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BaPb,_,Bi,O; system shows very unusual physical properties even though only s-p bands exist near around Fermi
energy. Detailed band calculations have been done on this system and the following conclusion was obtained. The usual
band calculation seems to be applicable on BaPbO, with the well known modification that the unoccupied s-p anti-bon-
ding band is shifted up from the non-bonding p bands with a gap of 1 eV. Existing BaPbO, samples are thought to have
a few percents of O-vacancies. On the other hand in BaBiO; a strong correlation energy in the Bi 6s electrons becomes im-
portant and the model with one 6s electron on each Bi becomes a good starting picture. The Kondo state in a wide sense
is thought to cause the observed nonmagnetic character. The insulator transition at 30% Bi substitution is due to the
dominating 6s correlation effect in Bi and the high 7, value is due to the enhanced electron-phonon interaction. Various
band calculations for La,CuQ, were also done and the same starting picture in which the 3d(x2\—yz) electrons are treated
as the strongly correlated state was obtained. Decreasing magnetism with increasing Ba doping is due to increasing Kon-
do temperature with the increasing of the valence electrons and the mechanism of the superconductivity is thought to be

the same as that of the heavy fermion system.

The alloy system BaPb, ,Bi,O; (0<x<1) shows very
unusual physical properties which contradict the usual
band pictrue even if only the wide s and p electron bands
are concerned. The usual band calculation done for
BaPbOs shows the following character.” The bands near
the Fermi level are formed mainly from the 6s electrons
of Pb and the 2p electrons of O. At the I-point these
states are of nearly the same energy as average but except
the /-point they show a strong s-p bonding and anti-bon-
ding effect causing the largest splitting of 15 eV at the R-
point. On the other hand the non-bonding p-bands are of
dispersionless existing below the Fermi energy. The anti-
bonding band overlaps a little bit with the non-bonding p
bands and thus the system is expected to be semimetal in
agreement with experiments.” A big disagreement exists,
however, with the photoemission spectra, PES.> The
band theory shows a fairly large density of states of non-
bonding p-bands at and below the Fermi level but PES
shows very weak intensity at and below the Fermi level
down to 1.5 eV. Various improvements were done on the
usual band calculation. However, as far as we agree that
the system is intrinsic semimetal, the contradiction with
PES can not be removed. The only solution on this point
for the band model is as follows. It is well known that the
usual band calculation shows too narrow energy gap be-
tween the occupied and unoccupied bands because of the
inadequate treatment of the self-interaction energy.”
Therefore, it is rather naturally expected that there is a
gap between the unoccupied anti-bonding and the oc-
cupied non-bonding bands. It is also well known that it is
very difficult to grow a good stoichiometric BaPbO; sam-
ple and all the existing samples are of high residual resis-
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tivity with substantial amount of O-vacancy, a few
percents. Therefore the existing BaPbOs;_, samples are
thought to be not semimetal but degenerate semiconduc-
tor with a gap of 1eV. As Pb is replaced by Bi, the
number of conduction electron increases nearly propor-
tionally with the Bi concentration x in agreement with ex-
periment. Furthermore, the system becomes supercon-
ductor. However, when x increases beyond about 0.3, the
system becomes insulator suddenly. This is very unusual
because the anti-bonding s-p band is fairly wide, about 8
eV. The insulating character becomes strongest in
BaBiO; and thus now we consider this material.

The band structure for BaBiO; is essentially the same
as that for BaPbOj; except that the s band energy at the I™-
point is about 3.5 eV lower relative to the p-bands and
the anti-bonding band is half-filled.” Because of the ex-
cellent nesting character of the half-filled band, the transi-
tion to the charge density wave state was thought to be
the origin of the insulator character.® However, various
experimental results are negative to this mechanism. For
examples, core excitation spectra®® see only one kind of
Bi state and detailed neutron scattering measurement”
does not show any significant breathing mode distortion
of oxigen which is expected for CDW state. Our band
calculations are also negative for CDW insulator. The
largest charge ordering is expected in the ordered alloy
BaPb, sBiosO; but even in this case the CDW gap is
nearly zero.” As another example, the CDW state for a
large breathing mode distortion, the distances between
Bil-O and Bi2-O are 2.262 A and 2.088 A, respectively,
much larger than the measured values, is shown in Fig. 1.
Even in such a large distortion, no CDW gap is obtained.
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Fig. 1. Band structure of BaBiO, with the breathing mode distortion B _,__——-\__,_—\
as described in the text. —1200[: \
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Persistent and weak alloy dependent gap for 0.3<x<1
strongly suggests that the gap formation is due to the
strong correlation effect of the 6s electron. Actually the
atomic optical data show that the correlation energy of
the 6s electron is large, about 10eV.¥ Furthermore,
because the 6p bands are far away from the Fermi level,
the screening effect is small. Note that the correlation
energy of the oxygen 2p is larger, about 14eV,” but
because of the large degeneracy the screening effect is
strong in the crystals. The easiest way to take into ac-
count the correlation energy in the crystal is to perform
the band calculation in the antiferromagnetic configura-
tion. Such a calculation were done but the antiferromag-
netic state was found to be unstable. This is, however,
due to mostly inadequate exchange-correlation potential
in the usual band calculation. To take into account the
correlation effect in maximum, we performed the band
calculation of LCAO in which various parameters were
determined to fit the results of the previous APW band
calculation? and the correlation energy was chosen to be
10 eV. Furthermore the ratio of the s-p mixings for the
majority and the minority 6s electrons is chosen to be
0.85. The result is shown in Fig. 2. Now we have a gap of
1 eV with the local moment of about 0.5 us. However,
the result depends sensitively on the chosen parameter
values and the gap in Fig. 2 seems to be maximum.
Anyway, the ionic model of the tetravalent Bi, in which
each Bi contains one 6s electron seems to be a good start-
ing model. In this model, one oxygen vacancy creates two
trivalent Bi at the nearest neighbour with the 6s” con-
figuration while a Pb substitution simply shows a tetra-
valent Pb of 6s°, keeping the system insulator. A more in-
teresting alloying is the substitution of La and Cs for Ba.

A remaining question is whether BaBiOs is antifer-
romagnet or not. There are no conclusive experimental
results on this poit but non-magnetic state seems to be
more probable. Recently Anderson proposed the RVB
model claimed to be suitable to the present case as well as
the Kondo lattice case.” However, his model of singlet
formation by two site mixing is different essentially from

Fig. 2. LCAO-band structure of antiferromagnetic BaBiO; as de-
scribed in the text. Antiferromagnetic exchange potential has a
stronger effect on the bonding s-p band. The different s-p mixing for
the majority and minority spin 6s electrons has important effect for
the gap formation in the anti-bonding s-p band.

the Kondo singlet formation by single site mixing. Recent-
ly our experimental group found that the concept of Kon-
do lattice is more widely applicable in various materials
in which the number of conduction electrons is very
small or even in insulator with a small gap.'®'"'? It may
be understood naturally that at least for the magnetic
properties there are no essential change even if a gap
which is substantially smaller than the Kondo tempera-
ture is formed at the Fermi level. In this sense BaBiOs
seems to be similar to Sm;Se, in which the 4f levels are
situated within the gap of conduction and valence bands
but very near the bottom of the conduction band and the
heavy fermion like behavior is observed.'” In the present
case the 6s electrons correspond to the f electrons and the
non-bonding 2p bands to the conduction bands. Due to
the large s—p mixing the Kondo temperature seems to be
several thousands degrees.

Now we return to the small substitution of Bi for Pb.
For a small substitution range of Bi, the usual band pic-
ture seems to be applicable. However, as the Bi content
increases, the strong correlation effect on Bi sites
becomes important and the system changes to the in-
sulating phase. The high superconducting transition tem-
perature, T.~ 10 K, is thought to be due to the enhanced
electron-phonon interaction. Due to the near critical
region for the insulating state the band energy is expected
to show a larger energy shift for a lattice distortion, in
particularly for the breathing mode. Actually some
softening of the breathing mode is observed.'” Detailed
numerical calculation is, however, not yet done in the pre-
sent system because of the large ambiguity to treat the 6s
correlation energy as mentioned before. Instead of the
present system, some estimation was done on La,CuOy4
because the 3d correlation effect is known much better.
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Fig. 3. Band structure of LaCuO, for the ideal perovskite structure. r z Yy Ho7 A ZAMr Ay H TBZ

The narrow bands at 0.85Ry are due to La 4f states.

The band scheme of La,CuQy is very similar to that of
BaBiOs." To see the relation better, we performed the
band calculation also for the ideal perovskite structure of
LaCuO; as shown in Fig. 3.'9 For the s-p bands, the s-p
bonding band is the lowest but the s-p anti-bonding band
is well above the Fermi level because the Cu 4s band
energy at the /-point is well above the Fermi level. In-
stead of the 4s electrons, the Cu 3d electrons are now
nearly degenerated with the O 2p electrons. Now, corre-
sponding to the doublet character of dy states, doubly
degenerated d-p bonding and anti-bonding bands are
formed and other d and p bands form narrow non-bon-
ding bands. Because of the smaller 3d-2p mixing, the
overall band splitting at R-point, Ry,, is about 7.5 eV,
half of that in BaBiO;. The band structure of the layered
perovskite La,CuOy is very similar with that of LaCuOs.
The only main difference is that now due to the layered
structure the d(x’—y%-p anti-bonding is much larger
than the d(z*)-p anti-bonding and thus the Fermi level
cut the middle of the former anti-bonding band, showing
an excellent two dimentional nesting due to the two
dimentional band character. Again, however, a CDW
state is not observed and the correlation effect seems to
be more important. Actually the atomic correlation
energy in the 3d electrons is large, more than 20 eV.? In
the crystal, however, due to the 4s and other 3d electrons
screening effect, the effective correlation energy is
evaluated to be about several eV. This means that the
ratio of the correlation energy to the anti-bonding band
width is also very similar to that of BaBiO;. La,CuO, is,
however, magnetic insulator and thus we tried to
calculate the antiferromagnetic state by the usual band
scheme. Again, however, we failed to obtain the stable
antiferromagnetic state due to the inadequate exchange-
correlation potential in the usual scheme even in the 3d
electrons. This inadequancy was most clearly shown
already in the spin wave calculation in Ni and Fe.'” The
main origin of the failure is again due to inadequate treat-
ment of the self-interaction term and there are various
ways to treat this problem. Here we simply multiplied the
exchange term so as to get the sublattice magnetization
consistent with the experimental result. Then, by doubl-
ing the exchange term, we obtained the antifer-

Fig. 4. Band structure of antiferromagnetic La,CuO, in which the ex-
change potential for Cu-d bands is doubled.
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Fig. 5. The same as for Fig. 4 but with the expanded lattice as de-
scribed in the text. Note that the d(x*—y?)-p anti-bonding band is
shifted down compared with other bands, in which the d(z)-p anti-
bonding band has the maximum.

romagnetic state with the sublattice magnetization of 0.4
us. The band structure is shown in Fig. 4. To see the elec-
tron-phonon interaction, the crystal was expanded uni-
formly along the c-plane by 5%. The result is shown in
Fig. 5. Contraly to our expectation, the gap energy shows
nearly no change. However, the total band width chang-
ed substantially due to the weaker d-p mixing and the
Fermi energy decreased about 1 eV relative to the center
of the non-bonding bands. This gives the electron-
phonon coupling energy. The breathing mode should
cause a large change in the energy gap but such a calcula-
tion is not yet performed.

Similar to BaBiOj; the inoic model of divalent Cu with
one 3d hole seems to be the better starting model for the
magnetic insulating state. In this picture, the top of the
occupied band is that of the d(z?)-p anti-bonding band
and the d(x*— y?) electrons are treated as the strongly cor-
related localized states in the same way as the 6s electrons
in BaBiO;. Then again the situation is exactly same as
that in BaBiO; except the layered character. La,CuO, is
evaluated as the antiferromagnetic state induced on the
Kondo lattice in the wide sense mentioned before. When
La is replaced by a small amount of divalent atoms, the
holes are induced at the top of the valence bands, which
causes a stronger Kondo state and thus weaker
magnetism and finally the system becomes non-magnetic
Kondo lattice state. The superconductivity should be
understood as the heavy fermion superconductivity
similar to those of the f-electron system. The detail of the
mechanism will be shown in the forthcoming paper.
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