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Bi,,Sr,_,CuO, (0.10 =x =0.40) polycrystalline samples have been studied by x-ray diffraction, resis-
tivity and Hall-coefficient measurements, x-ray and ultraviolet photoemission spectroscopy, and inverse-
photoemission spectroscopy (IPES). The lattice constant of the ¢ axis decreases and that of the a (b) axis
increases as a function of x. The results of Hall-coefficient measurements indicate that hole concentra-
tion is reduced as a function of x, which is consistent with the results of oxygen-concentration measure-
ments. We find no energy shifts of the core levels, valence bands, and conduction bands for the samples,
which is completely different from the results for the Bi,Sr,Ca;_, Y,Cu,0, system. The results of IPES
and resistivity measurements show that the metal-semiconductor transition occurs at about x =0.35.
The states created by hole doping move to the Fermi level. The change in the electronic states is dis-

cussed.

INTRODUCTION

It is well known that high-7, superconductivity is real-
ized in the region of the insulator-metal transition by
doping carriers into insulators, for example, by substitu-
tion of alkaline-earth metals for La in La,CuO, (La-2:1:4)
(Ref. 1) and by adding oxygen to YBa,Cu;0s.2 For
bismuth cuprate high-T, superconductors, holes are in-
trinsically doped by excess oxygen.) However, the
metal-insulator transition occurs with substitution of
trivalent ions at Ca sites in Bi,Sr,CaCu,0, (Bi-2:2:1:2).*

Changes in electronic structure caused by the metal-
insulator transition have been studied using electron
spectroscopy to understand the doping mechanism and
electronic structures of strongly correlated compounds.’
It was found that most of the holes are doped into the O
2p,, orbital® and the states at the Fermi level increase in
intensity as a function of the holes doped.” The chemical
potential appears to be pinned for La cuprate.>’ For the
electron-doped cuprate Nd,_,Ce,CuO,, no binding-
energy shifts of core levels and valence bands were found
as a function of Ce content.”!® On the other hand, the
binding energies of core levels and valence band were
shifted to the high-binding-energy side as a function of Y
content in Bi,Sr,Ca,_, Y, Cu,0,, 1.12 Jeading to the mod-
el of a simple doped semiconductor.

Biy, ,Sr,_,CuO, (Bi-2:2:0:1) becomes a superconduc-
tor with T,=10 K at around x =0.1,'3 but the composi-
tion at which it becomes an insulator is not clear. The T,
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is increased to about 30 K by the substitution of rare-
earth elements at Sr sites.!* This is a surprising increase
compared with the Bi-2:2:1:2 system.!* The Bi-2:2:0:1
sample has the same CuO, structure as La-2:1:4
and it has the simplest structure in the
Bi,Sr,Ca, _Cu,Og, 4, —) family. Therefore, we are in-
terested in changes of the electronic states due to the sub-
stitution of trivalent Bi at divalent Sr sites.

In this paper, the results of systematic studies on the
structure, resistivity, Hall coefficient, and oxygen concen-
tration of Bi-2:2:0:1 samples is presented. The electronic
states of the samples are also studied using x-ray (XPS),
ultra-violet (UPS), and inverse-photoemission (IPES)
spectroscopy.

EXPERIMENT

The  Bi,,,Sr,_,CuO, polycrystalline samples
(0.10=x <0.40) were synthesized by solid-state reaction
of appropriate amounts of Bi,0;, SrCO;, and CuO
powder (99.9%). The mixed powder was prefired at
800°C for 12 h and at 820°C for 12 h in air. It was
ground, pressed into pellets, and sintered at 850-870°C
for 15 h in air.

The structure and homogeneity of the samples were ex-
amined by x-ray diffraction (XRD) and electron-probe
microanalysis (EPMA), respectively. The precise lattice
parameters were determined by using silicon single crys-
tals as an internal standard. The resistivities and Hall
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coefficients of the samples were measured by the standard
methods between 15 and 300 K, and at 300 K, respective-
ly. The oxygen concentration of some samples was deter-
mined by the iodine-titration method.

The samples were cleaned in situ by scraping in an
ultrahigh-vacuum chamber (1X107!° Torr) with a dia-
mond field just before electron-spectroscopic measure-
ments. XPS and UPS measurements were carried out us-
ing Al K, (Perkin-Elmer, model 5100) and Hel (VG
Scientific) sources, respectively. Unoccupied electronic
states were examined by detecting 9.6-eV photons using a
home-made IPES apparatus.!® The Fermi energies for
XPS and IPES were calibrated using Au 4f,,,=74.0 eV
and the Fermi edge of Pt, respectively.

RESULTS AND DISCUSSION

A. Characterization of the samples

All peaks in the XRD patterns of the Bi, , ,Sr,_,CuO,
samples (x =0. 10 and 0.40) were ascribed to the tetrago-
nal structure. Changes of the lattice parameters along
with the Hall coefficient are shown in Fig. 1(a) as a func-
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FIg. 1. (a) Changes in lattice parameters and Hall coefficients
as a function of x in Bi,, ,Sr,_,CuO,. (b) Changes in resistivity
(logarithm is base 10) as a function of temperature, where
x =0.40 (curve a), 0.35 (curve b), 0.30 (curve c), 0.25 (curve d),
0.20 (curve e), 0.15 (curve f), and 0.10 (curve g).
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tion of x. The ¢ and a (=b) axes are systematically de-
creased and increased, respectively, as a function of x.
The orthorhombic structure is not found, which is in
agreement with previous results.!* The EPMA results
(not shown here) indicated that the substitution of
bismuth at strontium sites occurs homogeneously in each
grain.

Changes in resistivity as a function of temperature are
displayed in Fig. 1(b). The magnitude of T, cannot be
determined from the figure due to the limitation of the
lowest temperature, but we can safely say that the sam-
ples with x =0.10 and 0.15 behave as a metal. This is
consistent with the result that the Bi, ;Sr; CuO, sample
has T,=10 K.!* The resistivities at 300 K for
x =0.10-0.30 are not so much different, but those for
x =0.35 and 0.40 are one order of magnitude higher than
the others, and these samples behave as a semiconductor
at low temperature.

The Hall coefficients increase as a function of x, which
implies that movable carriers are decreased by substitu-
tion. This is consistent with the changes of resistivity
and reduction of hole concentration (discussed later) as a
function of x.

B. Core-level electronic states

XPS spectra of Bi 4f, Cu 2p;,,, and O 1Is lines for
x=0.15 and 0.35 were measured. We found that the
binding energies of Bi 4/, ,, Cu 2p; 5, and O 1s are 158.1
933.4, and 528.6 eV, respectively, which are in agreement
with previous results.!> They (including Sr 3d) were not
shifted by substitution. The full widths at half maximum
(FWHM’s) of the lines remained constant as x varied ex-
cept for the O 1s line. The FWHM of the O 1s line for
x =0.15 was wider by 0.3 eV than that for x =0. 35.

It has been reported that the core-level binding ener-
gies of the constituent atoms in Bi,Sr,Ca;_, Y, Cu,0, are
shifted to the higher-binding-energy side with increasing
x. This was discussed in terms of chemical-potential
shifts,!> which could be explained by a simple doping
mechanism in semiconductors. On the other hand, the
shifts were not observed for La-2:1:4 (Refs. 8 and 9) and
Y-1:2:3 (Refs. 7 and 17) with increasing hole concentra-
tion, which cannot be explained by a simple band calcula-
tion.

A narrowing of the O 1s line was also observed for Bi-
2:2:1:2 samples with substituted Y, and was attributed to
the decrease in concentration of the oxygen orbital with
holes.!® The FWHM of the O 1s line for the Bi-2:2:0:1
system also becomes narrower due to decrease of hole
concentration with substitution. It should be emphasized
here that the analysis of the O 1s line in the Bi-2:2:1:2 su-
perconductors is also valid for the Bi-2:2:0:1 system.

C. Valence- and conduction-band electronic states

Many studies on the nature of the electronic states near
the Fermi level (Ep) have been reported. It is well
known!? that the valence-band spectra for Bi-2:2:1:2 and
Bi-2:2:0:1 between E and about 7.5 eV measured by He1
UPS (hv=21.2 eV) mainly reflect the O 2p orbital be-



cause of the photoionization cross section at the photon
energy. The experimental spectrum is in good agreement
with the calculated spectrum.?’ Near the Fermi level in
Bi-2:2:1:2 the spectrum was found?' by measuring the
polarization-dependent energy-dispersion curve to have
primarily O 2p, and O 2p, character; these orbitals are
hybridized with the Cu 3d orbital. The states near Ep
are reduced in intensity by increasing x in
Bi,Sr,Ca;_,Y,Cu,0, and a band gap opens.>*? Our
UPS and IPES results shown in Fig. 2 are in good agree-
ment with those in Y-substituted Bi-2:2:1:2, although the
sites occupied by the trivalent ions are different for the
two samples. This implies that the electronic states are
created by hole doping into the O 2p orbital. No band
shifts for Bi-2:2:0:1 with substitution are observed in Fig.
2.

It has been reported that not only the core levels but
also the valence band are shifted with the substitution of
Y at Ca sites in Bi-2:2:1:2.!!2 These shifts were strongly
dependent upon the hole concentration controlled by the
Y content. The binding-energy shift in Bi-2:2:1:2 is com-
pared with that in Bi-2:2:0:1 (this work) in Table I, as a
function of hole concentration obtained by the iodine-
titration method. The result indicates that the changes in
hole concentration for both systems are similar but the
binding-energy shift is completely different: about +0.2
eV shift for Bi-2:2:1:2 and no shift for Bi-2:2:0:1. This
suggests that the Fermi level is pinned for variation of
hole concentration, as in La,_,Sr,CuO, (Refs. 8 and 9)
and YBa,Cu;0;_,,”!" which implies that simple band
theory cannot describe the electronic structures of this
strongly correlated system. The disagreement of our re-
sult with that for Bi-2:2:1:2 might be due to difference in
the sites substituted, the structure of the Cu-O planes, or
the coupling between the CuO, and other layers.

IPES spectra are displayed as a function of x in Fig. 3.
Peaks are found at about 0.5, 4, and 9 (not shown here)
eV above the Fermi level, which is in close agreement
with the O 1s spectrum obtained by x-ray-absorption
spectroscopy for Bi-2:2:1:2,23 and the IPES result for Bi-
2:2:1:2.2* The state near the Fermi level is generally
recognized to be the O 2p state.?> The bands at about
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FIG. 2. He1r UPS (hv=21.2 eV) valence-band and IPES
empty conduction-band spectra for x =0.10 and 0.40.
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TABLE 1. Changes in excess oxygen (d), hole concentration,
and Fermi-level shift as functions of x for Bi,,,Sr, ,CuOq. 4
and BiZSr2Ca1_,, Yx Cu203+d.

x d Holes/CuO, Fermi-level shift (eV)
Bij+,Sr;—,CuOg+4

0.15 0.18 0.21 0

0.25 0.21 0.16 0

0.35 0.23 0.11 0

Bi,Sr,Ca,_,Y,Cu,04,,4°

0.00 0.23 0.23 0

0.10 0.23 0.18

0.30 0.30 0.15 0.18

2Reference 12.

3-4 eV were ascribed to Bi 6p,* and/or Cu 3d hybri-
dized with the O 2p orbital.?* The higher-energy band at
about 8 eV would be due to Sr 4d —derived levels.?*

We find that the intensity at the Fermi level is
significantly reduced at about x =0.35. This result, along
with the resistivity data, suggests that the metal-
semiconductor transition occurs at about x =0.35. The
figures show that the peak at about 0.5 eV (indicated by
arrows) is shifted to higher energy as x increases. On the
other hand, the thresholds of the main band (indicated by
the interpolation) are not shifted with x. This result sug-
gests that the hole states are created at the top of the gap
for light doping of holes, and the states extend to the Fer-
mi level as hole concentration increases, leading to the re-
sult that the system becomes metallic.

A calculation has shown that the Fermi level is at the
bottom or the top of the gap with p- or n-type doping, re-
spectively,?> which was also suggested by the electron en-
ergy loss spectroscopy (EELS).”® However, this idea is

ENERGY (eV)

FIG. 3. IPES conduction-band spectra between Er=0 and 6
eV, where x =0.10 (a), 0.15 (b), 0.30 (c), 0.35 (d), and 0.40 (e).
The peaks near the Fermi level are indicated by the arrows and
the main band edges are indicated by the interpolation.
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not in agreement with the results of valence-band photo-
emission’ The binding energy of O 1s for
Bi,,,Sr,_,CuO, (p type) is the same as that for
Nd,_,Ce,CuO, (n type),’® which is not consistent with
the above idea.

It was observed by measuring polarized O 1s absorp-
tion spectra for single-crystal Bi-2:2:1:2 and for insulating
Y-substituted samples (with Y concentration x =0.6) that
a shoulder (upper Hubbard band) with in-plane symmetry
occurs at 1 eV above the Fermi level for the insulator;
this state is reduced by hole doping, and new states are
created in the gap.”’ Our result does not indicate clear
bands at 1 eV above the Fermi level for x =0.40, which is
in agreement with the previous IPES results for a
Bi,Sr,Ca;_,Y,Cu,0, polycrystalline sample.® This
would be due to the polycrystalline sample.

In summary, we have found that the ¢ and a (=b) axes
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decrease and increase continuously, respectively, as x in-
creases in Bi,, ,Sr,_,CuO,, with a single phase of tetrag-
onal structure. This result, along with the increase in
Hall coefficient, indicates that substitution of trivalent Bi
for divalent Sr occurs, which is consistent with the result
that the resistivity changes from metallic to semiconduct-
ing with substitution. The binding energies of core levels
are not shifted as a function of x, in contrast to those in
Bi,Sr,Ca;_,Y,Cu,0,. The UPS spectra show that the
Fermi edge is strongly reduced in intensity for x =0.40
and the valence band is not shifted with x. The absence
of energy shifts of the core levels and valence bands sug-
gests that the Fermi level of this system is pinned for
variation in x. The empty states (O 2p states) move to the
Fermi level and the main band is not shifted as x varies,
which suggests that the states are created at the top of
the gap.

*Author to whom correspondence should be addressed.
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