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Polycrystalline samples of Bi,Sr,Ca, _;Cu,O, with various hole concentrations were synthesized
by substituting La for Sr, Y for Ca, and Pb for Bi. The superconducting properties, magnetic sus-
ceptibilities, Hall coefficients, and infrared optical reflection spectra were measured after sufficient
characterization of the samples. For the n=1 (2:2:0:1) materials, the antiferromagnetic
semiconductor—superconductor—normal-metal transition was observed with increasing hole con-
centration. In n =1 materials the Hall coefficient deviates strongly from the inverse of the hole con-
centration with increasing hole concentration. On the other hand, in the n =2 (2:2:1:2) materials
the Hall coefficient roughly scales with the inverse of hole concentration even for the samples exhib-
iting superconductivity above liquid-nitrogen temperature. The edge structure in the infrared
reflection spectra shifts to higher frequencies with increasing n, whereas it did not change at all
when the hole concentration was varied within the same structure (n value). Together with the re-
sult of the magnetic-susceptibility measurement, these results are discussed in terms of the several
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models describing the normal state of high-T. oxide superconductors.

I. INTRODUCTION

Since the discovery by Bednorz and Muller,! a number
of high-temperature superconductors based on copper
oxide have been discovered. All of these contain the
square network of the planes composed of copper and ox-
ygen.2 Empirically, the superconducting transition tem-
perature T, becomes higher with an increasing number of
CuO, layers up to three. Recently, attention has been fo-
cused on the preparation and the physical properties of
the materials with a larger number of CuO, layers.

The  Bi-Sr-Ca-Cu-O (Refs. 3-5) and the
T1-Ba-Ca-Cu-O system®’ form a series of com-
pounds, Bi,Sr,Ca, ;Cu,O0, (n=12,3,...) and

Tl,Ba,Ca, Cu, (n=1,2,3,...), respectively. Hereaf-
ter, we denote n =1, 2, 3 materials as the 2:2:0:1, 2:2:1:2,
and 2:2:2:3 materials, respectively. These compounds
have crystal structures based on the stacking of Bi (or
T1),0,Sr (or Ba)O-(Cu0,-Ca0,),-Cu-Bi (or T1,0,.27°
The superconducting transition temperature T, increases
with an increasing number of CuO, as n increases to 3,
and decreases for further increases of n.!! Thus, it is in-
teresting to investigate the change in normal-state prop-
erties when n is changed. However, even with the same n
structure, various properties strongly depend on the car-
rier concentration. In general, it is well established that
the superconducting transition temperature 7, strongly
depends on the carrier concentration.? In the (La,Sr),-
CuO, system which has a single CuO, square network, it
has been known that the system becomes superconduct-
ing from the antiferromagnetic insulator with increasing
hole concentration. With further increasing hole concen-
tration, it becomes similar to a normal metal, and super-
conductivity disappears.!? In the so-called 1:2:3 com-
pounds which have a double layer of the CuO, square
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network, saturation of the increase in 7, was also
found.!*> However, the disappearance of superconductivi-
ty with heavy doping of the hole has not yet been found.

The electronic-structure, normal-state properties also
change with increasing hole concentration. One of the
most striking results is the Hall effect in these materials.
For instance, in the case of the (La,Sr)-Cu-O system, the
Hall coefficient Ry is positive, and decreases with in-
creasing hole concentration.!*!> These can be interpret-
ed as hole doping into the Mott-Hubbard split band.
(Here we use the term Mott-Hubbard splitting in the ex-
tended sense including the charge-transfer splitting.)!> In
the lightly doped region, R roughly scales with the in-
verse of the hole concentration, which is consistent with
the above picture. However, it strongly deviates from the
inverse of the hole concentration with further increasing
hole concentration, which strongly suggests that the elec-
tronic structure is altered by the hole doping. Thus, it
can be said that the appearance of superconductivity may
correspond to the change in the electronic structure near
the Fermi surface. On the other hand, in the 1:2:3 com-
pounds, Ry exactly scales with the inverse of hole con-
centration even at the hole concentration where super-
conductivity with 7,=90 K occurs.'® Thus, in the 1:2:3
compounds, the Mott-Hubbard split-band picture seems
to survive well even at the high hole-concentration re-
gion. It is a natural question whether this difference in
the relation between hole concentration and Ry between
the 2:1:4 and the 1:2:3 compounds is observed in other
systems or not. In this sense, the Bi compounds seem to
be appropriate because the crystal structure is almost the
same except for the number of CuO, sheets.

Another interesting problem is the infrared reflection
spectra of these materials. It is well known that the
Drudelike reflection spectra are observed in the infrared
region for a wide range of materials of high-T, oxides.?

c
Tajima et al.'” proposed an empirical relation between
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the transition temperature and the “plasma frequency.”
If this structure truly represents the plasma reflection,
high-T, oxides look like ordinary metals in the energy
scale of infrared light, which is in sharp contrast to the
Mott-Hubbard picture in dc transport properties. How-
ever, there are some puzzling experimental results. In
the (La,Sr)-Cu-O system, it has been found that the “plas-
ma frequency” does not change with increasing hole con-
centration, thus increasing 7,.!"!® On the other hand,
the relaxation time 7 was found to increase with increas-
ing hole concentration. In ordinary Fermi-liquid theory,
plasma frequency should be proportional to the square
root of the ratio of the carrier concentration to the
effective mass. Thus, the pinning of the plasma frequency
observed in the (La,Sr)-Cu-O system contradicts the sim-
ple Fermi-liquid picture. Furthermore, in the low-energy
region, the temperature-dependent deviation from the
Drude-type behavior was reported.”” These results
strongly suggest that the optical reflection spectra should
be reinterpreted from a point of view quite different from
the simple Drude picture. Thus, it is necessary to investi-
gate the optical reflection spectra in other systems. In
particular, as a first step, the Drudelike structure should
be investigated in samples with various carrier concentra-
tions in other systems. Again, the Bi compounds are ap-
propriate in this sense.

In the Bi compounds, several authors reported that the
control of the hole concentration is possible by substitu-
tion of cations with different chemical valence.?’ 26 In
this paper, we studied the synthesis of good polycrystal-
line samples with various hole concentration for various
n, and investigated the resistivity, the Hall effect, the in-
frared reflection spectra, and also the magnetic suscepti-
bility in normal state. These results are discussed in
terms of the several models describing the normal state of
high-T, oxide superconductors.

Part of the results were already published in the form
of short communications.?” %

II. EXPERIMENTS

Samples were prepared by an ordinary solid-state reac-
tion method. Nearly stoichiometric amounts of Bi,0;,
SrCO,, CaCO;, Y,0;, La,0;, Pb;O,, and CuO powders
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were mixed with agate mortar and pestle, calcined at
830°C for 20 h. The calcined powders were pressed into
pellets, and sintered at 850 °C—890°C in air except for the
2:2:2:3 (n =3) material. The exact nominal composition
and temperature of the sintering depend on the materials.
For example, we found that the single phase of the 2:2:1:2
material can be synthesized from the nominal
composition of [Bi]:[Sr]:[Ca):[Cu]=2:1.8:1.2:2 rather
than 2:2:1:2.27 The conditions of the preparation are
summarized in Table I. For the 2:2:0:1 material doped
with La, we tried both Bi,Sr, ,La,CuO, and
Bi, 81, 9_,La,CuO, because an almost single-phase sam-
ple was obtained for Bi, ;Sr, yCuO,, not for Bi,Sr,CuO,
as will be described in Sec. III A. We also synthesized
Nd-doped 2:2:0:1 samples (not shown in Table I) in order
to check whether superconductivity is due to 2:1:4
(La,Sr)-Cu-O or not.

It should be noted that an additional process is neces-
sary for the preparation of good 2:2:2:3 samples.”® It is
well known that the introduction of Pb (Ref. 31) and the
long-time sintering under low oxygen partial pressure®?
remarkably improves the quality of the 2:2:2:3 sample.
Our method of the preparation is basically the same as
those presented in Refs. 31 and 32. However, even by
this method the density of the obtained single-phase crys-
tal is almost half the ideal value owing to the volume ex-
pansion during the sintering process.”® Thus, further
heat treatment was necessary to obtain high-quality poly-
crystalline samples appropriate for the physical measure-
ment. Details were published elsewhere.?®

Prepared samples were characterized by ordinary
powder x-ray-diffraction, dc magnetic susceptibility using
a SQUID magnetometer, and dc resistivity measure-
ments. The powder x-ray-diffraction pattern for Cu Ka
radiation was measured by a Rigaku RAD-IA powder
diffractometer. For several samples, scanning electron
microscopy (SEM) images were taken with a JEOL JXA-
8621, together with the EPMA measurement. Thermo-
gravimetric analysis was performed by a MAC science
TG-DTA-2000.

The average valence of Cu was determined by an ordi-
nary iodometric titration method. It is generally said
that Bi and Pb take the mixed-valence state in oxide ma-
terials, which may cause experimental errors in the deter-

TABLE I. Conditions of preparation of the samples. All samples were calcined at 830°C for 20 h in air. For samples in series G
(2:2:2:3 material), additional heat treatment described in the text was made.

Number of Name of Sintering
CuO, layers Series Nominal composition Temperature (°C) Time (h) Atmosphere
1 A Bi,,Sr, ,CuO, (—0.2=x=0.3) 850 15 air
B Bi, ;Sr; 9 ,La,Cu0O, (0=z=1) 850 15 air
C Bi,Sr, ,,La,Cu0O, (0=w=1) 850 (0=Zw =0.6) 15 air
860 (0.7=w =<1.0)
D Bi, ;. Pb,Sr; 4Cu0, (0=x <0.6) 850 15 air
2 E Bi,Sr, 4(Ca,_,Y,); ,Cu,0, (0=x=1) 865 (0=x <0.45) 12 air
870 (0=x <0.7)
880 (0.8=x<0.9)
890 (x=1.0)
F (Bi; _,Pb, ),8r 4Ca; ,Cu,0, (0=z=0.5) 860 12 air
3 G Bil'gspbo'gs(srl-xcax )4CU3‘|O}, (OSX < 1) 860-870 50-100 NZ
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mination of the average valence of Cu. However, the
simple assumption of Bi3" gave relatively good agree-
ment with the analyzed oxygen content.® Thus, we will
simply assume that Bi and Pb are trivalent and divalent,
respectively. As will be described in Sec. III B4, we can
regard the deviation of the average valence of Cu from
2.0 as the hole concentration.

Magnetic susceptibility was measured by a SHE model
905 SQUID magnetometer. The susceptibility in the su-
perconducting state (Meissner effect) and that in the nor-
mal state was measured under the magnetic field of 10
and 5 kOe, respectively. An ac magnetic susceptibility
measurement was sometimes performed for the charac-
terization of grain boundaries.

Resistivity measurement was accomplished by utilizing
an ordinary four-probe method for pellets that were cut
into “bar shapes”. The typical dimension of the samples
was 1X1X6 mm?’. Electric contacts were made using
Dupont silver paste No. 6500. The contact resistance
was typically 0.1 €.

The Hall coefficient measurement was measured under
the magnetic field of 1.8 T. The current was fixed at
20-50 mA depending on samples. Typical thickness of
the samples was 0.1-0.2 mm.

Infrared optical reflection spectra were measured by a
Parkin Elmer E1 monochromator in the frequency range
between 4000 and 15000 cm~!. For optical measure-
ment in polycrystals, the method of polishing is impor-
tant in order to obtain good results. We found that the
following procedure provides the polycrystalline sample
with high reflectivity in a well-reproducible way: First, a
pellet is polished by ordinary No. 6000 Al,O; powders;
next, the pellet is polished by finer Al,0O; powders with a
diameter of 0.3 um without any liquid. Only after polish-
ing for approximately 10 min is a mirrorlike pellet ob-
tained. The second polishing with some liquid is much
less effective.

III. EXPERIMENTAL RESULTS

A. Characterization of the samples

Figure 1 shows typical examples of the powder x-ray-
diffraction patterns of the n =1, 2, 3 materials. For the
n =1 material, single-phase samples were obtained for
0.1=x =0.4 of Biy,,Sr,_,CuO, (series A),0.2=w =1.0
in La-doped samples (series C), and for 0.05=<x <0.5 in
Pb-doped samples (series D). (See Table I for nominal
composition of each series.) All peaks except for Pb-
doped 2:2:0:1 samples with x >0.1 and Y-doped 2:2:1:2
samples with x = 0.6 were indexed by a tetragonal unit
cell. The obtained lattice parameters for the 2:2:0:1 sam-
ples (series B, C, and D) are shown in Fig. 2. As was al-
ready reported in a short communication,*® in Pb-doped
samples with x larger than 0.1, peaks cannot be indexed
by a tetragonal cell but were indexed by an orthorhombic
unit cell. In the orthorhombic region, the high-resolution
electron-diffraction measurement shows that the super-
structure in the Bi,0, plane disappears.’* In the case of
La-doped samples, the ¢ parameter does not change so
much for a low concentration of La, whereas the a pa-
rameter increases with increasing La content. For large
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La concentration, the ¢ parameter decreases with increas-
ing La content. For Pb-doped samples, the ¢ parameter
does not depend on the Pb content. At the same time,
with increasing Pb content the system undergoes a tetrag-
onal to orthorhombic transition, as was described previ-
ously.

The SEM-EPMA observation of these samples shows
that all parts of the sample are in the Bi 2:2:0:1 phase,
with a very small amount of CuO present (2% in the area
of the photograph). Thus, it can be concluded that doped
ions are substituted.

It also should be noted that in the nondoped sample
(Bi,Sr,Cu0O, ) many other phases were contained, which
are easily observed in a powder x-ray-diffraction pattern.
This is probably due to the existence of a Bi;;Sr(Cu;0,
phase.’> However, a single-phase solid solution can be
formed by changing the ratio of Bi to Sr. Figure 3 shows
the lattice parameters of Bi,,,Sr, ,CuO, obtained by
the method of least squares. With increasing Bi content,
a parameter increases without emergence of any other
phases, which shows that the solid solution is surely
formed with substituting Sr for Bi.
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FIG. 1. Cu Ka powder x-ray-diffraction pattern for typical
single-phase samples of the n =1 (2:2:0:1), n=2 (2:2:1:2),
and n=3 (2:2:2:3) samples. Nominal compos-
itions are Bi, ,Sr, yCuO,, Bi,Sr; 3Ca, ,Cu,0,, and
Bi, 3sPby 35S1,Ca,Cu; ;0,, respectively.
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FIG. 2. Lattice constants of La- and Pb-doped 2:2:0:1 sam-
ples (series B, C, and D). For convenience, for two series of La-
doped samples, the abscissa is displaced in order that the sum of
the valences of Bi (assumed to be trivalent), Sr, and La becomes
equal.

Figure 4 shows the lattice parameters of Y-doped and
Pb-doped 2:2:1:2 samples. A single-phase sample was
synthesized for 0=<x=<0.6 for Y doping and for
0=z=0.2 for Pb doping. Recently, Fukushima et al.
succeeded in obtaining Pb-doped samples up to z=0.3 by
sintering under the reduced atmosphere.*® In our experi-
ment, sintering was performed in air. Thus, the samples
with x larger than 0.2 always contain other phases. In
the case of Y doping, the ¢ parameter decrease with in-
creasing x, whereas the a parameter increases with in-
creasing Y content. The tetragonal to orthorhombic
transition can be observed at around x =0.6. These
features were almost the same as those obtained by
Tamegai et al.?' Although the x =1.0 sample is not sin-
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FIG. 3. Lattice constants of Bi, ,Sr,_ CuO, samples.
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FIG. 4. Lattice constants of Y- and Pb-doped 2:2:1:2 samples
(series E and F).

gle phase, similar magnitudes of the lattice parameters
were obtained for single crystals of Bi,Sr,YO, prepared
by a CuO flux method.’’

Figure 5 shows the schematic phase diagram of the
2:2:2:3 sample prepared from the nominal composition of
Bi) 3sPbg 5(Sr, _,Ca,),Cu; |0,. Single-phase 2:2:2:3 sam-
ples can be obtained only for the narrow range of the
nominal composition (black region in this figure). If we
plot the lattice constants for 2:2:2:3 samples including
those obtained in other regions, there was very little
dependence of a, b, and c on x. This strongly suggests the
lack of flexibility of the 2:2:2:3 structure. In the 2:2:2:3
structure, we have not succeeded in substituting other
cations yet. This may be due to the rigidity of this struc-
ture mentioned just above.

Figure 6 shows examples of the thermogravimetric
(TG) curves of various samples of the Bi systems. For
every sample, the change in oxygen content with increas-
ing temperature is about 0.8 weight % at maximum, and
below 600 °C there is almost no loss of oxygen. The max-
imum change in oxygen content deduced from the data in
Fig. 6 is 0.06, 0.05, and 0.03 for the unit formula of the

.
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FIG. 5. Summary of the relation between the preparation
conditions (nominal composition and the sintering temperature)
and the prepared phases of Bi, gsPby 35(Sr;_,Ca, ),Cu; ,0,.
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FIG. 6. Thermogravimetric curves for various samples of
Bi compounds. Nominal compositions are Bi, Sr,(CuO,
(nondoped  2:2:0:1), Bi,Sr; (Lag4CuO, (La-doped 2:2:0:1),
Bi; sPby 381, ¢CuO, (Pb-doped 2:2:0:1), Bi,Sr, 3Cag 96Y 0 24Cu,0,
(Y-doped 2:2:1:2), and Bi, §sPbg 358r,Ca,Cuy 0, (2:2:2:3), re-
spectively.

2:2:0:1, 2:2:1:2, and 2:2:2:3 phases, respectively. Thus, as
far as oxygen deficiency during heat cycles is concerned,
the Bi system has less oxygen deficiency than the 1:2:3
compounds. This is probably due to the absence of the
chain structure in this compound.

Figures 7-9 show the average valence of Cu for La-
doped 2:2:0:1, Pb-doped 2:2:0:1, and Y-doped 2:2:1:2
samples, respectively. In the case of La doping and Y
doping, the average valence of Cu decreases with increas-
ing La or Y content. On the other hand, the Pb doping
increases the average valence of Cu very little. In the fol-
lowing equations we simply assume that Pb is divalent
and Bi is trivalent, and denote the average valence of Cu
as 2+p, the oxygen content 6+ 6 and 8+ 6 for 2:2:0:1 and
2:2:1:2 samples, respectively. Then, p is represented as

p=26—w for Bi,Sr, ,La,CuO,, (1)
p=26+x—0.1 for Bi, ;_,Pb,Sr ,CuO, , (2)

2.18 T T T T

216 —

NN
- et
SRS
T T

] ]

N

=

o
I

Average Cu Valence
N
o
o]
T
!

2.06F -
2041 il
202 BiSnplafuO, |
I 1 1 |
200—57"04 06 08 10

La content w

FIG. 7. Average Cu valence of Bi,Sr,_,La,CuO, deter-
mined by the iodometric titration method.
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FIG. 8. Average Cu valence of Bi, ;_,Pb,Sr; ,CuO, deter-
mined by the iodometric titration method.

p=38—0.6x for Bi,Sr, 4(Ca;_,Y,);,Cu0, . (3)

We should note that the observed change in the average
valence of Cu is much less than expected from the above
equations assuming that & does not change. Thus, the
origin of this discrepancy should be ascribed to the
change of 8 by changing the concentration of the substi-
tuting cations. In fact, the increase of oxygen content
was reported in La-doped 2:2:1:2 samples by several
groups.?%38

In nondoped 2:2:0:1 materials, we performed the titra-
tion only for Bi, ;Sr; ¢CuO,, which was found to have the
average valence of 2.14. However, Ikeda et al.’® ob-
tained the average Cu valence in Bi,, ,Sr, ,CuO, series
materials by measuring the oxygen content. According
to their result, the valence was found to be almost con-
stant (around 2.15) up to x =0.15-0.20, and decreases
with increasing x.

For Pb-doped 2:2:1:2 samples, p of 0.21 and 0.30 were
obtained for z=0.1 and 0.2, respectively.

For 2:2:2:3 samples, the obtained p is about 0.15 for
every sample, if we assume carriers are doped in two
CuO, layers.
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FIG. 9. Average Cu valence of Bi,Sr, 3(Ca;_,Y,); ,Cu,0,
determined by the iodometric titration method.



B. Superconductivity
1. n =1 (2:2:0:1) material

Figure 10 shows the temperature dependence of the
resistivity for various 2:2:0:1 samples. In the case of La
doping, heavily substituted samples (w =20.9) are semi-
conducting. The magnitude of the resistivity decreases
with increasing La content, and a transition from semi-
conductor to superconductor was observed at around
w =0.8. The superconducting transition temperature T,
increases with decreasing La content and reached 25 K at
w=0.4. In Pb-doped samples, the temperature depen-
dence of the resistivity is metallic for the whole range of
x. The resistivity decreases with increasing Pb content
up to x =0.3. With additional increasing Pb content, the
resistivity increases. This increase of the resistivity is
probably due to the existence of the impurity phase,
which became observable even in powder x-ray
diffraction pattern at x =0.6. T, decreases with increas-
ing Pb content. At x =0.3, only the onset temperature
was observed.

Figure 11(a) shows the Meissner effect of La-doped
2:2:0:1 samples. Although at lowest temperatures, the di-
amagnetic signal is large enough to guarantee the bulk
superconductivity, the diamagnetic signal above 18 K,
for instance in the w =0.4 sample, is very small, which
leads one to suspect that the onset temperature of the
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bulk superconductivity is lower than 25 K. However, we
should note that the temperature dependence of the sus-
ceptibility shows downward concave behavior. This is
similar to that reported by Muller et al. in the 2:1:4 ma-
terial.’® Thus, we can assume that the bulk superconduc-
tivity surely occurs at 25 K. In fact, the diamagnetic sus-
ceptibility measured under a lower magnetic field is
larger than that shown in Fig. 11(a). We also investigate
Nd-doped 2:2:0:1 samples, which also display a large di-
amagnetic signal at around 20 K. Thus, we can rule out
the possibility of the superconductivity due to the 2:1:4
material. As was previously mentioned, the La doping
based on Bi, ;Sr; CuO, was also performed (series B). In
this case, the diamagnetic signal was very small (5X 10~*
emu/g at most). Thus, measurement of the physical
properties were performed only in the Bi,Sr,_,La, CuO,
samples (series C).

Figure 11(b) shows the Meissner effect in Pb-doped
2:2:0:1 samples. Although it clearly shows that the su-
perconductivity is due to the 2:2:0:1 phase, the bulk su-
perconductivity disappears at x =0.2. The dependence
of T. as a function of the nominal composition w and x
and z is summarized in Fig. 12. With increasing La con-
tent, the system undergoes a superconductor-to-
semiconductor transition. On the other hand, with in-
creasing Pb content, the system undergoes another
superconductor-to-nonsuperconductor transition. Thus,
together with the results in Figs. 7 and 8, the following
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FIG. 10. Temperature dependence of the resistivity of La- and Pb-doped 2:2:0:1 samples (series C and D).
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FIG. 12. Superconducting transition temperature of 2:2:0:1
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For convenience, for two series of La-doped samples the abscis-
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be trivalent), Sr, and La becomes equal. Bars show the onset
and zero-resistance temperatures determined by resistivity mea-
surement; circles, triangles, and squares show T, determined by
Meissner effect measurement. Brackets represent that the
Meissner signal is smaller than 10™* emu/g. X’s represent that
the material does not show the superconducting transition tem-
perature.
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features were revealed in the 2:2:0:1 materials: With an
increasing mean valence of Cu, the magnitude of the
resistivity decreases monotonically whereas T, increases,
and after taking a maximum, T. decreases when further
increasing the average valence of Cu, and finally bulk su-
perconductivity disappears.

It should be also noted that the T-linear dependence of
the resistivity is observed in La-doped superconducting
samples. On the other hand Pb-doped samples exhibit
the concave downward behavior like normal metals.*

Even in nondoped 2:2:0:1 materials (series A), both su-
perconducting and semiconducting samples can also be
obtained by changing the ratio of Bi to Sr. Among the
single-phase samples, only the sample with x =0.1 is a
superconductor with 7, of 8 K; others are semiconduct-
ing. However, the magnitude of the Meissner effect is
less than 3% of the complete Meissner effect at most.

2. n=2(2:2:1:2) material

Figure 13 shows the temperature dependence of the
resistivity for various 2:2:1:2 samples. By the doping of
Y, first the superconducting transition temperature 7T, in-
creases with increasing Y content up to 0.1, and de-
creases with further increasing Y content. Finally it be-
comes semiconducting. Thus, a superconductor-
semiconductor transition was observed at x=0.45.
However, a feature different from 2:2:0:1 samples is evi-
dent, i.e., a two-step transition was observed for super-
conducting samples with x larger than 0.1, which was
also reported by other groups.”"??> The two-step transi-
tion was also observed in the Meissner effect shown in
Fig. 14. For a higher-T, transition, no hysteresis for the
heat cycle was observed. If we plot T, as shown in Fig.
15, the higher T, would then be found to be unchanged
with increasing Y content, whereas the lower T, de-
creases with decreasing temperature. Thus, a most natu-
ral interpretation of the dependence of T, on the Y con-
tent is that there exist two different 2:2:1:2 phases with
two different Y contents. We can roughly estimate the
lower limit of the superconducting volume fraction from
the Meissner data. The estimated lower limit of the
volume fraction of the higher-7, 2:2:1:2 phase is about
5%. On the other hand, we cannot find any sign of the
phase separation into a different 2:2:1:2 phase with a
different Y content in the powder x-ray diffraction pat-
tern. In the Bi compounds, it often occurs that the di-
amagnetic signal is quite large though the x-ray powder
pattern does not show the existence of the corresponding
superconducting phase.?’” Thus, the actual volume frac-
tion of the higher-7. 2:2:1:2 phase seems to be small.
Thus, the existence of the higher-T, 2:2:1:2 phase is con-
sidered not to affect the estimation of the Cu valence and
other physical properties substantially. Therefore, we
will regard the lower T, as that of the material with given
nominal composition.

In Pb-doped samples, T, was decreased down to 60 K.
In this case, the superconducting transition was very
sharp, as shown in Fig. 14.
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FIG. 13. Temperature dependence of resistivity for Y-doped 2:2:1:2 samples (series E).
3. n=3(2:2:2:3) material sintered 2:2:2:3 sample. Thus, repulverization, re-

Figure 16 shows the temperature dependence of the
resistivity of a single-phase 2:2:2:3 sample. The “as-
sintered” sample (sample A) shows a small tail around
110 K and the resistivity at room temperature is relative-
ly high (4 mQcm). On the other hand, the Meissner
effect measurement in Fig. 17 shows that the diamagnetic
volume fraction is about 55% of the complete Meissner
effect. As was clarified in Ref. 28, the tail observed at ap-
proximately 7. is due not to the mixing of the other
phases, but due to the extremely porous nature of the as-
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FIG. 14. Meissner effect of Y- and Pb-doped 2:2:1:2 samples
(series E and F) measured with decreasing temperature under
the magnetic field of 10 Oe.

pressing, and resintering of the sintered pellet were neces-
sary. The temperature dependence of the resistivity for
the 2:2:2:3 samples after this additional treatment was
shown also in Fig. 16. The sample after the additional
treatment (sample B) shows a sharp superconducting
transition with zero-resistance temperature at 107 K, and
the resistivity at room temperature is about 1 m{cm,
which is much smaller than that before the treatment. It
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FIG. 15. Superconducting transition temperature of 2:2:1:2
samples (series E and F) as a function of the nominal concentra-
tion of Y or Pb. Bars show the onset and zero-resistance tem-
peratures determined by resistivity measurement; circles and tri-
angles show T, determined by Meissner effect measurement.
Two circles of the same composition for Y-doped samples with
x >0.1 represent two T,’s corresponding to the two-step transi-
tion observed even in Meissner effect measurement.
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FIG. 16. Temperature dependence of the resistivity of
Bi, 45Pbg 358r,Ca,Cu; ;O, (2:2:2:3) before (sample A) and after
(sample B) the treatment. Sample B was sintered at 830°C for 3
h after the repulverization.

is confirmed by the powder x-ray diffraction and the mag-
netic susceptibility measurement that the sample is still
single phase after this treatment.

The reason for the observed change may be explained
as follows. In pure 2:2:2:3 samples, the polycrystal grains
were coupled ineffectively both in the normal state and in
the superconducting state because of the volume expan-
sion during the initial sintering process, even though each
grain grows very well. Thus, the repulverization and
resintering improves the intergrain coupling drastically.
This is easily confirmed by the ac susceptibility measure-
ment, the result of which is shown in Fig. 18. Before the
treatment, the loss structure can be observed even far
below T,, and no peak was observed in the imaginary
part measured at 4 Oe. On the other hand, after the
treatment, a peak in the loss structure emerged at 90 K in
the susceptibility measured at 4 Oe. This definitely indi-
cates that the nature of the grain boundary is excellently
improved by the heat treatment. The drastic change in

I
[

T T T T T T T T T T T

BigsPby) 5 Sr2Ca 2Cu 310y

(=]

-2

Susceptibility (10 emu/g)

02 H=100e §
0.4} ocj .

[ 00000 00 ©

o
>

1 d 1 L 1 1 1 1 1 1 1
20 40 60 80 100 120
Temperature (K)

o
=

FIG. 17. Meissner effect of Bij gsPbg ;55r,Ca,Cu; 0, mea-
sured with decreasing temperature under the presence of a mag-
netic field of 10 Oe.

the morphology was also confirmed by the SEM-EPMA
measurement.*’ It will be shown that this improvement
has an essential effect for the measurement of the Hall
coefficient.

It should also be noted that the samples with sharp su-
perconducting transition and relatively low resistivity can
be obtained without the treatment described above—for
example, if we start from the composition of
Bi; 4sPby 3581, ,Ca, 4Cu; ;O, (Fig. 19). However, as is
shown in the inset, this sample contains almost an equal
amount of the 2:2:1:2 phase and the 2:2:2:3 phase. These
samples cannot be used for the measurement of the physi-
cal properties.

4. The transition temperature as a function
of the hole concentration

From the previously mentioned results above, it be-
comes possible to plot the superconducting transition
temperature T, as a function of the hole concentration.
Both in the 2:2:0:1 and the 2:2:1:2 materials, the materi-
als are superconducting when the average valence of Cu
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FIG. 19. An example of a mixed-phase 2:2:2:3 sample which
shows a sharp resistive transition and low resistivity. The inset
shows the powder x-ray diffraction pattern of the same sample.
X indicates the peak of the 2:2:2:3 phase.

is large, and become semiconducting when the average
valence of Cu decreases and approaches 2. Thus, we can
also consider in the Bi compounds that the material with
the average valence of Cu of 2.0, which corresponds ex-
actly to the d° configuration, is a Mott insulator without
any free carriers. Then, we can regard the deviation of
the average Cu valence from a value of 2 as the hole con-
centration.

Figure 20 shows T, as a function of the hole concentra-
tion p for the 2:2:0:1, the 2:2:1:2, and the 2:2:2:3 materi-
als. In the 2:2:0:1 system, the material became supercon-
ducting at p=0.09, and T, increases with increasing p.
With further increasing p, T, decreases after assuming a
maximum value of 25 K of approximately p =0.12. Fi-
nally the bulk superconductivity disappears at around
p =0.25. This behavior is similar to that observed in the
(La,Sr)-Cu-O system.>!?

For nondoped 2:2:0:1 materials (series A), the obtained
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FIG. 20. Superconducting transition temperature 7, as a
function of the hole concentration for the 2:2:0:1 (series C and
D), 2:2:1:2 (series E and F), and 2:2:2:3 (series G) samples. A
and X for the 2:2:2:3 materials represent the points obtained
under the assumption that holes are distributed with equal
probability in three and two CuQ, layers, respectively. Arrows
indicate that the materials are semiconducting.
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result is slightly different from those in La-doped 2:2:0:1
materials (series C). If we plot the point for the super-
conductor Bi, ;Sr; ¢CuO, in the same figure (not plotted),
the points do not locate on the curves obtained for La-
doped samples. As will be discussed in Sec. IV B, in non-

doped samples other factors are considered to influence
T,.

In the 2:2:1:2 system, the material became supercon-
ducting at p =0.01-0.02, and T, increases with increas-
ing p. With further increasing p, T, decreases after tak-
ing a broad plateau at around p=0.15-0.20. In this
case, we have not found the disappearance of supercon-
ductivity for large p. These behaviors are also similar to
those observed in the 1:2:3 compounds. '3

In the 2:2:2:3 system only one point was obtained. In
Fig. 20, two points were plotted, and A and X represent
the points obtained under the assumption that holes are
distributed with equal probability in three or two CuO,
layers, respectively. Although there is little difference
whether this material should be regarded as double lay-
ered or triple layered, the obtained point is not located on
the T,-p curves of the 2:2:1:2 material in both cases.
Thus, it is likely that a different curve exists for the
2:2:2:3 material.

C. Normal-state properties

1. Hall effect

Figure 21 shows the temperature dependence of the
Hall coefficient Ry of nondoped 2:2:0:1, 2:2:1:2, and
2:2:2:3 samples. Among superconducting nondoped
2:2:0:1 samples and semiconducting 2:2:0:1 samples we
could not find any definite difference in the magnitude
and the temperature dependence of Ry. For every sam-
ple, Ry is positive, and increases with decreasing temper-
ature. Figure 22 shows the inverse of Ry of the same
samples as a function of temperature. Only the 2:2:2:3
samples showed 1/T dependence of the R;. On the oth-
er hand, the 2:2:0:1 and the 2:2:1:2 sample sample showed
much weaker temperature dependence.

Figure 23 shows the Ry as a function of the hole con-
centration determined in Figs. 7-9 for the 2:2:0:1 and the
2:2:1:2 materials. The dashed curves in the figure
represent the inverse of e times the hole density per unit
volume) where e is the electronic charge, as was original-
ly proposed by Ong et al.'® As is shown in Fig. 23(a), in
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FIG. 21. Temperature dependence of the Hall coeffi-
cient Ry of Bi, ;Sr yCuO,, Bi,(Sry¢Cag4);Cu0,, and

Bi; 4sPby 358r,Ca,Cu; ,0,.
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FIG. 22. Inverse of the Hall coefficient divided by the elec-
tronic charge (1/eRy) of the same samples as were shown in
Fig. 21 as a function of temperature. For n =3 (2:2:2:3) materi-
al, the data obtained in another sample were added as closed
circles.

the 2:2:0:1 system, Ry is almost the same as the inverse
of the hole concentration at small hole concentrations. It
strongly deviates from the inverse of the hole concentra-
tion with increasing hole concentration. The hole con-
centration where the deviation starts to occur roughly
corresponds to the hole concentration where
semiconductor-to-superconductor transition occurs. On
the other hand, in the 2:2:1:2 system, apart from the
difference of the absolute magnitude, Ry roughly scales
with the inverse of hole concentration up to high-hole
concentration where T, begins to decrease with increas-
ing hole concentration.

For the 2:2:2:3 sample, as was reported previously,?®
the Hall coefficient decreases to half by the additional
treatment. The final value of Ry; 1X 1073 cm?®/C corre-
sponds to the hole concentration per Cu of 0.47. Clay-
hold et al. obtained a much smaller value of the Hall
number 1/eRy in the early stage.*’ Judging from the
temperature dependence of the resistivity of their sam-
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ples, we think this is probably due to the low quality of
the grain boundaries of their sample.

2. Infrared reflection

Figure 24 shows the infrared reflection spectra of non-
doped 2:2:0:1, 2:2:1:2, and 2:2:2:3 samples. The absolute
value of the reflectivity at 4000 cm ™! is 24% (2:2:0:1),
35% (2:2:1:2), and 45% (2:2:2:3). It looks like the plasma
reflection of free electrons. Edge structure definitely
moves to a higher energy with an increasing number of
CuO, layers. For an additional step, the fitting to the
Drude-type formula is desirable. Although the absolute
magnitude of the reflectivity strongly depends on the con-
dition of the polished polycrystals, the data in Fig. 24
show a relatively large value of reflectivity. Thus, the
data in Fig. 24 were fitted tentatively to the ordinary
Drude formula without any correction. The determined
“plasma frequencies” were 5500 cm ™! (2:2:0:1), 7400
cm™! (2:2:1:2), and 8800 cm ™' (2:2:2:3), which are indi-
cated by arrows in the figure. The obtained characteristic
frequency increases with increasing n.

All the data in Fig. 24 were taken for polycrystals. It
is necessary to check whether there is an essential
difference between the ‘“‘plasma frequencies” of polycrys-
tals and that of single crystals. Figure 25 shows the com-
parison of the reflection spectra of 2:2:1:2 materials be-
tween a polycrystal and a highly oriented film prepared
by the molecular beam epitaxy MBE method. The poly-
crystal shows a slightly smaller value of the characteristic
frequency. Thus, the measurement with polycrystalline
samples has a meaning only in qualitative comparison.

Figure 26 shows the infrared reflection spectra of vari-
ous 2:2:1:2 samples with different hole concentrations. In
this figure, for comparison, the minimum value of the
reflectivity is equated to 8%. The edge frequency does
not move with the change of hole concentration and T,
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FIG. 23. Hall coefficients as a function of the hole concentration determined by the titration for (a) 2:2:0:1 samples (series C and
D), and for (b) 2:2:1:2 samples (series E and F). Dashed curves shown in the figures represent the inverse of the hole concentration p

per unit volume multiplied by the electronic charge (1/ep).
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which is different from the behavior observed in Fig. 24.
A similar behavior was observed in 2:2:0:1 samples, as is
shown in Fig. 27. Thus, within the same structure, name-
ly the same number of CuO, sheets n, the edge frequency
was found not to change although the superconducting
transition temperature T, changes. This is very similar
to the behavior of “plasma frequency” observed in
(La,Sr)-Cu-O system.”’18

For the nondoped 2:2:0:1 materials (series A), the ob-
tained reflection spectra are almost the same between a
superconducting sample and a semiconducting sample.

3. Magnetic susceptibility

Figure 28 shows the magnetic susceptibility of 2:2:0:1
materials with a different hole concentration. In La-
doped samples, the susceptibility has very weak tempera-
ture dependence. For samples with small hole concentra-
tion, the measured susceptibility is negative. Considering
that the core diagmagnetic contribution is —2.3X 107’
emu/g, the remaining paramagnetic contribution is
1.5X 1077 emu/g at 300 K. For the samples with high
hole concentration (Pb-doped ones), the magnitude of the
susceptibility is larger, and the temperature dependence
is Curie-like.

In a semiconducting sample, a small hump can be ob-
served at around 280 K. Figure 29 shows the result of
the more detailed measurement in an expanded scale.
The susceptibility assumes a local maximum at 280 K,
which is similar to the temperature dependence of the
susceptibility of (La,Sr)-Cu-O.*> This strongly suggests
that the antiferromagnetic transition occurs at this tem-
perature. Although we have not performed any other
magnetic measurement, this structure should be regarded
as due to the antiferromagnetic transition. To our
knowledge, this is the first time that the antiferromagnet-
ic transition was observed in static susceptibility in Bi
compounds. We have not observed similar transitions
within the measured temperature range in other samples
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FIG. 27. Infrared-visible optical reflection spectra of La-
doped (Bi,Sr, ¢La, ,CuO, ), Pb-doped (Bi, 3Pb ;Sr, ,CuO, ), and
nondoped (Bi, Sr; sCuO,) 2:2:0:1 polycrystals. For compar-
ison, the data for all samples were plotted as the minimum
reflectivity is equal to 10%. The true minimum reflectivities of
the samples are 10% (the nondoped-Sr deficient sample), 7.5%
(the La-doped sample), and 3% (the Pb-doped sample).
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FIG. 28. Temperature dependence of the magnetic suscepti-
bility of La- and Pb-doped 2:2:0:1 materials (series C and D)
with x =0.15 and 0.30 and w =0.40, 0.60, and 1.0. The magni-
tude of the magnetic field was 5 kQOe.

with different compositions.

In the nondoped 2:2:0:1 (series A) samples, the suscep-
tibility is weakly Curielike for all samples. No definite
change was found when the ratio of Bi to Sr was changed.

For the 2:2:1:2 materials, the behavior of the measured
susceptibility is essentially the same as reported in Ref.
21.

Figure 30 shows the temperature dependence of the
susceptibility of a 2:2:2:3 sample. It shows a very broad
peak around 170 K. This behavior is observed in several
samples.

IV. DISCUSSION

A. On the structural properties

In the Bi-Sr-Ca-Cu-O system, the existence of the com-
plicated modulated structure**3~*5 has made the precise
structural analysis almost impossible. Very recently,
Yamamoto et al.* succeeded in performing the Rietveld
refinement of the neutron-diffraction data including those
of modulated structure in a nondoped 2:2:1:2 polycrystal-
line sample. According to their analysis, even Cu atoms
and oxygen atoms in the CuO, layer are displaced sub-
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FIG. 29. Temperature dependence of the magnetic suscepti-
bility of Bi,SrLaCuO, in an expanded scale. Ty indicating the
peak represents the temperature where antiferromagnetic order
is considered to be formed.

FIG. 30. Temperature dependence of the magnetic suscepti-
bility of Bi, ssPby 35Sr,Ca,Cu; ,0,. The applied magnetic field
was 5 kOe.

stantially from their average positions due to the ex-
istence of the modulated structure in the Bi,O, plane.
Thus, from the structural point of view the existence of
the modulated structure is expected to affect the physical
properties strongly. The period of the modulated struc-
ture changes by the doping of La to the 2:2:0:1 materi-
als®® or Y to the 2:2:1:2 materials.?! In Pb-doped 2:2:0:1
and 2:2:1:2 samples, the modulated structure changes
drastically by the slight doping, and the further doping
eliminates the modulated structure completely.’®4” At
present, the effect of the modulated structure on the
physical properties is not known. However, in Pb-doped
samples, as was shown in Fig. 10, the disappearance of
the modulated structure did not induce sudden change in
T, or resistivity. Thus, it seems that the existence of the
modulated structure does not affect the physical proper-
ties so much. For further consideration, detailed study
on the Cu—O bond length for various samples are need-
ed.

B. On the relation between T, and hole concentration

As was shown in Fig. 20, the semiconductor-
superconductor-normal metal transition with increasing
hole concentration was also found in the Bi 2:2:0:1 phase.
The 2:2:1:2 phase also displays the semiconductor-
superconductor transition, and 7. decreases after show-
ing saturation in the high hole-concentration region.
From the magnetic susceptibility measurement shown in
Fig. 29, the semiconducting phase in the 2:2:0:1 phase
was found to be an antiferromagnetic insulator. For the
2:2:1:2 phase, the antiferromagnetic ordering was already
confirmed by the muon spin-relaxation (uSR) experiment.
Thus, also in Bi compounds, the superconductivity is
considered to occur by doping a hole in the Mott-
Hubbard insulator with antiferromagnetic ordering.
Considering that the similar phase diagrams were ob-
tained in the 2:1:4 and the 1:2:3 compounds, the antifer-
romagnetic insulator-superconductor-normal metal tran-
sition with increasing hole concentration was found to be
quite a general feature in copper-oxide based high-T, su-
perconductors. However, the result in Fig. 20 clearly
shows that the three different curves exist for materials
with different n. Thus, although the mechanism of high-
T, superconductivity must be the same among single-,
double-, and triple-layered materials, it seems that some



extra factor(s) should be taken into account in double- or
triple-layered material in order to explain the supercon-
ductivity above liquid-nitrogen temperature. In this
sense, the single-layered Tl material which shows T, of
90 K is very interesting.%*® The reason why the 90 K su-
perconductivity is possible with only one CuO, layer will
be clarified soon.

We should also discuss the origin of holes in undoped
Bi-Sr-Cu-Cu-O systems where sufficient holes already ex-
ist. According to the structure refinement by Yamamoto
et al.,*® excess oxygen atoms (8§=1.0) exist in the Bi-
dilute region of Bi,O, layers, which is consistent with
crystallochemical considerations by Ikeda et al.** Thus,
the most dominant origin of the hole reservoir in un-
doped materials is the excess oxygen existing in the Bi,0,
layers. The deficiency of Sr or Ca may also provide holes.
However, they are likely to be the secondary candidate.

A puzzling phenomenon is that of the semiconductor-
to-superconductor transition observed in nondoped
2:2:0:1 materials (series A). The measured hole concen-
tration was not different between superconducting sam-
ples and semiconducting samples (see Sec. IIIC1).
Furthermore, other physical properties (Rj, optical
reflection, susceptibility, etc.) are almost the same be-
tween these samples. Thus, in order to explain this
phenomenon, other factors like randomness should be
taken into account. In fact, in the 2:2:1:2 samples doped
with Fe, Co, Ni, and Zn T, decreases with increasing im-
purity concentration without changing hole concentra-
tion.*

C. Hall effect

The above results show that the electric conduction in
these materials is positive-hole conduction. For the
2:2:0:1 materials, in the small-hole-concentration region
Ry coincides well with the inverse of the hole concentra-
tion. This is consistent with the picture of the existence
of only one kind of hole doped in a Mott-Hubbard split
band. However, with increasing hole concentration, Ry
strongly deviates from the inverse of the hole concentra-
tion and superconductivity occurs in the concentration
range where this deviation becomes clear. Thus, it may
be said that the appearance of the high-T,. superconduc-
tivity strongly correlates with the destruction of the
Mott-Hubbard character of electronic structure, as was
suggested by Takagi et al. in the 2:1:4 system.”® Howev-
er, in the 2:2:1:2 materials, apart from the difference in
absolute magnitude, Ry scales well with the inverse of
hole concentration even in the high-hole concentration
region. This suggests that the Mott-Hubbard character
of the electronic structure still survives even in the con-
centration range where superconductivity above liquid-
nitrogen temperature occurs. A similar result was ob-
tained in the 1:2:3 systems, as was already described in
Sec. I. Thus, from these results, we may say that in
single-layered systems Ry strongly deviates from the in-
verse of hole concentration with increasing hole concen-
tration, whereas in double-layered systems both scale
very well up to the high-hole concentration region.

In general, the Hall coefficient is a complicated func-
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tion of the shape of the Fermi surface.’’ Thus, a detailed
calculation is necessary for determining the sign and the
magnitude of Ry. In almost all the high-T, oxides, how-
ever, the Ry is positive, which is understood by the sim-
ple picture of a single-band hole injected into a filled band
formed by Mott-Hubbard splitting. These holes cause su-
perconductivity. The observed dependence of Ry on the
hole concentration in the single-layered materials sug-
gests that the band structure itself changes by the doping.
In fact, the change in electronic structure was observed in
transmission spectra of single crystalline films in the
(La,Sr)-Cu-O system.!® On the other hand, the observed
dependence of Ry on the hole concentration in the
double-layered materials suggests that the rigid-band pic-
ture holds well even for the hole concentration where
high-T, superconductivity occurs. Thus, the change in
band structure by the doping, namely the destruction of
the Mott-Hubbard splitting may not be essential to the
high-T, superconductivity. Another possible interpreta-
tion is that in the double-layered systems high-T, super-
conductivity is possible even in the Mott-Hubbard split
band due to some extra factor which is absent in single-
layered materials, interlayer coupling, and so on. Yosh-
izaki et al.>® also observed the scaling behavior of
Ry and the inverse of the hole concentration in the
Bi-Sr-Ca-Cu-O 2:2:1:2 system, and proposed that the
difference of the effective mass is the possible origin of the
difference discussed above. The difference in the coordi-
nation number of Cu among these materials may also be
another possible origin. Anyway, detailed measurement
of the electronic structure of low-energy excitation in sin-
gle crystals is needed for further discussion.

It should be also noted that the magnitude of Ry in
2:2:1:2 systems differ from the inverse of the hole concen-
tration by a factor of 2, although the scaling relation
holds well. Clayhold et al.’® suggested that the
deficiency in Sr or Bi may be the origin of this discrepan-
¢y, because their estimation of the hole concentration was
made by the estimation of the charge balance from the
known oxygen content. In our case, we estimated the
hole concentration directly from the titration technique.
Thus, the deficiency of the cations cannot be the origin of
the discrepancy. The simplest solution is to assume the
coexistence of electron and hole.”! Band-structure calcu-
lations for this system>*> show the existence of two
bands crossing the Fermi level: one has CuO character
and the other has BiO character. However, experimen-
tally, Bi,O, layers were found to be insulating.56 Thus,
the possibility of the coexistence of a hole and electron is
ruled out. Another possible origin is the large anisotropy
of the Bi-Sr-Ca-Cu-O system. The Bi compounds have
large anisotropy in normal-state properties. Thus, the
Hall coefficient measured in polycrystalline samples may
differ substantially from the true value. In other cuprate
superconductors, in spite of the existence of the anisotro-
py, Ry measured in polycrystalline samples is almost the
same as or only slightly smaller than that measured
in single crystals. However, in the case of the
Bi-Sr-Ca-Cu-O 2:2:1:2 system, Ry measured in a single
crystal®” is closer to the dashed curve in Fig. 23. Thus,
anisotropy may be one possible origin of the difference.
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Most puzzling is the temperature dependence of the
Hall coefficient. The 1/7T law has been suggested for the
1:2:3 compounds.z’58 However, as is easily understood
from Fig. 22, the 1/T law is only valid for the 2:2:2:3 ma-
terial in the Bi systems. Thus, the 1/7 law does not seem
to be a common feature of high-T, oxides. Anyway, the
temperature-dependent Hall coefficient in this system
should be correlated with anomalous features in the nor-
mal state of high-T, oxides.”® Together with the temper-
ature dependence of the resistivity, the anomalous tem-
perature dependence of R should be understood soon.

D. Optical reflection spectra

As was shown in Figs. 24-27, a definite structure exists
in the optical reflection spectra of mid-infrared to visible
regions. This kind of structure has been interpreted as
the plasma reflection of free carriers.!”!® In fact, the
data taken in a single crystal of the 2:2:1:2 phase fit well
to the ordinary Drude formula.’” However, in the
(La,Sr)-Cu-O system the obtained plasma frequency
which should be proportional to the square root of the
carrier density does not change with increasing hole con-
centration.!”!® The same feature was found in our exper-
iment on the Bi compounds shown in Figs. 26 and 27.
On the other hand, a uSR experiment by Uemura et al.%
shows that the relaxation rate of the muon which should
be proportional to the plasma frequency surely increases
with increasing hole concentration. Thus, the most natu-
ral explanation for this discrepancy is to regard the “plas-
ma reflection” observed in optical spectra as the contri-
bution from quite different origins. In fact, the strong de-
viation from the Drude behavior was reported in low-
frequency regions in the 1:2:3 system.!” Very recently,
the detailed measurement by Watanabe et al.%° revealed
that the reflectivity in single crystals of the 1:2:3 com-
pounds even in the infrared-to-visible region does not fit
to the Drude formula well.

Several models have been presented on the interpreta-
tion of the optical reflection spectra based on the inter-
band transition.®>%? Tachiki et al.®® showed theoretical-
ly that new levels appear in the charge transfer gap as a
result of the many-body effect, which may also bring
about anomalous optical spectra. Anyway, the optical
spectrum in this frequency region should be discussed
with that in lower and higher frequency regions, simul-
taneously. In fact, the intensity of the charge-transfer ab-
sorption observed in semiconducting samples decreases
gradually by the doping of the carrier, and the “Drude”
structure increases at the same time.** Thus, the analysis
taking account of only the charge transfer absorption or
the “Drude” structure seems to be insufficient. Detailed
analyses based on the data taken in single crystals are
now in progress.

E. Magnetic susceptibility

The broad peak observed in Bi,SrLaCuO, shown in
Fig. 29 demonstrates that the semiconducting phase in
the low-hole-concentration region is an antiferromagnetic
insulator. Around this hole-concentration region, the

temperature dependence of the susceptibility is very
weak. With increasing hole concentration, the tempera-
ture dependence of the susceptibility becomes Curielike,
and the magnitude of the susceptibility increases.

For the 2:2:2:3 materials, the temperature dependence
of the susceptibility is also very weak, and a broad hump
exists at around 170 K.

At present, there are two different directions on the in-
terpretation of the magnetic susceptibility in high-T. ox-
ides. One is that the magnetic susceptibility is due to the
ordinary Pauli paramagnetic susceptibility due to free
electrons.®> The other is that the large paramagnetic sus-
ceptibility is due to the spin fluctuation characteristic to
two-dimensional systems.>%%

In the former interpretation, we can estimate the densi-
ty of states at the Fermi level N (0) from the susceptibili-
ty data. For instance, if we take " (300 K)
=1.5X10"7 emu/g, N (0) of 3 states/Cu spin is obtained
for Bi,Sr, ¢lag ,CuO,. However, even semiconducting
material has a large paramagnetic component of the same
order of magnitude which contradicts the interpretation
due to the Pauli paramagnetism. Many other properties
measured demonstrate that these materials are a very
strongly correlated system.? Furthermore, the complicat-
ed temperature dependence seems hard to be explained in
terms of the ordinary Pauli paramagnetism. In fact, a
nuclear magnetic resonance (NMR) experiment showed
that a large antiferromagnetic correlation exists between
Cu and O.%7 Thus, it seems that the paramagnetic sus-
ceptibility in these materials should be regarded as due to
the antiferromagnetic fluctuation of spins.

Here it should be noted that in Pb-doped samples the
susceptibility is more Curielike than in La-doped sam-
ples. On the other hand, the resistivity becomes lower
with increasing Pb content. If the Curielike component
is due to the existence of impurity phases, resistivity
should increase with increasing Curie component. A
simlar increase of the Curie component was reported also
in the (La,Sr)-Cu-O system,*® which was interpreted as
the destruction of the spin fluctuation of Cu directly ob-
served in the neutron-diffraction experiment.® The curi-
ous temperature dependence of the susceptibility in the
2:2:2:3 sample should be interpreted also in terms of the
spin fluctuation. In fact, the temperature dependence of
T{' in the NMR experiment was not found to obey a
Korringa relation.®® These have been interpreted as the
decrease of the spin excitation,”® which is in good agree-
ment with the result of neutron diffraction.”!

From these arguments, the magnetic susceptibility in
this system should be understood in terms of the spin
fluctuation under the presence of antiferromagnetic
correlation.

V. CONCLUSION

Polycrystalline samples of Bi,Sr,Ca,_,Cu,O, with
various hole concentrations were synthesized by substi-
tuting La for Sr, Y for Ca, and Pb for Bi. After charac-
terization, superconducting properties, normal-state
properties (the magnetic susceptibilities, Hall coefficient,
and infrared optical reflection spectra) were investigated.



For n =1 materials, the antiferromagnetic semi-
conductor-superconductor-normal metal transition was
observed with increasing hole concentration. In other
systems, the relation between T, and the hole concentra-
tion was found to have different curves, although the
basic feature was the same. Thus, although the mecha-
nism of superconductivity is the same among these ma-
terials, some extra factor seems to play an important role
in double- and triple-layered materials. This was also de-
rived from the Hall-coefficient measurement. The
“Drudelike” structure was observed in the infrared-to-
visible region. From the comparison among samples with
different hole concentration and different n, the origin of
this structure was considered to be quite different from
the plasma reflection. The large paramagnetic suscepti-
bility was found to have a complex temperature depen-
dence. All of the observed behaviors in the resistivity,
Hall coefficient, the optical reflection spectrum, and the
magnetic susceptibility are far from those expected in or-
dinary Fermi-liquid theory. Thus, the physical properties
including superconductivity in the Bi-Sr-Ca-Cu-O system
should be described in terms of the strongly correlated
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spin-charge systems. To date, relatively few theories
treating such systems have been developed. Additional
developments in this area are eagerly awaited.
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FIG. 5. Summary of the relation between the preparation
conditions (nominal composition and the sintering temperature)
and the prepared phases of Bi, 4sPb 1s(Sr,_,Ca,),Cu; ,0,.



