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Electronic structures of [CoO6]9− clusters have been studied byab initio molecular-orbital (MO) calculations using the
discrete-variational (DV)-Xα cluster method in order to investigate the correlation between the change in the type of the majority
carrier and electronic structures in LaCo1−xTixO3 (x = 0, 0.05 and 0.15). The most significant features are that theeg↑
bandwidth in thex 6= 0 specimen is wide in comparison with thex = 0 specimen and the Co–O bonding MO energy levels in
thex 6= 0 specimens are in the energy range of−3 eV to−2 eV. These calculations indicate that both the 3d electrons in donor
centers ofσ ∗ bands and the O 2p ligand holes inσ ∗ bands are responsible for the electronic conduction in thex = 0.05 and
x = 0.15 specimens but the competition between the densities of 3d electrons inσ ∗ bands and O 2p ligand holes dominates
the type of the majority carrier.
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1. Introduction

Cobalt transition-metal oxides have been extensively stud-
ied for applications to new thermoelectric materials.1–3)

Among them, LaCoO3 with a rhombohedrally distorted per-
ovskite structure has been well known to show a thermally
induced semiconductor-metal transition around 500 K. The
ground state of Co3+ ions is nonmagnetic at low temper-
atures, and this state is generally termed a low-spin (LS)
state because the crystal-field splitting (10Dq) larger than
the Hund’s-rule coupling results int6

2g-electronic configura-
tion with a non-magnetic moment (S = 0) on Co3+. As
temperature increases from a very low temperature, the mag-
netic susceptibility in LaCoO3 slowly increases and soon
reaches a maximum at about 90 K, above which it follows
the Curie-Weiss law in the temperature ranges of 150 K<
T < 400 K with µeff = 3.1µB and 650 K< T < 1200 K
with µeff = 4.0µB, whereµeff is the effective magnetic mo-
ment per Co ion. However, the question still remains: which
spin state of Co3+ ion is predominantly responsible for such a
high-temperature spin state in LaCoO3, an intermediate-spin
(IS) state (t5

2ge
1
g: S = 1) or a high-spin (HS) state (t4

2ge
2
g:

S= 2):4–7) Korotin et al.8) recently demonstrated that the IS
state was energetically competitive with the LS state, but was
much more stabilised than the HS state. Furthermore, they
also showed that theeg orbital ordering in the IS state was re-
sponsible for the semiconducting nature below 500 K.8) The
spin-state transition associated with an appreciable local lat-
tice distortion observed by Yamaguchiet al.9) also ensures the
effective action of Jahn-Teller distortion due to the IS state.

Our previous study10) shows that the dominant conduction
in LaCoO3 at T >170 K is due to a hopping process of small
polarons of holes in the narrowπ∗ bands. Electron-doped
LaCo1−xTixO3 also exhibits a similar polaronic conduction
above 190 K.11) Theoretically, electron doping enhancesn-
type semiconductivity but this is not realized in this system
because the type of the majority carrier changes from nega-
tive to positive with increasingx.11) Furthermore, the charge
neutrality would require Co2+ ions as the amount of diamag-
netic Ti4+ ions increases.12) The large ionic size of Co2+ ions
results not only in the increase of lattice constants but also a

(MO) calculation based on the local-density approximation
(LDA) of the density-functional theory (DFT). When anab
initio MO calculation is applied to strongly correlated elec-
tron systems, it usually faces several problems because the
theoretically estimatedd-d Coulomb interaction energyU
is too small. In order to improve the LDA, Sarmaet al.13)

employed the local-spin-density approximation (LSDA) ap-
proach, although one needs to employ the LSDA+U method
in order to reproduce the magnitude of the band gap of the
largeU systems. Thus, in the present report we calculate the
electronic structures in LaCo1−xTixO3 within the framework
of the LSDA approach using a discrete-variational (DV)-Xα
cluster method which accounts very well for the electronic
structures promoting the metal-insulator transitions in VO2

and Ti2O3.14,15) In the present calculation we use theSCAT
program package for Microsoft Disk Operation System (MS-
DOS) personal computers.16)

2. Computational Procedures

The DV-Xα method, based on the self-consistent-field

decrease in the rhombohedral lattice distortion. Therefore,
the ground state in LaCo1−xTixO3 must be different from
LaCoO3 because the magnitude for 10Dq decreases with in-
creasingx. In fact, the LS-IS transition at 90 K does not occur
in LaCo1−xTixO3 (x 6= 0). Moreover, the magnetic suscep-
tibility, χ , follows the Curie-Wiess law atT > 130 K in the
x = 0.05 specimen and atT > 205 K in x = 0.15. These
results yieldµeff = 3.2µB for x = 0.05 andµeff = 2.7µB

for x = 0.15.11) Both the specimens exhibit a plateau in the
χ−1− T relationship between 350 K and 550 K.12) The high-
temperature spin state in LaCo1−xTixO3 thus appears very
similar to that of LaCoO3. It is noteworthy that the magnitude
for µeff decreases with increasingx in spite of the decrease in
10Dq.

The primary aim of the present study is to investigate the
relationship between the change in the type of the majority
carrier and the electronic structures in LaCo1−xTixO3 crys-
tals. From this point of view, we have studied the electronic
states in LaCo1−xTixO3 (x = 0, 0.05 and 0.15) theoretically
using the following computational method. Electronic struc-
tures are usually obtained by anab initio molecular-orbital



Hartree-Fock-Slater (HFS) one-electron model17) and the
self-consistent-charge procedure,18) is one of the most useful
techniques for an approximate solution to the HFS equation.
This method is one of the cluster methods using a local one-
electron effective potential to approximate both the electron-
correlation effect and the spin-correlation effect. In the LSDA
approach, the effective Slater Xα exchange-correlation poten-
tial is given by−3α[3/8πρ↑↓]1/3, whereρ↑↓ is the local spin
density, and the exchange-scaling parameterα is fixed at 0.7
throughout the calculation. Since Adachiet al.16) report the
details of the computational treatments of the DV-Xα method,
the present calculation follows their treatment.

The calculation of the electronic structures using theab
initio MO method has been carried out under the assump-
tion that electronic structures of [CoO6]9− clusters could be
representative of those of LaCo1−xTixO3 (x = 0, 0.05 and
0.15). Figure 1 shows the structure of the [CoO6]9− cluster
employed in the present calculation. This cluster involves 84
up or down spins. Furthermore, 48 numerical atomic basis
functions, i.e., Co; 1s ∼ 4p and O; 1s ∼ 2p, are used to ex-
pand the MO of the [CoO6]9− cluster. These basis functions
are the Slater-type orbital basis sets obtained from the short
Herman-Skillman programs.19)

LaCo1−xTixO3 crystals have a pseudocubic perovskite
structure with the rhombohedral distortion along the〈111〉
direction. Table I tabulates the lattice parameters of
LaCo1−xTixO3 (x = 0, 0.05 and 0.15) used in the calcula-
tion, i.e., the hexagonal cell parameters (aH andcH) and the
primitive perovskite cell parameters (aP = bP = aH/

√
2 and
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Fig. 1. Geometric structure of the cluster employed in the DV-Xα clus-
ter method, i.e., [CoO6]9− cluster which is employed in the calculations,
where closed large circles indicate Co3+ ions and the open ones O2− ions.
This cluster is at the center of the structure determined by the primitive
perovskite cell parametersaP, bP andcP. Closed small circles indicate the
point charges corresponding to Co3+, Co2+ and Ti4+, while open small
circles and closed small squares indicate the point charges representing
O2− and La3+, respectively.

cP = cH/2
√

3) at room temperature which are quoted from
refs. 10, 11 and 20. The unit cell employed in theab ini-
tio MO calculation is composed of 3× 3× 3 primitive per-
ovskites, i.e., La27Co27−yTiyO81 (y = 0 for x = 0, y = 1 for
x = 0.05 andy = 4 for x = 0.15). The calculation of the
Madelung potential requires a structure composed of 6×6×6
unit cells because the crystallographic translational symmetry
must be taken into consideration. As illustrated in Fig. 1, the
[CoO6]9− cluster is situated at the center of the 6×6×6 struc-
ture, and the other Co3+, Co2+, Ti4+, O2− and La3+ ions in
the rest of the 6×6×6 structure are replaced by point charges
(+4e for Ti4+,+3e for Co3+ or La3+,+2e for Co2+ and−2e
for O2−).

3. Results and Discussion

Using the DV-Xα cluster method, we have calculated the
MO, energies and molecular coefficients mainly contribut-
ing to each MO for the ground states in the system. We as-
sume that the discrete MO energy levels obtained here form
continuous energy bands and that the zero energy level is
at the highest occupied molecular orbital (HOMO). Further-
more, we have calculated the average net charges of atoms
and the Co–O bond overlap population in the [CoO6]9− clus-
ter using Mulliken population analyses.21) Table II tabulates
the average net charges of Co and O atoms in the [CoO6]9−
cluster of LaCo1−xTixO3 (x = 0, 0.05 and 0.15), and the
magnitude of the average net charges which decrease with
increasingx. This finding suggests the enhancement of Co
3d–O 2p hybridization with increasingx. Hence, to trace
the Ti-substitution effects, the electronic structure calcula-
tion of LaCoO3 by the DV-Xα cluster method is also re-
quired along with the calculations of LaCo0.95Ti0.05O3 and
LaCo0.85Ti0.15O3.

Figure 2 displays the discrete MO energy levels in LaCoO3.
In the energy range of−10 eV to 5 eV, the predominant
atomic basis functions in each MO are Co; 3d and O; 2p.
This indicates that the electronic structure around the zero
energy level consists of Co 3d and O 2p orbitals which are
hybridized with each other. The energy difference between
t2g andeg levels is approximately 2.5 eV, and the difference
between Co 3d levels of up spins and down spins is about
3.5 eV. Thus, 10Dq in LaCo1−xTixO3 is smaller than the
Hund’s-rule coupling energy at room temperature. Takahashi
et al.22,23) suggested that the spin-state transition at 90 K oc-
curred mainly due to the Co–O bond length varying with tem-
perature. This means that there is some correlation between
the spin-state transition and the hybridization of Co 3d and O
2p orbitals. Figure 2 also shows the Co–O bond overlap pop-
ulation at each MO in the [CoO6]9− cluster. The bond overlap
populations are obtained by the overlap of the Gaussian func-

Table I. Hexagonal and primitive perovskite cell parameters of
LaCo1−xTixO3.

Hexagonal Primitive Perovskite

aH cH aP, bP cP

x (Å) (Å) (Å) (Å)

0 5.446 13.088 3.851 3.778

0.05 5.449 13.114 3.853 3.786

0.15 5.468 13.167 3.866 3.801



posed by Bahadur and Parkash forx = 0.05 must correspond
to this energy level. The thermal activation of 3d electrons in
donor centers ofσ ∗ bands is then likely to contribute to the
electronic conduction in thex = 0.05 specimen.

As x increases, the Co–O bond length at room tempera-
ture increases, as shown in Table I, but the magnitude for
µeff decreases in spite of the decrease in 10Dq.11) In LaCoO3

(x = 0), the decrease in the Co 3d–O 2p hybridization
could play an important role in the spin-state transition which
is caused mainly by the Co–O bond lengthened by increas-
ing temperature. Since the Co–O bond length increases in
LaCo1−xTixO3 with increasingx, as shown in Table I, one ex-

tions with a wide parameter of 0.5 eV, which are centered on
each of the discrete MO energy levels. Thus, the energy lev-
els near the zero energy level correspond toπ∗ or σ ∗ bands,
where∗ means the antibonding MO. In fact, the dominant
conduction in LaCoO3, above 170 K is due to the hopping
process of small polarons of holes in the narrowπ∗ bands.10)

Figures 3 and 4 show the discrete MO energy levels (to-
tal, per Co 3d and O 2p, respectively) and the Co–O bond
overlap population at each MO calculated for LaCo1−xTixO3

(x = 0.05 and 0.15). The discrete MO energies at about 0 eV
are mainly due tot2g orbitals of down spins (t2g↓), both the
energy levels at about−0.5 and−1.4 eV are mainly due to
eg orbitals of up spins (eg↑), and the energies in the range of
−3 eV to−2 eV are mainly due to O 2p orbitals witht2g↓ and
eg↓ symmetries. The most significant feature is thateg↑ band-
width in LaCo1−xTixO3 (x = 0.05 and 0.15) is wider than
that of LaCoO3 and the Co–O bonding MO energy levels in
x 6= 0 are in the energy range of−3 eV to−2 eV. In addition,
the intensity of the bonding overlap population forx = 0.05
is rather weak in comparison with the case ofx = 0.15. In
LaCoO3, however, there is no bonding overlap population in
this energy range. Therefore, these different electronic struc-
tures in LaCo1−xTixO3 (x = 0, 0.05 and 0.15) indicate that
the valence band structure changes as a function ofx.

The dominant conduction in LaCoO3 is due to the hopping
process of small polarons of holes in the narrowπ∗ bands,10)

while the type of the majority carrier changes from electrons
to holes with increasingx from 0.05 to 0.15.11) According to
Bahadur and Parkash,12) the negative Seebeck coefficient for
x = 0.05 reflects the existence of donor centers, and the pos-
itive coefficient forx = 0.15 is caused by a decrease in the
mobility of the electrons because carriers are trapped at Ti4+–
Co2+ clusters. Comparing the energy diagram of LaCoO3 in
Fig. 2 with the result forx = 0.05 in Fig. 3, we can locate
the discrete MO energy level at−0.5 eV in the x = 0.05
specimen. Furthermore, this level is occupied byeg electrons
heavily hybridized with O 2p orbitals. The donor centers pro-

Fig. 2. Discrete MO energy levels (total, per Co 3d and O 2p, respectively)
and Co–O bond overlap population at each molecular MO calculated for
LaCoO3 (x = 0).

Fig. 3. Discrete MO energy levels (total, per Co 3d and O 2p, respectively)
and Co–O bond overlap population at each molecular MO calculated for
LaCo0.95Ti0.05O3 (x = 0.05).

Fig. 4. Discrete MO energy levels (total, per Co 3d and O 2p, respectively)
and Co–O bond overlap population at each molecular MO calculated for
LaCo0.85Ti0.15O3 (x = 0.15).

1188 Jpn. J. Appl. Phys. Vol. 39 (2000) Pt. 1, No. 3A H. NAKATSUGAWA and E. IGUCHI



carrier occurs.
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ligand holes is more than that of 3d electrons inσ ∗ whenx
increases from 0.05 to 0.15, the change in the type of majority

pects less hybridization of Co 3d and O 2p orbitals inx 6= 0
specimens. However, the present calculation indicates that
Co 3d–O 2p hybridization increases with increasingx. As
illustrated in Figs. 3 and 4, the O 2p states witht2g↓ and
eg↓ symmetries are responsible for the bonding MO in the
energy range of−3 eV to −2 eV which is not included in
LaCoO3. Moreover, the bonding overlap population in this
energy range increases with increasingx. These O 2p states
must be the valence bands. As the experiments show, the type
of majority carrier changes from negative to positive when
x increases from 0.05 to 0.15.11) This finding suggests that
ligand holes are introduced inσ ∗ bands and the density of
holes in the valence bands must exceed that of 3d electrons in
σ ∗ bands whenx increases from 0.05 to 0.15. The decrease
in the average net charges shown in Table II is surely one
of the predominant factors which enhances Co 3d–O 2p hy-
bridization. The heavy hybridization results in a ligand field
strong enough to stabilize O 2p states witht2g↓ andeg↓ sym-
metries,24) and then the O 2p ligand holes are responsible for
the electrical transport in thex = 0.15 specimen. The stabi-
lization of O 2p states witht2g↓ andeg↓ symmetries accounts
very well for the decrease inµeff with increasingx in spite of
the decrease in 10Dq.

4. Conclusions

We have studied the electronic structure of the [CoO6]9−
cluster surrounded by a finite number of point charges in or-
der to mimic the situation in LaCo1−xTixO3 (x = 0, 0.05
and 0.15) crystals using the DV-Xα cluster method. The most
significant features are that theeg↑ bandwidth in thex 6= 0
specimen is wider than that inx = 0 and the Co–O bonding
MO energy levels inx 6= 0 are in the energy range of−3 eV
to −2 eV. These results indicate that both the thermally ac-
tivated 3d electrons in donor centers ofσ ∗ bands and the O
2p ligand holes inσ ∗ bands are responsible for the electronic
conduction inx 6= 0 specimens. Since the density of O 2p

Table II. Average net charges of Co and O atoms in [CoO6]9− cluster of
LaCo1−xTixO3.

x Net charge of Co atom Net charge of O atom

0 +2.205e −1.868e

0.05 +2.143e −1.857e

0.15 +2.103e −1.851e
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