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X-ray-diffraction, electrical resistivity, and dc susceptibility measurements have been used to investi-
gate the Bi,Sr,Ca, _,Ga,Cu,0, system for different values of x in the range 0<x < 1. There were no im-
purity phases detected from the diffraction patterns, which indicates that the Ga atoms are incorporated
in the crystalline structure. The lattice parameter ¢ of the orthorhombic cell decreases with increasing
Ga concentration since the size of the Ga’" ion is smaller than that of the Ca’* ion it replaces. Samples
with x 0.6 are metallic and have a superconducting transition with a temperature of the midpoint of
the transition that is independent of x for 0<x <0.6. There is a semiconducting behavior for
0.7=x =1.0. A thermally activated conduction process takes place in the low-temperature region of the
samples with 0.7=<x <0.9. In Bi,Sr,GaCu,0, for which x =1.0 the thermally activated conduction
process exists only for temperatures above 170 K. For lower temperatures the conduction is governed
by a three-dimensional variable-range hopping process. The most probable jump distance and the aver-
age hopping energy at 10 K are 27 A and 1 meV, respectively.

I. INTRODUCTION

The superconducting bismuth cuprates of the general
formula Bi,Sr,Ca, _,Cu,0,, ;, (n =1,2,3) are character-
ized by complex layered structures, which differ in the
stacking sequence of perovskite and rocksalt layers along
the crystallographic ¢ axis and a superconducting transi-
tion temperature (7T, ), which increases with n from 10 to
110 K. There has been considerable interest in studying
the properties of the second member of the series (n=2)
in which the divalent calcium ion is replaced by a
trivalent rare-earth or yttrium ions.!”® Such a substitu-
tion is found to change the carrier concentration continu-
ously while maintaining the crystal structure. The elec-
trical properties also change drastically, and with a high
concentration of yttrium or rare-earth elements, an insu-
lating rather than a superconducting behavior is ob-
served.

Almost all the substitutions at the divalent calcium-ion
site have been made with the trivalent magnetic elements.
Interestingly, Ummat, Nkum, and Datars* recently re-
ported that Ga, which is also a trivalent element but non-
magnetic, can be substituted for Ca in the
Bi; 4Pbj ¢S1,Ca, ,Ga,Cu;0, system. It was concluded
from the identification of CaO by x-ray diffraction that
Ga replaces Ca in the compound. The high-T, phase
with a T, of 104-107 K for this compound existed for
x =0.3. The volume fraction of the 2:2:1:2 phase with a
T, between 65 and 70 K was largest for x =0.5 and
dropped to a very small value for x =1.0 and remained
small up to x =2.0. It is interesting to extend this work
and study the effect of the substitution of Ga in the com-
pound without lead and which does not contain the
2:2:2:3 phase. Thus, in this work, a systematic study
of the effect of Ga substitution for Ca in
Bi,Sr,Ca; _,Ga,Cu,0, is reported. The compounds are
metallic superconductors for x <0.6 and have semicon-
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ductorlike behavior for 0.7=<x =1.0. There is a
variable-range hopping associated with semiconducting
properties®® in the sample without Ca.

II. EXPERIMENTAL DETAILS

Samples of the nominal composition
Bi,Sr,Ca,_,Ga,Cu,0, with 0=x = 1.0 were prepared by
the conventional solid-state reaction method. High-
purity (99.999%) powders of Bi,0;, SrCO;, CaCO;,
Ga,0;, and CuO were mixed in the appropriate amounts
and ground well in an agate mortar. Samples with nine
different values of x were prepared. The mixtures were
calcined at 800°C for 12 h and cooled with the furnace
turned off. The resulting mixtures were ground well and
pressed into pellets of 9 mm diameter and 1.1 mm thick
under a pressure of 4 tons/cm?. The pellets were sintered
at 845°C for 72 h with one intermediate pressing. The
samples were then cooled with the furnace turned off.

The phase identification of the samples was carried out
by recording x-ray-diffraction patterns in the 26 range
10°-50° at room temperature with a Nicolet powder
diffractometer using Cu Ka radiation. The resistivity
measurements were made in zero magnetic field with the
standard four-probe technique on rectangularly shaped
samples. Contacts were made with silver paste and an-
nealed at 600°C for 20 min. The contact resistance was
less than 2 Q. The samples were mounted on a probe
with double jackets. He gas in the sample space facilitat-
ed good thermal equilibrium and avoided moisture con-
densation. Current of about 1 mA was usually used for
the metallic samples, whereas for the semiconducting
samples current ~50 pA was used to avoid Joule heat-
ing. The temperature was monitored with carbon glass
and platinum resistance thermometers. The dc suscepti-
bility measurements were made with a Quantum Design
superconducting quantum interference device magnetom-
eter in an applied magnetic field of 25 G.
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III. RESULTS AND DISCUSSIONS

The range of composition 0<x <1.0 is explored. No
impurity phases are detected from the x-ray pattern of
the samples even for the sample with x =1.0. This indi-
cates that the Ga** ions are incorporated into the crys-
talline structure. Figure 1 shows the x-ray-diffraction
patterns of the Bi,Sr,CaCu,0, (x=0) and
Bi,Sr,GaCu,0, (x =1.0) samples. The reflections of all
the samples are indexed according to the orthorhombic
type of unit cell. The lattice parameters of the
Bi,Sr,GaCu,0, sample are a=5.43 A, b=5.39 A, and
¢=24.48 A. The values of a and b are almost the same
for the whole range of x, while the ¢ parameter decreases
with increasing Ga concentration. The lattice parame-
ters of Bi,Sr,CaCu,0, are a=5.41 A, b=5.38 A, and
¢=30.68 A. The decrease in ¢ with increasing Ga con-
centration results from the smaller size of the Ga** ion
(0.62 A) compared with that of the Ca®™ ion (1.00 A) it
replaces. A similar variation in the lattice parameter c
has been observed in Bi,Sr,Ca,_,Y,Cu,0,. 7

Figure 2 shows the temperature dependence of the
electrical resistivity of the samples. Samples with x <0.5
are superconducting and show metallic behavior
(p=po+p;T) in the normal state with the resistivity go-
ing to zero below the transition. Figure 2(a) shows that
the temperature at which the resistivity goes to zero
(T?=°) decreases gradually with the increase of gallium
concentration (x), while the temperature of the onset of
the superconductivity remains almost constant. The tem-
perature of the midpoint of the transition [7,(50%)]
does not change with x with a value of 76+1 K for
0.1=x <0.5. This value is 2 K lower than for the sample
without Ga. It must be noted that all the resistivity mea-
surements were made in zero magnetic field. The effect
of the Earth’s magnetic field on the measurements is
negligible. Therefore the suppression of 7°~° is not due
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FIG. 1. X-ray-diffraction patterns of (a) Bi,Sr,CaCu,0, and
(b) Bi,;Sr,GaCu,0, recorded at room temperature.
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to flux motion, but rather due to the substitution of Ga.
There is a superconducting transition in the sample
with x=0.6, as shown in Fig. 2(b), but the resistivity
does not go to zero even at 5 K. This indicates that not
all the sample is superconducting for large x. As the gal-
lium concentration increases beyond x =0.6, the samples
show a semiconducting behavior. Samples with x =0.7
and 0.9 show metallic behavior in the high-temperature
(T'>70 K for x=0.7 and T>88 K for x=0.9) and a
semiconducting behavior in the low-temperature region
with the resistivity increasing as the temperature is de-
creased. A shallow minimum (p_;,) separates these re-
gions in these samples. The appearance of p,;, has been
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FIG. 2. Temperature dependence of the electrical resistivities
of the Bi,Sr,Ca;_,Ga,Cu,0, samples. Sample with x =1
shows a semiconducting behavior.
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observed in Bi,Sr,Ca;_,Y,Cu,0, (Ref. 7) and
La,_,Sr,Cu0O.® The x =1.0 sample shows a semicon-
ducting behavior over the whole temperature range of
measurement. The absence of a minimum in this sample
suggests that p_.. occurs at a relatively higher tempera-
ture (> 300 K).

The resistivity-temperature behavior of the x =0.7 and
0.9 samples is similar to those observed in earlier poly-
crystalline samples of YBa,Cu;0,. Such results were not
confirmed with experiments done on single crystals. The
behavior of the polycrystalline samples was found to re-
sult from oxygen deficiency.>!® A key parameter deter-
mining the properties of YBa,Cu;0, is its oxygen con-
tent. Metallic behavior and superconductivity are ob-
served at high oxygen concentrations, while for low oxy-
gen concentrations YBa,Cu;0, is a semiconductor. The
2:2:1:2 Bi-based system used in this study, however, has
the advantage that the oxygen stoichiometry is stable and
does not change much when the material is doped with
other atoms. Another crucial advantage is that the elec-
tronic structure remains unchanged'' during the
superconductor-insulator transition. This makes the in-
terpretation of the resistivity results in the region of the
crossover less ambiguous. We therefore do not expect to
have the problem that existed with polycrystalline
YBa,Cu;0,.

It has been observed that for disordered systems super-
conductivity disappears in the vicinity of the metal-
insulator transition. For a pair wave function $=1e ~ ‘¢,
superconductivity may be destroyed by reducing the am-
plitude (3,) or by destroying the phase coherence (¢).
These two modes manifest themselves differently. In the
case of phase breaking, 7T, (onset of superconductivity)
remains unchanged,'?! but the current-carrying capaci-
ty disappears and the transition width increases until the
material has no region of zero resistivity. In the case of
amplitude reduction, the temperature of onset of super-
conductivity remains well defined and decreases.'*!> The
data of Fig. 2(a) shows that T, (onset of superconductivi-
ty) is almost constant, while the transition width in-
creases with increasing Ga concentration. This suggests
that the substitution of gallium suppresses superconduc-
tivity in Bi,Sr,Ca, ,Ga,Cu,0, by destroying the phase
coherence.

The semiconducting behavior of the p-vs-T curve of
Bi,Sr,GaCu,0, (x =1.0) follows the equation

p=poexp[(Ty/T)"], (1)

where T, and n are constants. The value of the exponent
n determines the nature of the conduction mechanism in
the semiconducting sample. The resistivity at tempera-
tures below 170 K can be described well with n =1, as
shown in Fig. 3(a). A plot of Inp vs T~ ! in the same tem-
perature range is shown in Fig. 3(b), which shows that
the resistivity data in this region cannot be fit to a simple
thermally activated behavior. Thus there is strong evi-
dence that the conduction in this region is governed by a
phonon-assisted three-dimensional (3D) variable-range
hopping (VRH).

Hopping conductivity in Bi,Sr,GaCu,0, implies that
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the electronic states are localized at the Fermi level by
disorder. The localization length can be deduced from
the knowledge of T, and the density of states. The value
of T, obtained from the fit is 7790 K. In the 3D VRH,
the parameter T, depends on the localization length a
and the density of states at the Fermi level N(Ey) accord-
ing to

Ty=16/[kN(Eg)a’], @)

where k is the Boltzmann’s constant. The preexponential
factor p, in Eq. (1) depends on T, a, and N(Ey), but a
definite theoretical approach is still a matter of dispute
and various models have been proposed.'®”!° Among
other simplifying assumptions, Mott considers N(Ey) as
energy independent and obtains> !’
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FIG. 3. Logarithm of the low-temperature (T < 170 K) resis-
tivity of Bi,Sr,GaCu,0, (a) as a function of T~'/* and (b) as
function of T~!. The linear fit in (a) indicates variable-range
hopping conduction in this region.
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pol T)=(10/ve?)[kT /aN(Eg)]'"?, 3)

where v is the phonon frequency and e is the electronic
charge. Ortuno and Pollak,'® on the other hand, assume
that N(Ey) depends on energy exponentially and obtain

pol T)=(kT)**/[1.7e?vN(Ep)**%a%"] . @)

Thus, by assuming a value for v, it is possible to evaluate
a and N(Ey) by using Eq. (2) with either Eq. (3) or (4).

With v=10"* s~!, Mott’s model gives a =4.3 A and
N(Ep)=3.0X10” eV™' cm™ at T=10_ K. The
Ortuno-Pollak model yields a value of a of 53 A, which is
unreasonable since it is larger than the order of magni-
tude of the largest cell dimension (~20 A). The density
of states obtained is 1.6X10% eV~ !cm ™3, which is in
agreement with values obtained for other Bi-based sys-
tems.!” The value of N(Ey) obtained from Mott’s model
is a little higher than the reported values. Thus neither of
these models give very reasonable values of @ and N(Ey),
probably because of the inadequate approximation for the
density-of-states distribution.

Alternatively, we follow the commonly used procedure
of assuming a value of N(Ey) and calculating a from Eq.
(2). Assuming N(Ep)~102 eV 'cm™3 (in agreement
with previously reported values for Bi-based systems?°), a
value of 13 A is obtained, which is a reasonable estimate.
If it were much smaller, then it would be of the order of
the interatomic spacing and the density of states would
be unphysically high. On the other hand, if @ were much
larger than this estimate, the density of states would be
unusually small.

The most probable jump distance R and the average
hopping energy AW at a temperature 7T is determined
from the relations'>?!

R(T)={4.13X10%a /[N(E)T]}'/* 5
and
AW =(3/4m)/[R*N(Ep)] . 6

Using NL(EF)~1022 eV lcm ™3 and a=13 A, we obtain
R=27 A and AW ~1 meV at T=10 K. The hopping
conditions R >>a and AW >>kT are therefore satisfied.

At temperatures higher than 170 K for the x=1.0
sample, the carriers are thermally activated from local-
ized states near the Fermi level to nonlocalized states.
The p-T dependence is described by

p=pleXp( Tl /T) ) (7)

as shown in Fig. 4, with p;=10.5X10"® Qcm and
T,=123 K. According to Mott,?!

p1=*l/ Ae? (8)
and
kT\=(E.—E), 9

where / is the inelastic diffusion length, A4 is a constant of
the order of 0.1, and E, and Ej are, respectively, the en-
ergy values of the mobility edge and the Fermi level.
From Fig. 4 and Egs. (8) and (9), values of
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The low-temperature resistivity data for the samples
with x =0.7 and 0.9 are found to be best fit with Eq. (7),
as shown in Fig. 5. Thus, in the low-temperature region
where the p-T curves show semiconducting behavior, car-
riers are thermally activated. This is quite different from
the Bi,Sr,Ca,_,M,Cu,Oy (M=Y or a rare-earth ele-
ment) samples in which conduction in samples with simi-
lar behavior (p,,;,) is found to be governed by variable-
range hopping. While the conduction in the semicon-
ducting samples of the Bi,Sr,Ca,_,Y,Cu,0, and the
rare-earth-doped systems is governed by variable-range
hopping in the low-temperature region, changing from
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FIG. 5. Logarithm of the low-temperature resistivity of
Bi,Sr,Ca,_,Ga,Cu,0, as a function of T ! for (a) x=0.7 and
(b) x=0.9.
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2D to 3D variable-range hopping with increasing Y (or
rare-earth element) concentration, it is observed that in
the Bi,Sr,Ca, _,Ga, Cu,0, system the conduction mech-
anism in the semiconducting samples changes from
thermally activated hopping to 3D variable-range hop-
ping.

Figure 6 shows the temperature dependence of the dc
susceptibility of some of the samples. The x =0.3 sam-
ples shows a sharp transition. The result of the x =0.3
samples shows some broadening, which is also evident in
the resistivity measurements. Both samples have the
same onset superconducting transition, in agreement with
the resistivity measurements.

The comparison of the Bi; 4Pb, (Sr,Ca, ,Ga,Cu;0,
series studied by Ummat, Nkum, and Datars* and
Bi,Sr,Ca, _,Ga,Cu,0, shows that a small amount of Ga
suppresses the transition temperature in both compounds
by several degrees. The volume fraction of the
superconducting phase is very small at x=1 in
Bi; 4Pbj ¢Sr,Ca, ,Ga,Cu;0, and at x=0.6 in
Bi,Sr,Ca, ,Ga,Cu,0,. The remanent superconductivi-
ty in the Bi; ,Pby(Sr,Ca, ,Ga,Cus0, (x=1) system
may have been caused by a small amount of
Bi, 4Pbg (Sr,CaCu,0, in the material. Thus, in both
cases, the superconductivity requires at least half of the
total Ca and Ga ions to be Ca.

IV. CONCLUSIONS

The substitution of Ga for Ca in the system
Bi,Sr,Ca,_,Ga, Cu,0, is found to result in the decrease
of the ¢ parameter since the size of the Ga®" ion is small-
er than that of the Ca’* ion it replaces. Samples with
x =0.5 are superconducting with the characteristic tem-
perature of transition almost independent of x. Samples
with x 20.7 are nonsuperconducting. The x =0.7 and
0.9 samples have metallic behavior in the high-
temperature region and semiconducting behavior in the
low-temperature region. These two regions are separated
by a shallow minimum. The x =1.0 sample has a semi-
conducting behavior over the whole temperature range of
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FIG. 6. Temperature dependence of dc susceptibility of
Bi,Sr,Ca,_,Ga,Cu,0,: x=0(0) and x=0.3 (O).

measurement. A thermally activated conduction process
takes place in the low-temperature regions of the x =0.7
and 0.9 samples. In the x =1.0 sample, the conduction is
governed by a three-dimensional variable-range hopping
in the low-temperature region and by a thermally activat-
ed process in the high-temperature region.
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