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Carrier-density-related superconductivity in bismuth cuprates
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We report Hall-constant (Rn) measurements on the Bi-Sr-Ca-Cu-0 system. Two systems,
2:2:1:2and 2:2:2:3,have been studied with a variety of heat treatments and cationic substitutions
(Pb, Gd, Nd, Sm). The carrier density (n 1/eRH) at 300 K as a function of T, for these poly-
crystalline samples show two distinct maxima —one corresponding to the low-T, (2:2:1:2)phase
and the other to the high-T, (2:2:2:3)phase. The data point to compelling evidence of correla-
tions between charge carriers and superconductivity con6rming similar Hall data on Y- and La-
based cuprates. A discussion of some relevant models is presented.

Ever since the discovery of high-temperature supercon-
ductivity in copper-based oxides with a perovskitelike
structure, several attempts have been made to establish a
relation between normal-state and superconducting prop-
erties. It was thus shown that the carrier density
n 1/eRH (RH.Hall constant) is strongly related to the
superconducting transition temperature T, in La2-„-
Sr„Cu04 (Ref. 1) and in YBa2Cu307 y (Ref. 2). With
increasing n, T, increases, takes a maximum, and then de-
creases as n increases further. In addition, 1/eRH de-
creases linearly with temperature as does the resistivity
for T & T,. These observations pose severe restrictions, if
not challenges, to any theoretical model being proposed to
explain high-temperature superconductivity in these sys-
tems. Recently, a relation between n and T, was also
shown to exist in BipSr2CaCu20» (2:2:1:2)system. ' We
wish to report here on the Hall data of several compounds
of the 2:2:1:2and 2:2:2:3of Bi systems. Different substi-
tutions (Pb, Nd, Sm, Gd, Hg) and heat treatments have
been used in order to vary T„enabling us to investigate
the influence of n on T, . In addition, RH has been mea-
sured as a function of T for a 107-K superconductor. Our
studies, though on polycrystalline samples, seem to rein-
force the earlier conclusions ' that there is a definite rela-
tion between the carrier (hole) density and the occurrence
of the superconductivity. Finally, an attempt has been
made to analyze these results with the help of some of the
theoretical models.

The ceramic samples in pellet form, used in this study,
have been prepared by standard solid-state sintering tech-
niques, starting from high-purity oxides or carbonates.
Care was taken to grind the samples at least twice after
calcination. A Cu Ka~ aligned Guinier camera was used
to determine the structure by x-ray analyses. Twenty to
thirty reflections were used to calculate the lattice param-
eters. For each re6ection, the rms standard deviation in
20 is less than 4X 10 degree.

The low-T, 2:2:1:2 structure is characterized by
a b 5.4 A and c 30.8 A whereas the high-T, 2:2:2:3
structure has a c parameter of 37.1 A. In the case of
2:2:2:3 samples, the ratio of the x-ray intensity of the
(00() peak was used to estimate the high-T, phase. Indi-
um was ultrasonically welded to the samples to obtain

Ohmic contacts. Standard ac techniques were used to
measure the resistivity p and RH as a function of tempera-
ture. The measuring current was 10 mA and the magnet-
ic field was 1 T. T, is the temperature at which p lies in
the range of O.S to 1 x10 Qcm. Table I summarizes
the nominal composition, heat treatment, structural data,
and T, of the samples we have studied. No extra ray
(Gdq03, Smz03, PbO, . . . ) was detected. The unit-cell
parameters of the 2:2:1:2or 2:2:2:3 structure have not
shown a significant variation with any substituted rare
earth (up to 20% of the dopants). We first discuss the
temperature dependence of RH of the high-T, phase be-
fore presenting the 300-K data of the rest. RH as a func-
tion of T for a high-T, (T, 107 K) sample is shown in
Fig. 1. This sample with 20% Pb is estimated to contain
about 7S% of the high-T, phase. The conductivity is p
type and Rtt obeys the 1/T law. It was recently shown
that the value of RH at 300 K and its temperature varia-
tion is strongly aff'ected by the preparation conditions. 5

However, even for the purest 2:2:2:3 with Pb sample as
claimed by Maeda et al. , RH does increase as T de-
creases. RH of our sample is about twice that observed
(for sample 8) by Maeda et al. The transport data ob-
tained on polycrystals are influenced by porosity and grain
boundaries. However, it was pointed out recently that RH
and p in polycrystals can be converted to corresponding
(a,b) plane values by multiplicative correction factors. '

In the case of YBa2Cu307, the polycrystalline data after
correction agreed with those obtained in single crystals. s

We do not attempt here to make any such corrections, but
simply point out such a possibility.

Several models have been proposed ' to explain the
temperature dependence of RH in high-T, materials. %'e
will comment briefly on some of the models. Since RH
does not vary as susceptibility, the conventional magnetic
skew scattering cannot describe the present data as was
suggested earlier in the case of YBa2Cu307. If one as-
sumes the presence of both holes and electrons in these ox-
ides, an expression for RH can be worked out in a two-
band model in low fields. Indeed, one does observe in
YBa2Cu307, for Hll(a, b), a negative Hall coefficient.
Thus, several groups have used some variations or others
of a two-band model and successfully analyzed the Hall
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TABLE I ~ Nominal composition, heat treatment, superconducting transition temperatures, and carrier density of bismuth cuprates

with different substitutions. SC1 denotes slow cooling 25 C/h; SC2 denotes slow cooling 100'C/b; q denotes quench in ambient air;
a denotes air; 0 denotes oxygen.

Starting composition
Final heat treatment

(.C)
T, (K)
(R-0)

n (300 K)
(10" cm ')

Structure
222:3 2:2 1 2

2'2 2 3+20% Pb
2:2:2:3+20% Pb
2:22 3+20% Pb
2:2:2:3+20% Pb
2:2:2:3+20% Pb
2:2:2:3+20% Pb

2:2:2:3+20% Pb+0.5% Gd
2:2:2:4'+20% Sm
222'3 +10% Sm
2:2:2:3'+10%Sm
2:2:2:4'+20% Pb

2:2:2:3 +20% Pb+0.5% Gd
2:2:2:4'

2 2 2:3'+20% Pb+1.25% Gd
2:2:2:3 +10% Hg

2 2'2'3'
2:2:1:2+10%Nd

850'/a
850'/a
855'/a
850'/a
845 /a
840'/a
855'/a
860'/a
840 /a
860'/a
850'/a
855'/a
865'/a
855'/a
845'/a
840'/a
860'/a

150 h+SC1
200 h+SC1
100 h+SC1
80 h+SC2
80 h+SC2
80 h+SC2
80 h+SC1
48 h+SC2

+q
+500'/0 48 h+q

48 h+SC2
24 h+SC2
24 h+SC2
60 h+SC2
80 h+SC1

+SC2
+500'/0 48 b+q

105
107
103
101
97
93

101
46
62
67
63
62
65
65
59
59
57

1.25
1.70
2.10
2.50
2.65
2.75
2.55
1.70
2.20
2.90
2.85
3.50
2.10
4.70
4.80
4.95
5.40

65%
75%
50%
20%
5%
5%

25%
2:2:1:2
2:2:1:2
2:2:1:2
2:2:1:2
2:2:1:2
2:2:1:2
2:2:1:2
2:2:1:2
2:2:1:2
2:2:1:2

35%
25%
50%
80%
95%
95%
75%

'Compounds with excess of Cu or Ca compared to the precipitated phases.

data. However, these models have certain starting as-
sumptions (like n p) which need not be true as was also
pointed out recently. " Another qualitative explanation is
based on the fact that these are two-dimensional materials
and the temperature variation of RH is a result of the
strong anisotropic character. Finally, it was proposed"
that this anomalous behavior may arise from an asym-
metric scattering mechanism (as yet unknown) and which
is specific to the particular ground state of these oxides.
The argument was based on the fact that the linear tem-
perature dependence of RH is strongly modified in YBa2-
CU3 Co 07 —y as x increases, accompanied by a de-
crease in T„ implying an absence of the linear tempera-
ture dependence of RH for nonsuperconducting samples.
However, Ando er al. ' have observed a linear tempera-

ture dependence of RH in a nonsuperconductor La3sr-
Cu20». This could be an exception, and if so, needs to be
verified in other nonsuperconducting two-dimensional
copper-oxide-based systems.

We now discuss the Hall data at 300 K of the samples
listed in Table 1. The hole density taken as I/eRH is plot-
ted in Fig. 2, as a function of T,. Our samples fall into
two curves well separated from each other. The lower
branch reflects the low-T, phase (80 K) and the higher
branch the 100-K high-T, phase. Each branch is charac-
terized by a distinct maximum. In both the systems, T,
increases as n increases, though it is easier to see this in
the 2:2:1:2systems mostly because of a larger number of
samples prepared under different conditions and with
different substitutions. A similar variation of T, as n is
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FIG. 1. Hall constant as a function of temperature of
ail.6Pb0.4Sr2CagCu30y.

CARRIER DENSITY (I0 cry )

FIG. 2. Carrier density (I/eRH) at 300 K as a function of su-

perconducting transition temperatures for the samples described
in Table I.
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varied was shown recently in the case of the Bi 2:2:1:2
system substituted with different cations (mono and
trivalent) at the Sr and Ca sites. Our maximum in T, (for
the lower part of the curve) is lower compared to the max-
irnum reported in Ref. 3 mainly because of two reasons:
Our samples contain an excess of Cu and the heat treat-
ment procedures are different. What seems to be impor-
tant is whatever may be the method of changing T,—by
heat treatment or by substitutions —a maximum in T, is
observed as n increases.

It is interesting to compare our findings with those ob-
tained by an entirely diNerent contactless technique,
namely muon spin resonance. ' Using this technique, the
spin relaxation rate which is proportional to n, /rrt (n, is
the number of superconducting electrons and m the
effective mass) was measured as a function of T, for six-
teen different specimens including the La2 „Sr„Cu04, Y,
Bi, and Tl systems. For all these systems, as n, /m in-
crease, T, increases, shows a maximum, and then de-
creases for any further increase in n, /m, though very few
data points are reported for the Bi 2:2:2:3system. In the
absence of a direct measurement of m*, a direct compar-
ison with our data is difficult. However, these two findings
do bring an important result, namely, the carrier concen-
tration is directly related to T,.

As noted earlier, such a linear relation between n and
T, cannot be expected in the weak-coupling limit of the
BCS theory of superconductivity. In two dimensions, '

however, with an attraction V between carriers within a
cutoff energy hco of the Fermi energy and a constant den-
sity of states, N,

T, (goi) l/2EF' exp( —I/lYV)tt ' 2cx: exp( —I/WV)

for hole Fermi energies EF ( pro, but is simply propor-
tional to exp( —1/NV) for EF & h, ro. If one assumes that
V involves Coulomb interactions of some kind and thus
decreases as kF (cLn 'i ) increases, then one finds a max-
imum in T, whose sharpness depends on the part of the
curve where the transition from EF ( hto to EF & t'tro

occurs. If the energy gap becomes comparable with the
Fermi energy, then the situation becomes more complicat-
ed. ' Further, it was recently pointed out' that in two di-

mensions, for any coupling which can give a two-body
bound state, a state intermediate between a Cooper-paired
state and a Bose-condensed state of tightly bound pairs
may arise.

Yet another qualitative description is provided by the
bipolaron model' ' which is brieAy described as follows.
At low carrier densities, in these two-dimensional materi-
als with a high ratio of static to high frequency dielectric
constant, the conditions are favorable for bipolarons to
form and condense at relatively high temperatures. As n
increases, T, increases. However, for any further increase
in n, the bipolarons loose stability resulting in a decrease
of T,. This model also accounts for the increase in T, as
the number of Cu-0 layers increases. However, the ob-
served large susceptibility at T & T, and the assumption
that m 20 m„are difficult to justify as yet in this mod-
el. One should also note that an attempt was made long
ago to point out the importance of hole conductivity in
various conventional superconductors. ' More recently,
a model has been proposedzz which accounts qualitatively
for the increase in T, as n increases. This model, however,
seems to imply that even in the newly discovered super-
conductor N12 „Ce„Cu04 ~

—which shows n-type con-
ductivity by Hall eff'ect measurements —the mobile car-
riers are holes and not electrons. Further studies are
necessary to clarify this point.

In conclusion, our extensive Hall data in the Bi 2:2:2:3
and 2:2:1:2systems with varying substitutions and heat
treatments point to a compelling evidence of correlations
between charge carriers and the superconducting transi-
tion temperature. Our studies confirm earlier findings on
other systems such as La2-„Sr,Cu04 (Ref. 1) and
YBa2Cu3 „M„07 „[M Co (Ref. 11), M Fe (Ref.
24)] and further support the results obtained by a noncon-
tact technique, i.e., muon spin resonance.

Though the two main results —namely the linear tem-
perature dependence of I/eRH and the n-T, relation with
maxima distinct for the three Cu-0-based supercon-
ductors —should be verified on single crystals, these stud-
ies, we believe nevertheless, should provide stimulating
starting points for any model to account for the observed
superconductivity.
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