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Systematic variation of the electronic structure of 3d transition-metal compounds
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%'e have studied the systematic changes of the electronic structure in 3d transition-metal oxides and
sulfides within a configuration-interaction cluster model including multiplet efFects. Parameters of the
model have been deduced from analyses of the 2p core-level photoemission spectra of these compounds.
We have calculated the magnitudes of the band gaps, the net d-electron numbers, and the character of
doped carriers (and hence of band gaps) within the cluster model. The variation of the calculated magni-
tudes of the band gaps is in good agreement with experiment, especially with those derived in a recent
optical study by Arima et al. of the LaMO3 series, where M denotes a transition-metal element.

I. INTRODUCTION

3d transition-metal (TM) compounds have attracted
much interest due to their variety of magnetic, electrical,
and structural properties. In many of these compounds,
conventional band-structure calculations' fail to explain
experimental results, especially the opening of the large
band gaps. Also, satellite structures that appear in the
core-level and valence-band photoemission spectra can-
not be explained by these calculations. The satellite
structures reQect many-body effects arising from
electron-electron interaction and TM 3d-ligand p orbital
hybridization. Therefore, by analyzing these structures
one can obtain much information on the electronic states
of these compounds. Because the conventional band pic-
ture breaks down, many photoemission spectra have been
analyzed using a configuration-interaction (CI) cluster-
model approach. Based on the results of the photoemis-
sion studies, a framework for the 3d TM compounds, the
so-called Zaanen-Sawatzky-Allen (ZSA) scheme, is for-
mulated. '" According to this scheme, the compounds
can be classified into the Mott-Hubbard regime and the
charge-transfer (CT) . regime depending on the relative
size of the ligand p —to —TM 3d charge-transfer energy 6
and the on-site d-d Coulomb repulsion energy U.

In previous papers, we have investigated a number of
3d TM compounds by analyzing the TM 2p core-level
photoemission spectra and identified the systematic
change of 6 and U as functions of the TM atomic num-
ber and valence including the effects of d-d multiplet
splitting in the framework of the CI cluster model. ' A
similar systematic variation of 6 and U has been found
for TM halides by Okada, Kotani, and Thole. In this
paper, we present results for the calculated variations of
the band gaps, the net d-electron numbers, and the char-
acter of doped carriers, and discuss the systematic
change of the electronic structure of 3d TM oxides and
sulfides including lighter TM oxides. For the band gaps
of the LaMO3 series, where M denotes a TM element, our
results are compared with a recent optical study by Ari-
ma, Tokura, and Torrance. A brief account of the
present work has been reported in Ref. 8.

II. CONFIGURATION-INTERACTION
CLUSTER MODEL

where n denotes the nominal 3d electron number and L is
a ligand hole. As most of the compounds studied here
are insulators, our cluster-model calculations, which
determine the local electronic structure, are considered to
be a good starting point.

The model is described by three parameters, namely,
the multiplet-averaged d-d Coulomb interaction U, the
ligand p-to-TM d charge-transfer energy 5 and the ligand

p —TM d transfer integral (pdcr). We have adjusted the
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FIG. 1. Cluster-model analysis of the Cr 2p spectra of
LaCrO3. The calculated spectrum (solid line) is compared with
the experimental spectrum by Lam and Veal (Ref. 12) (dots).

In the TM compounds studied here, the TM ions are
octahedrally coordinated by ligand anions, ' and, there-
fore, the fivefold degenerate 3d orbitals are split into tri-
ply degenerate t2g and doubly degenerate e orbitals.
Hence, in order to calculate the electronic structures of
the TM compounds, we have considered an octahedral
cluster [M"+(O )6]

" "', where k+ is the valence of
the TM ion. The ground state is described as

4 =a„~d")+a„+,~d"+'L ) + +a» d' I. ' "),
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parameters so as to Gt the calculated spectra to the exper-
imental TM 2p core-level data. An example of the analy-
ses is shown in Fig. 1 for I.aCr03. We have calculated
the band gap Es,~, the net d-electron number N&(n), and
the character of doped carriers Cf„&„C,"&„„,„. The
definitions of these quantities are

E, —:E(n+1)+E(n —1)—2E(n),

N&(n)=n ~a„~ +(n +1)~a„+&~ + +10~a&o~

(2)

(3)

III. RESULTS

As already discussed in previous papers, ' 6 and U
represent the smooth variation of the electronic structure
of TM compounds as a function of the TM atomic num-
ber and valence. The 5, U, and (pdo ) values used in the
present work are listed in Table I. 5 increases in going
from Co to Ti rejecting the changes in the electronega-
tivities of the metal ions. U decreases with decreasing
TM atomic number due to the increase in the spatial ex-
tent of the d orbitals, although its change is weak. We
can also define h, ff and U,ff, respectively, as the ligand p-
to-TM d charge-transfer energy and the d-d Coulomb in-
teraction with respect to the lowest energies of the multi-
plets. Observed physical properties are more directly re-
lated to b,ff and U,ff rather than to 6 and U: A,ff and Ueff
show nonmonotonic variations as functions of the atomic
number and valence due to the nonmonotonic behavior of

TABLE I. 6, U, and (pdo) values used in the present work
(in eV). The values in parentheses are extrapolated from the
late TM monoxides.

Compound

Cf„I,= 1 —[Nz(n) —N&(n —1)],
C,")„„,„=N~(n +1)—N~(n) .

Details of the calculations are described in Refs. 5, 6, 8,
and 11.
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the multiplet splitting as a function of n. The magni-
tude of (pdcr ) increases with decreasing n due to the in-
crease in the spatial extent of the d orbitals.

Figure 2 shows the variation of h, ff and U,ff plotted
against the 3d electron number n. In the present work,
we have added data points compared to Refs. 5, 6, and 8
for LaTi03 (n =1) and LaCr03 (n =3) by analyzing the
TM 2p core-level x-ray photoemission spectroscopy spec-
tra reported by Lam and Veal. ' %'e have also added
Cr203 (n =3).' Figure 2(a) clearly demonstrates that E,Ir
decreases monotonically with n except for the large
discontinuity between n =4 and 5. This variation reAects
both the smooth change of 6 and its "multiplet correc-
tion, " A,ff

—6, which is a large negative value for n =4
and a large positive value for n =5. One can also see
that b,Ir (and hence 6) of those compounds having the
same nominal d-electron number decreases, as the
valence of TM increases rejecting the decrease in the 3d
energy level due to the increasing positive charges at the
TM ions. Figure 2(b) shows that U,Ir slowly and mono-
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FICi. 2. Effective charge-transfer energy h,z (a) and effective
averaged 3d-3d Coulomb repulsion energy U,z (b) are plotted
against the 3d-electron number n. Dotted line in MO is de-
duced from the extrapolated values of 6 and U for MO (see
Table I). Dashed lines represent behaviors expected from the
systematic variation of the parameters.
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tonically increases with n except for the sharp peak at
n =5. The results for light TM compounds follow the
trend that U, ir (and U) decreases with decreasing TM
atomic number, which was proposed in previous work. '

The most remarkable result is the variation of the band
gap Es,z plotted against n as shown in Fig. 3(a). Besides
the data points listed above, LaCo03 (n =6) is added in
this figure' and hence we can view the variation of the
band gaps for LaMO3 from Ti to Co. Here it should be
noted that LaCo03 has a low-spin ('A, ) ground state and
shows a gradual transition from the nonmagnetic to a
paramagnetic state with increasing temperature. ' Al-
though the origin of this transition has not yet been un-
derstood, we have performed our calculations for the
low-spin state because our photoemission spectra have
been taken at liquid-nitrogen temperature, i.e., below the
transition temperature. ' Comparing Fig. 3(a) with Fig.
2, the variation of the band gaps rejects that of both A,~
and U,s. Because of the p-d hybridization, the amount of
the variation is weaker than that of A,z or U,~. Also,

10 I I I I~ MO (M )
—k—MTiS~ ( M )
-o4-L MO (M )

(a)

0 1 2 3 4 5 6 7 8 9
3d electron number

Ck

C4
CO
Oll

CO

I IHN

C4

10 I I I I I I I I

(b)

LaMO3

-++- Mott~ CT

(Arima et al. )

0 H

2 3 4 5 6 7 S 9
3d electron number

FIG. 3. (a) Calculated band gaps Eg p Dotted line in MO
represents the calculated results using the extrapolated values of
6 and U for MO. (b) Observed optical gaps for the LaMO3
series by Arima, Tokura, and Torrance (Ref. 9).

even for a negative 6,& value, a finite gap opens
(SrMn03). Again one can see that the gap shows a sharp
peak at n =5 corresponding to the peak in A,~ and U,~,
due to the strong Hund s rule —coupling stabilization in
the d configuration. At n =3, there is another peak that
is smaller than that of n =5. It also comes from the sta-
bilization due to Hund's rule —coupling because the t2
orbitals are half-filled by the three electrons.

Recently, Arima, Tokura, and Torrance have studied
the optical spectra of LaMO3 and YMO3 for a series of 3d
TM atoms M. In the optical conductivity spectra, they
have identified the optical gaps, with which we can com-
pare our calculated values for LaMO&. The optically
determined CT gap shown in Fig. 3(b) monotonically de-
creases with the atomic number of M except for the in-
crease in going from Mn (n =4) to Fe (n =5). This varia-
tion is, therefore, essentially the same as that of h, ff
shown in Fig. 2(a). The minimum (actual) optical gaps
(either CT-type or Mott-Hubbard-type) of LaMO3 are
also plotted against the atomic number of M in Fig. 3(b).
The minimum gaps have two peaks at Cr (n =3) and Fe
(n =5) corresponding to the peaks in Fig. 3(a), except
that the optically determined CT gap of LaCr03 is larger
than that of LaFe03. Considering the different strengths
of the Hund's rule —coupling stabilization in the d and
d configurations, the gap of LaCrO& must be smaller
than that of LaFe03. Indeed, the activation energy of
LaFeO& is so large that one cannot properly measure the
resistivity of this compound. ' The calculated gap for
LaTi03 is significantly larger than the observed one. This
is partly because the gap of the cluster model corresponds
to the peak-to-peak separation in the combined photo-
emission and inverse photoemission spectra, while the op-
tical gap corresponds to the separation between the band
edges and hence is smaller than the peak-to-peak separa-
tion by the d-band width.

The net d-electron numbers Nd are shown in Fig. 4 as
the deviation from the nominal 3d electron numbers n.
One can see again the effect of the strong Hund's
rule —coupling stabilization in the d configuration:
When n =5, the strongest stabilization is expected and
hence the deviation from the nominal configuration is
very small. Small shoulders at n =3 in the MO and
LaMO3 curves are also due to the half-filled stabilization
of the t2g orbitals. The figure shows that as the valence
of the TM increases, the Xd(n) —n for a fixed n increases
because h,z decreases and hence the hybridization
strength increases with the TM valence. The M + com-
pounds show a different behavior from the others. This
comes from the fact that A,~ goes from nearly zero
(SrMn03) to negative (SrFeO3). When d,& becomes nega-
tive, the dominant configuration in the ground state
changes from d" to d"+'L, resulting in a large Nd(n).
The figure also shows that the variation of Xd(n) nwith-
n becomes stronger as one goes from the 2+ to 3+
series. This is not only because the A,~ values are smaller
for the 3+ oxides than for the 2+ oxides but also be-
cause we find the (pdo ) values to be larger for the TM
perovskites than for the TM monoxides. The large
Nd(n) nvalues —for light TM compounds are due not
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FIG. 4. Deviations of the net d-electron number from the
nominal one, Nd(n) —n, plotted against the 3d-electron number
n. Dotted line in MO represents the calculated results using the
extrapolated values of 5 and U for MO.

only to the large (pdo ) values but also to the large num-
ber of empty d orbitals into which charge transfer occurs
from the occupied ligand p orbitals. '

Note that our calculation for LaCo03 has been per-
formed for the low-spin state. N„(n) of the low-spin state
is larger than that of the high-spin state because the low-
spin state has empty e orbitals, and the hybridization of
the e orbitals is larger than that of t2 orbitals. For the
high-spin state, we have estimated Nd (n ) to be 6.6, which
would result in a weaker variation with n.

For the investigation of carrier doping in so-called
valence-control compounds, we can obtain important in-
formation as to whether the doped carriers occupy the
TM d or anion p orbitals. In Fig. 5(a), the p character of
the doped holes Cf„„ is shown. It generally increases
with n, rejecting the decrease in h. One can also see that
the p character slightly increases with the valence of TM,
due to the decrease in b. The curves have a peak at n =5
and a dip at n =6 because of the multiplet efFect or the
Hund's rule coupling. In our previous paper, we have
pointed out that ( U,s —U) —(h,a

—b, ) is a rough measure
for the p character of the doped holes. Indeed, the
curves in Fig. 5(a) follow the variation of
( U,s —U) —(h,s —5) shown in Fig. 5 of Ref. 6.

In Fig. 5(b), the d character of doped electrons C,'t„„,„
are plotted against n. The Hund's rule —coupling stabili-
zation and hence the weak covalency in the d
configurations enhances the d character of the doped
electron. Here one can also see that the d character de-
creases with the valence of the TM, rejecting the de-
crease in 6 with the valence of the TM. There are some
irregular behaviors in the curves of LaMO3
(LaFe03~LaCo03) and SrMO3. This is because the
small (LaCoO3) or negative (SrFeO3) values of h,a make
the d character of the doped electrons small. In the case
of LaCo03, its low-spin configuration further reduces the
d character. For the high-spin state, we have estimated
the d character to be about 0.64.

Now we discuss the character of the band gaps from
Cg,&, and C,&„„,„. It is widely accepted that one can
categorize insulating 3d TM compounds into the Mott-
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Hubbard-type and the CT-type. In general, early TM
compounds, which have d-d gaps, belong to the former
type, and late TM compounds, which have p-d gaps, be-
long to the latter type. In terms of the ZSA diagram,
the gap is of the d-d type when U,z & A,~, and of the p-d
type when U,~& b,z. However, it should be noted that
the hybridization effect is not explicitly considered in the
original classification of ZSA. Our results indicate that
the hybridization has a considerable effect on the
classification scheme particularly for lighter TM oxides.
In our definition, those compounds which have Cf„&,
smaller than 0.5 and Celectron larger than O.S have d-d
gaps, while those compounds which have Cf„&, larger
than 0.5 and C,&„„,„ larger than 0.5 have p-d gaps. The
general variation of the character of the band gaps with n
is the same as what is now accepted by many researchers.
However, SrMn03, SrFe03, and LaCo03 do not have d-d
gaps, nor p-d gaps, but p-p gaps. "' ' ' [In fact, SrFeO3
is metallic and the calculated gap is also nearly zero. ]
In these compounds, strong hybridization effects due to
the small b,,a; the relatively large (pdo), and the large
number of empty d orbitals contribute to the gap forma-
tion. Combining Figs. 5(a) and 5(b), we may plot a dia-
gram similar to that of ZSA as shown in Fig. 6, where we
also 1ocate the p-p gap compounds in our diagram. In or-
der to clarify the three regimes, d-d, p-d, and p-p gaps,
the character of the doped carriers is used for the two
axes.

FIG. $. (a) p character of the doped hole Cf„~,. (b) 1 charac-
ter of the doped electron C,"&„„,„. Dotted line in MO represents
the calculated results using the extrapolated values of 6 and U
for MO.
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p-d Gap
Mn02, ns

electron numbers and the characters of doped carriers
(and hence of band gaps) have been calculated. We have
shown that the Hund's rule —coupling stabilization and
the p-d hybridization strongly affect the electronic struc-
ture of 3d TM compounds. The Hund's rule effect
dramatically manifests itself in nominally d compounds:
Larger band gaps open and the chemical bonding be-
comes more ionic. This is the main reason why many d
compounds are large-gap CT-type insulators. Hybridiza-
tion efFects play an important role in the high-valence,
late TM compounds. Because the early TM compounds
have large (pdcr) as well as a large number of empty d or-
bitals, hybridization effects are also large, refIecting the
large deviations of the net d-electron numbers from the
nominal ones. The variation of the calculated band gaps
with n for the LaMO3 series shows good agreement with
that of the observed optical gaps, indicating that the
electronic structure of a wide range of 3d TM compounds
(especially of insulators) can be basically understood us-
ing the CI cluster-model approach.

FIG. 6. Character of doped carriers plotted in a two-
dimensional diagram. According to this, the characters of the
band gaps are classified into the d-d, p-d, and p-p gap.

IV. CDNCLUSIDNS

We have studied the systematic chemical trends and
the mutliplet effects on the electronic structure of 3d TM
oxides and sulfides within the CI cluster model by extend-
ing our previous work. ' ' The band gaps, the net d-
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