:2
system is that when Ca-Sr is replaced by a small amount
(20—30 Po) of rare-earth elements, T, is enhanced. Clay-
hold et al. ' suggested that the high resistivity and low
mobility pH (=RH!p) for their x =0 sample arises due
to strong charge scattering by the modulation defects in
the Bi-0 planes. On Tm substitution, the strain due to
modulation is reduced and leads to an improvement of
p~ and T, . However, the results of Koike et al. and
Temegai et al. show that both conductivity and mobility
for the undoped system are large and T, is low, which
rules out the effect of any modulation suggested by Clay-
hold et al. ' The suppression and disappearance of su-
perconductivity in the heavily doped region is one of the
characteristic features of all cuprate superconductors. In
the La2 Sr„CuO4 system, superconductivity disappears
for x )0.25, although the conductivity increases mono-
tonically up to x =0.34 (Refs. 1 and 23). Similar behav-
ior is observed in the T12Ba2CuO6 system also. Samples
annealed in an oxygen atmosphere do not show supercon-
ductivity even though the resistivity of these samples is
small. T, increases continuously up to 87 K with the de-
crease of oxygen content and, at the same time, both the
conductivity and carrier density decreases. The correla-
tion between T, and n~ has also been established from
muon-spin-relaxation (@SR) and plasma frequency mea-
surements. Uemura et ah. ' studied pSR for a series of
high-T, samples with a different transition temperature.

They observed a universal linear relation between T, and

n, /m' for the four high-T, systems. They also found
saturation and suppression of T, in the heavily doped re-
gion. Saturation starts at different levels of n, /m* and
progressively increases in systems 2:1:4, 1:2:3,2:2:1:2,and
2:2:2:3. Similar behavior was observed from the optical
ref(ectivity measurements by Tanaka. ' They found that
T, increases linearly with co~ (the plasma frequency),
which is proportional to n /m *.

The above results are utilized to estimate several
normal-state parameters, e.g. , effective mass (m*) of the
carriers, Fermi energy (EF), density of states [N(EF)],
and the correlation energy ( U) due to on-site Coulomb
repulsion. The plasma frequency of a system is related to
n and m * by the relation

co =4vrne /m* . (6)

N(E )=(I/2m )(2m*/fi ) E'

=1.8 X 10 state/eV cm

—1 states/eV Cu spin . (7)

This value of density of states may be compared with
that obtained from the specific-heat jump at the transi-
tion temperature. Fisher et al. measured specific heat
in the Bi 2:2:1:2 system and obtained a y value of 11
mJmol 'K which corresponds to 1.1 states/eVCu
spin. Okazaki et al. measured the specific heat for the
Pb-doped 2:2:2:3phase Bi sample and obtained a slightly
smaller value of N(EF ) =0.8 state/eV Cu spin.

The Pauli paramagnetic susceptibility y is given by

y =p~N(EF), (8)

Using n =2.0X10 ' (Ref. 6), 3.5 X 10 ' (Ref. 35),
3.0X 10 ', and 1.5 X 10 ' per cm, we have calculated the
effective masses as 4, 3, 3, and 1 m, for the 2:1:4, 1:2:3,
2:2:1:2,and 2:2:2:3systems, respectively. (For the 2:2:2:3
system we have extrapolated the T, versus co curve of
Tanaka. '") The effective mass can also be calculated
from the pSR experiment' and the values are obtained as
S, 4, 4, and 1 m, for the above systems, respectively. The
effective mass calculated from the two different experi-
ments agrees well with those reported from other mea-
surements.

The Fermi energy Ez [=A' (3~ n) ~ /2m*] and the
Fermi velocity UF [=(2E~/m*)' ] for the Bi 2:2:1:2sys-
tem may be computed using the above values of n and
m* ( —3m, ). The Fermi energy and Fermi velocity for
this system are 0.25 eV and 1.7X10 cm/sec, respective-
ly. These values are comparable with those of the La sys-
tern but much smaller than that of conventional metals
(EF= 5 —10 eV). Such a small value of EF should lead to
a significant decrease in the electronic contribution to the
total heat capacity and thermal conductivity in the nor-
mal state. Thus, in these systems, the lattice contribution
to the heat capacity and thermal conductivity will be
large.

We now calculate the density of states at the Fermi lev-
el and this is given by
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where N(EF ) is the density of states in the presence of
electron-electron correlation and is given by

No(EF )

1 —UNO(EF )/2

where No(EF ) is the free-electron density of states. Using
= 5.7 X 10 emu/mol for the x =0 sample (Sec.

IV C), N(EF ) is obtained as 4.4 states/eV Cu spin, which
gives the value of the Coulomb correlation energy
U-5. 5 eV. This value of U is comparable to that ob-
tained in the 1:2:3 system (5 eV) by Cheong et al. The
density of states calculated from the observed magnetic
susceptibility is about four times larger than the value ob-
tained from the specific-heat measurement. A similar
discrepancy has also been observed in the 1:2:3system.

V. CONCLUSION

We have prepared a number of
Bi2Sr2Cai Y Cu&08+

and

(Bi& „Pb )zSr2Ca2Cu30, 0+y

samples with varying x and performed x-ray, electrical
resistivity, magnetic susceptibility, and Hall measure-
ments on these samples. The lattice parameter c in
Bi2Sr,Ca, Y Cu20, +~ samples de~~eases with doping
concentration (x) which is attributed to the smaller size
of the dopant (Y + ion). The a parameter, on the other
hand, increases with x which is believed to be due to the
increase in the Cu—0 bond length with the decrease of
carrier concentration. The normal-state resistivity of the

Bi2Sr2Ca
&

Y Cu208+ samples shows that the system
undergoes a metal-to-semiconductor transition at
x =0.55. For the x )0.55 samples, the conduction fol-
lows a 2D VRH mechanism, whereas for x =0.55, it is
3D VRH in nature. The localization length 0, ' has been
calculated for various concentrations which, as expected,
increase as the system approaches the metallic region. In
the high-temperature region, the resistivity arises due to
the phonon-assisted hopping of small polarons. From the
magnetic susceptibility measurement in the
Bi2SrzCa& Y Cuz08+~ samples, the Pauli susceptibility
is calculated to be in the range (5.7 —3.7) X 10 emu/mol.
R~ is positive and has a linear temperature dependence.
RH is proportional to the doping concentration (x), the
behavior predicted for a strongly correlated Hubbard sys-
tem. The temperature dependence of RH is stronger in
the 2:2:2:3phase compared to the 2:2:1:2phase. The T,
versus n~ curve is dome-shaped; the superconductivity
appears above a critical concentration (0.07 holes/Cu for
the 2:2:1:2 system), increases linearly with nH until a
maximum is reached, and then decreases with further in-
crease of carrier concentration. Several normal-state pa-
rameters like the eA'ective mass of the carrier, Fermi en-
ergy, density of states, correlation energy (U), etc. , have
been calculated and compared to those reported in the
literature. A large value of the effective mass (1—5 m, )

and low Fermi energy are the characteristics of the high-
T, superconductors.
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