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The electronic structure of the insulating antiferromagnetic transition-metal compounds MnO,
FeO, CoO, and NiO, which have been regarded as the prototypes of the concept of a Mott insulator,
is discussed with use of energy-band theory based on the local-spin-density treatment of exchange
and correlation. It is shown that the band structure is very sensitive to the magnetic ordering and
that the ground-state magnetic ordering is special in the sense that it makes the ¢, (x>—y?, 3z2—r?)
band particularly narrow, which is crucial to the insulating nature of NiO. A detailed analysis is
made of this particular aspect of the ground-state magnetic ordering. As for FeO and CoO, it is '
suggested that the population imbalance among the 5, (xy, yz, zx) orbitals induced by the intra-
atomic exchange interaction may cause a gap to open at the Fermi level.

I. INTRODUCTION

The transition-metal monoxides MnO, FeO, CoO, and
NiO, which are all antiferromagnetic insulators, have oc-
cupied a special place in condensed-matter physics for a
long-time, because the microscopic origin of their insulat-
ing nature! ¢ and their inter-atomic magnetic coupling is
unclear.”® The common understanding of these problems
is that these materials are Mott insulators and that the
magnetic coupling is due to super-exchange. Most previ-
ous theoretical analyses of the properties of these materi-
als start from the strong correlation limit, i.e., U/W >>1
with U and W the intra-atomic Coulomb integral and the
width of the valence band, respectively.>>>%° An exten-
sive review on the theories and analysis of experimental
data up to 1977 was given by Brandow® from this point of
view. Kunz and co-workers** tried to quantify this ap-
proach by taking account of correlation effects beyond the
Hartree-Fock approximation with the valence-bond ap-
proach. The significant results of this calculation are that
the unoccupied d states are separated from the occupied
ones by about 10 eV and that the gap between the occu-
pied d states and the bottom of the conduction band is 4.8
eV. The large energy separation between the occupied and
unoccupied d states is due to the intra-atomic Coulomb
interaction and therefore will not be affected by the mag-
netic ordering. Although some aspects of models charac-
terized by U/W >>1 are consistent with several experi-
mental results concerning the optical gap and the insulat-
ing nature, some of the recent experimental results'®—!3
are not necessarily consistent with the strong-correlation-
limit picture. Therefore, it is worthwhile to study the
electronic structure of these substances with the self-
consistent band-structure theory based on the local-spin-
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density-functional method to reexamine the implication of
various experimental data.

Wilson'* was the first to show that MnO and NiO
could be band insulators in their ground-state antifer-
romagnetic ordering, but the result was not sufficiently
convincing, because of the lack of the self-consistency in
the calculation. An extensive study of the band structures
of transition-metal monoxides in the nonmagnetic state
was made by Mattheiss.!>!® A qualitatively important
output of the work was the conjecture that the gap be-
tween e, and t,, subbands would not open up, irrespective
of the strength of the p (anion) -d (cation) hybridization in
the transition-metal compounds with the NaCl structure.
This conjecture was based on the observation that, while
the strong p-d hybridization produces a large ligand-field
splitting between e, and t,; subbands, the bandwidth of
each subband becomes large at the same time. This con-
jecture was then one of the causes of Mattheiss’s skepti-
cism about the use of band theory for describing the elec-
tronic structure of insulating materials MnO, FeO, CoO,
and, NiO, particularly with reference to the insulating na-
ture above the Néel temperature. An important contribu-
tion, which is favorable to band theory, was then made by
Andersen et al.,'” who showed that the lattice parameters
of the insulating monoxides could be reproduced by the
band-structure calculation. In particular, the sudden
jump of the lattice parameter from VO to MnO was ex-
plained as a magnetic effect. However, their calculation
for the ground-state antiferromagnetic orderings was not
self-consistent either. (Recent self-consistent calculations
by Yamashita and Asano'® reproduced the observed lat-
tice parameters very well; an almost identical result was
obtained by our calculations also.)

In the first two of our series of papers,'*?°

we presented
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some of the results of the self-consistent band-structure
calculations for MnO, a-MnS, and NiO in different mag-
netic states. We showed that the electronic structure is
very sensitive to the magnetic ordering and that MnO and
NiO can be insulators, but only when the magnetization is
allowed to vary in the (111) direction, as it does in the ex-
perimentally observed ground state. We call this (111)
variation AF II. We then estimated the interatomic mag-
netic coupling (the exchange interaction parameter in the
Heisenberg Hamiltonian) for MnO, a¢-MnS, and NiO with
the use of the muffin-tin coherent-potential-approx-
imation calculation. The theoretical results agree qualita-
tively with experimental results which were obtained from
the spin-wave dispersion curves, thermodynamic analysis,

etc.2!’ Our band-theoretical treatment can give natural ex-

planations of the rapid increase of the Néel temperature
Ty from MnO (T =122 K) to NiO (T, =523 K), and
also to the small ferromagnetic first-nearest-neighbor cou-
pling in NiO. ‘

In the third paper of this series,?? we demonstrated that
a variety of experimental data can be consistently ex-
plained with a band picture. In particular, we pointed out
that the experimental data of inverse photoemission'! and
two-phonon resonant-Raman scattering'® indicate the
presence of d° states of Ni in NiO separated from the oc-
cupied d band only by ~2 eV rather than by ~10 eV (a
typical value of the Coulomb integral U in the strong-
correlation-limit picture). A small (effective) U of about
2 eV for transition-metal monoxides was supported also
by Hiiffner and Wertheim.?*> Therefore, we take the
viewpoint that the effective intra-atomic Coulomb in-
tegral U and the energies pertaining to the cation d band
are of comparable magnitude. This is in clear contrast to
most of the existing Mott-insulator theories for these ma-
terials (see, for example, Brandow’s review?).

The purpose of the present paper is to give a detailed
description of the electronic structure obtained by band
theory. In particular, we discuss in detail the reason why
the antiferromagnetic ordering AF II is crucial to the in-
sulating state of these oxides. A discussion will also be
given on the possibility of having an insulating state for
FeO and CoO from a band theory by taking account of
the population imbalance in the minority-spin ¢,, band in-
duced by the intra-atomic exchange interaction. Our im-
portant conclusion here is that the difficulty in dealing
properly with FeO and CoO lies in the local approxima-
tion in the spin-density-functional theory, and not in band
theory itself. Analysis of experimental data based on the
present band calculations was made in Ref. 22 and will be
more extensively made in a subsequent paper.?*

The band-structure calculations were done with the
augmented-spherical-wave (ASW) method?® and exchange
and correlation were treated by the local-spin-density-
functional (LSDF) formalism as described in Ref. 26. We
use the lattice parameters listed in Table I of Ref. 15.

The organization of the present paper is as follows. We
discuss the basic aspects of the band structure of MnO,
FeO, CoO, and NiO in Sec. II by presenting several re-
sults of the band-structure calculation. In Sec. III we
compare our results with some experimental results. We
conclude in Sec. IV.
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II. RESULTS AND DISCUSSION
OF BAND STRUCTURES

A. MnO

1. Overall aspects

Among the four materials (MnO, FeO, CoO, and NiO),
MnO is the most easily tractable with regard to the insu-
lating nature in a band picture and yet possesses very in-
formative aspects. Therefore, we begin our discussion
with MnO. '

Figure 1 shows the total densities of states of MnO in
four different magnetic orderings, the ferromagnetic state
(F), two antiferromagnetic states, the first kind (AF I)
and the second kind (AF II), and the paramagnetic state.
(The states below about 0.35 Ry are mostly O 2p and
those above it are Mn 3d.) The antiferromagnetic order-
ing AF I and AF II are schematically shown in Fig. 2.
Note that the actual orientation of the magnetic moment
with regard to the crystal axis is irrelevant in the present
work, because the spin-orbit interaction is not included in
our band-structure calculations. A remarkable aspect of
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FIG. 1. (a) Total state densities of MnO (in states/Ry/MnO)
in the ferromagnetic state, (b) in the antiferromagnetic states of
the first kind, AF I, (c) of the second kind, AF II, and (d) in the
paramagnetic state. The vertical lines denote the Fermi level.
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Fig. 1 is that the ferromagnetic state F and the antifer-
romagnetic state AF I have similar densities of states and
that there is no band gap at the Fermi energy, although
the large exchange splitting makes them almost insulators.
On the other hand, the antiferromagnetic state AF II, the
observed ground-state configuration, has a very narrow e,
band and a well-defined band gap of ~0.1 Ry. In the
remainder of this section, we focus on the two problems:
(i) Why is the e, band in AF II so narrow compared with
that in AF I or F? (ii) Why is the AF II more stable than
AFIor F?

The schematic energy diagram in Fig. 3 summarizes the
formation of d bands in the AF I and AF II structures
from atomic levels by including intercations one at a time.
We first take account of the exchange splitting A, (=0.28
Ry for MnO) and next the ligand-field splitting Ay,
(=0.08 Ry for MnO) due to the octahedral cage of oxygen
atoms surrounding a cation. Up to this point, there is no
difference between AF I and AF II, because no intercation
coupling has been taken into account. Important differ-
ences between AF I and AF II arise from the next step.
First of all, we note that the strongest intercation hopping
integral is of the ddo-type between the second-nearest-
neighbor cations which is mediated by the oxygen p orbi-
tal. The essential difference between AF I and AF II is
that this strong ddo interaction couples like polarized
cation atoms in AF I, but couples exclusively oppositely
magnetized cation atoms in AF II (see Fig. 2). Therefore,
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FIG. 2. Antiferromagnetic orderings of the second kind (AF
1I) and the first kind (AF I). AF II is the ground state ordering
for MnO, FeO, CoO, and NiO. (Note that the spin and elec-
tronic quantization axes are independent, because of the neglect
of the spin-orbit coupling in the present work.) As for the oxy-
gen atoms,.only the central one is shown for clarity. In the AF
II (AF I) ordering, all three oxygen p orbitals couple action d
states belonging to different (same) magnetic sublattices.

inclusion of the intersublattice coupling in AF II causes
an appreciable energy shift of e, states between the
majority- and minority-spin bands, while it produces only
a negligible effect in AF I. An important consequence of
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this intersublattice coupling is the stabilization of AF II
compared with AF I and also F, due to a larger lowering
of the occupied majority-spin e, states. The final stage,
where we take account of the intrasubband banding effect,
the e, subband becomes broader in AF I because of the
strong ddo coupling, while the absence of such intrasub-
lattice ddo coupling in AF II leads to a very narrow e
subband. In addition to the exchange splitting A, the
ligand-field splitting Ay, is also an important factor for
the narrow e; band in the sense that Ay, suppresses eg-f5,
hybridization. As for the width of the t,, band, it comes
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mostly from the direct first-nearest-neighbor cation-cation
coupling and depends on the magnetic ordering only
weakly. )

The above qualitative arguments will be supplemented
by the actual numerical calculations in the next two sec-
tions.

2. Intersublattice coupling
Figure 4(a) shows the partial density of states (PDOS)

of d states, ny(E), in AF II of MnO. (See Appendix A
for the precise definitions used in the state-density decom-
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FIG. 4. Partial densities of states for Mn d orbitals in MnO: (a) in the actual AF II ordering, ng(E); (b) in the absence of the inter-
sublattice hybridization, 7;(E); (c) for a spin-up magnetic moment sublattice decoupled from both spin-down magnetic moment sub-
lattice and oxygen sublattice (approximately d PDOS of a single layer of spin-up magnetic moment Mn atoms). The solid (broken)
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position.) The corresponding one without the intersublat-
tice coupling, 774(E), is shown in Fig. 4(b). Note that the
strong second-nearest-neighbor ddo coupling is complete-
ly absent in the case of Fig. 4(b) and the e, band is very
narrow. (The prescription for removing the intersublat-
tice coupling is given in Appendix B.) At first glance, ny
is almost identical to 7y, which implies that the effect of
the intersublattice coupling is relatively weak. This is be-
-cause the large exchange splitting A., suppresses the inter-
sublattice coupling ddo (by a factor of ddo/A.,=0.08 in
the second-order perturbation theory). The value for ddo
was taken from Ref. 15. The ‘weak intersublattice cou-
pling is consistent with the low Néel temperature of MnO
(Ty =122 K).12° Nevertheless, by a careful inspection of
Figs. 4(a) and 4(b), we notice that there are some differ-
ences between ny; and 7; and that among these differ-
ences, the most significant consequence of the intersublat-
tice coupling is the lowering of the majority-spin e, band
by about 0.02 Ry.

In order to compare the situation in AF II with that in
AF 1, we show n4(E) and 7iz(E) for AF I in Figs. 5(a) and
5(b). As the strong ddo coupling is already included in
74(E), the e, band is fairly wide and the difference be-
tween ny; and 7; comes from other weaker couplings.
Therefore, any difference in the e, band between n; and
fiy cannot be seen by eye, while small differences in the
t,, band exist. The argument in the preceding section
about the stabilization of AF II compared with AF I (and
F) was thereby substantiated.”’ Since the intersublattice
hybridization is due to the spin-conserving electron hop-
ping, it is an important concept that the magnetic order-
ing is determined by the spin-conserving interactions (as
opposed to inter-atomic exchange interactions of the
Coulomb-interaction origin).

3. Electronic structure of single metal layer

In the preceding section, we calculated the electronic
structure of MnO, decoupling the intersublattice hybridi-
zation artificially. As a further analysis of the electronic
structure, we decouple the oxygen-metal hybridization
and calculate the electronic structure of an isolated single
magnetic sublattice. (See Appendix B for further details.)
From Fig. 2(a), we see that the interlayer distance within a
given magnetic sublattice is very large, so that the inter-
layer interaction within a given sublattice may be negligi-
bly small. Therefore, the PDOS of d states shown in Fig.
4(c) is approximately equal to the one for a single layer of
(111) plane of Mn atoms. We note the following features
in Fig. 4(c): (1) absence of ligand-field splitting of the d
band; (2) a much wider e, band compared with that of ny,
in Figs. 4(a) and 4(b); (3) d density of states in Fig. 4(c)
resembles a d resonance in a free-electron sea and the d-
band tails from majority- and minority-spin bands overlap
to fill the band gap; (4) the width of the d band in Fig.
4(c) is comparable to that of the 7,, band in Figs. 4(a) and
4(b); (5) the positions of the d bands are lower than those
in Figs. 4(a) and 4(b). The first effect is natural, because
there is no O(p)-Mn(d) hybridization. The second results
from a large e,-t,, hybridization caused by the first. The
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FIG. 5. Partial densities of states for Mn d orbitals: (a) in
the actual AF I ordering, ny(E); (b) in the absence of the inter-
sublattice hybridization, 7 (E). The solid (broken) lines denote

eg (12,) contributions.

third reflects the fact that, in the absence of oxygen, the
bottom of the metal s band is lower than the d band, as in
the pure transition metal. The fourth indicates that the
bandwidth of the t,, band in AF II (and also in AF I)
comes mainly from the direct coupling of d orbitals be-
longing to the neighboring cations. The fifth is due to the
absence of repulsion between Mn-d states and O-p states.
The first three features are indicative of the important
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role of oxygen in realizing the insulator state of
transition-metal monoxides.

B. NiO

First, the narrow e, band in AF II is crucial to the in-
sulating nature of NiO, because the Fermi level lies in the
eg-17¢ gap in the minority-spin band. It is also crucial to
stabilizing the magnetic state. For example, the present
band calculation does not produce the magnetic states of
Fand AF 1.

Figures 6(a) and 6(b) show PDOS for NiO, rn;(E) and
fiz(E), which correspond to those of MnO in Fig. 4. The
total density of states per NiO and the E-X curves are
also shown in Figs. 6(c) and 6(d). In contrast to the case
of MnO, where the exchange splitting A, dominates the
ligand-field splitting A;;; and width W, of e, and 75, sub-
bands, A, in NiO is reduced, because of the smaller atom-
ic magnetic moment, with the result that all of A.,, Ay,
and W, are comparable in magnitude (~1 eV). A re-
duced A, leads to a much larger intersublattice hybridiza-
tion. Comparison of the ways of constructing energy
bands from atomic levels between MnO and NiO (both in
AF 1I) is schematically shown in Fig. 7. Several interest-
ing aspects can be seen in Figs. 6 and 7. Already in 7,
the majority-spin e, band overlaps the minority-spin #5,
band, with the former at a slightly higher energy. The in-
tersubband hybridization between e, bands pushes the
majority-spin e, band to a lower energy to enhance the
overlap between the majority-spin e, and minority-spin
t, bands, which consequently form a common band. It is
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important to note that the fairly large e, component of
the minority spin in the energy range between 0.5—0.6 Ry
is not due to the intrasubband eg-t,, hybridization, but
rather to the intersubband e,-e;, hybridization. The large
energy lowering of the majority-spin e, band by about
0.04 Ry stabilizes the antiferromagnetic ordering AF II
and explains the strong antiferromagnetic coupling be-
tween the second-nearest-neighbor magnetic moments. In
contrast to e, band, the #,, band is affected only slightly
by the hybridization. Because the intersubband 2y,-f5,
coupling is mainly due to the nearest-neighbor interaction,
the small change in the t,, band suggests a weak magnetic
coupling between the nearest-neighbor atoms. Although
the present analysis cannot predict the sign of the
nearest-neighbor coupling, the above results are qualita-
tively consistent with the experimental results and our
previous analysis.!*?*?® The larger intersublattice eg-e;
hybridization due to a smaller exchange splitting in NiO
compared with MnO explains also the difference in the
Néel temperatures [Ty =122 K (MnO), 523 K (NiO)].
This aspect was discussed in our previous papers'>?° in
terms of the energy denominator in the perturbation treat-
ment of the kinetic superexchange.

C. FeO and CoO

Figures 8(a) and 9(a) show PDOS of d states for FeO
and CoO in AF II. The Fermi energy lies inevitably
within the minority-spin t,, band which has a fairly high
density of states and we end up with metallic FeO and
Co0. The difficulty cannot be solved even if we take ac-
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FIG. 7. Schematic diagram showing how the energy bands of d states are constructed in NiO and MnO with AF II structure. In
the case of MnO, the exchange splitting dominates other energy scales, while in the case of NiO, the exchange splitting, ligand-field

splitting and d-band width are all comparable in magnitude.
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count of the lattice distortion from the cubic crystal. For
instance, CoO has a tetragonal symmetry with
c/a=0.988 (Ref. 29). First of all, the distortion seems to
be too small to produce a gap in ¢,, band. Besides, even if
the ligand field is strong enough to produce a gap, we ex-
pect that yz and zx orbitals in the f,, states will have a
higher energy than the xy orbital for the distortion of
c/a <1. As the t,, band has to accommodate two elec-
trons per metal atom, the Fermi energy must be at the
middle of the degenerate yz and zx .bands. With these
considerations, it has been generally thought that the band
theory would never explain the insulating nature of FeO
and CoO and that the partial success of the band theory
for MnO and NiO would be only accidental.?

We take an opposite viewpoint. We admit that the
band theory is not the whole story and that correlation ef-
fects beyond the local-density-functional theory will
reduce the band width to some extent. However, we
found in the previous sections, the insulating nature and
the magnetic ordering of MnO and NiO can be explained
in a quite natural way within the band picture. This en-
courages us to think that the band theory should at least
indicate an inclination of FeO and CoO to becoming an
insulator. The key which has been missing is the presence
of a fairly large unquenched orbital angular momentum in
both materials. An extensive study of the orbital angular
momentum in CoO was made by Kanamori.’® The fun-
damental implication of a significant orbital moment in
the present context is the instability to the population im-
balance in the minority-spin ¢, band induced by the
intra-atomic exchange interaction. By using the Anderson
model or the tight-binding model with degenerate orbitals,
it was shown that the condition of the population imbal-
ance is given by>! 33

n(EpU—-J)>1, (D

where n(Ep) is the density of states per spin and per orbi-
tal at the Fermi level. U and J are the Coulomb and ex-
change integrals. Yosida et al.’? analyzed the anisotropy
energy of transition-metal impurities in Co metal and es-
timated the values of U —J as 2 eV, with U and J as 3
and 1 eV, respectively, for the 3d transition elements.
With the use of n(Ey) obtained by the present band calcu-
lations, we obtain

2.5, for CoO, (2)

n(Ep)U—J)= 1.8, for FeO . 3)

Therefore, we expect that FeO and CoO are unstable with
regard to the population imbalance in the ¢,, band, which
indicates the possibility of opening up a gap at the Fermi
level.

One of the ways of checking the reliability of the above
values of U and J is to study the Stoner criterion for the
instability to the formation of the spin-magnetic moment,
for which analyses based on the local-spin-density-
functional formalism are also available.3*3* The condi-
tion is given by

n(Fp)(U+4J)>1, 4)

where the factor of 4 before J is obtained for the d-band
case. First we note that the exchange integral I by
Janak®* corresponds to (U +4J)/10, because Janak used
the density of states which includes both the spin and the
orbital degeneracies. The estimate by Yosida et al. of U
and J gives (U +4J)/10=0.052 Ry, which is about 1.4
times larger than Janak’s I of 0.036 Ry. The use of the
above values for U and J is, however, rather reasonable
for FeO and CoO, because it is generally expected that U
and J will take larger values in compounds (than in pure
metals), due to the absence of the screening effects of s
electrons. We note also that even if we reduce U —J by
1.4, the condition of Eq. (1) is still satisfied for FeO and
Co0.%

Deferring a more extensive study to future work, we
present here some results obtained by a simple model cal-
culation in order to demonstrate the significance of the
population imbalance for making FeO and CoO insula-
tors. What we do is as follows. We take account of the
possibility of the population imbalance only at a given Co
(or Fe) site, leaving other sites as shown in Figs. 8(a) and
9(a). Therefore the problem is reduced to an impurity
problem and we solve it approximately by using linear
combination of atomic orbitals (LCAO) formalism, which
will work for the narrow ¢, band of present interest. The

.inputs to the calculation are the PDOS of #,, [Figs. 8(a)

or 9(a)] and the value of U —J. By setting U—J=2¢€V, a
self-consistent solution with the population imbalance in
the minority-spin t,, band is shown in Figs. 8(b) and 9(b)
for FeO and CoO, respectively. Because this is an impuri-
ty problem, the density of states at the central site (impur-
ity site) cannot have a gap at the Fermi level. Neverthe-
less, it is clear that the PDOS of t,, in Figs. 8(b) and 9(b)
consists of two almost separate bands with very small’
values of state densities at the Fermi level. If the popula-
tion imbalance occurs at every site, each of the sharp
separate states will become broader but the tails will
shrink and thereby a gap will open up at the Fermi level.
One may think that we should do the above analysis
within the framework of the local-spin-density-functional
formalism. Unfortunately, the LSDF formalism is not
adequate for the estimation of the energy change caused
by the symmetry breaking in the charge distribution.’’
Actually our estimation by the LSDF of the quantity cor-
responding to U —J turned out to be negative, which is
apparently unphysical (see Appendix C). We have to go
beyond the LSDF formalism in order to deal with the un-
quenched orbital angular momentum properly. We are
claiming that the present difficulty in dealing with FeO
and CoO lies in the local approximation of the density-
functional theory, but not in the band theory itself.

III. COMPARISON WITH SOME
EXPERIMENTAL DATA

Since extensive analyses of experimental data are made
in other papers,?>?* here we only present calculated results
for the magnitude of the local magnetic moment of cation
and also for the ligand-field splitting.



A. Magnitude of the cation magnetic moment

Experimentally, the magnitude of the magnetic moment
associated with a cation is obtained by the analysis of the
magnetic form factor. The experimental values (in up)
are 4.79 for MnO (Ref. 38), 1.64 (Ref. 39) and 1.77 (Ref.
38) for NiO, and 3.35 (Ref. 40) for CoO. [In the case of
NiO, the spin-magnetic moment was obtained by taking
account of the g factor of 2.2 (Ref. 39) and the value for
CoO includes a contribution from the orbital angular
momentum.] The experimental value for FeO is not
available to our knowledge.

In our band-structure calculation, the magnetic moment
of a metal atom, M, is defined as the spin magnetic mo-
ment within the atomic sphere of metal atom. Naively,
one may think that M. would simply be 5 and 2 for
MnO and NiO, respectively, because a gap exists at the
Fermi level. This is not true. First, the intersubband hy-
bridization introduces a mixing between the local
majority- and minority-spin states. Therefore, in the oc-
cupied Mn d bands, there is a small contribution from the
local minority-spin states, which reduces the value of
M,,.. In addition, there is also a contribution from the
hybridization with the oxygen p states, which do not have
spin polarization. In this way, M), for Mn is reduced to
4.45. Similarly, M, for other materials are 3.43 (FeO),
2.35 (CoQ), and 1.09 (NiO). We see that the experimental
values listed above are larger than the theoretical M,
particularly for NiO. (We leave the discussion of FeO
and CoO to a future work.) It is important to note here
that M, depends on the choice of atomic radius of each
species, and does not exactly correspond to the experimen-
tal values. Figure 10 shows the dependence of M, on
the ratio of atomic radii Ry;/Ro for NiO with a fixed
lattice constant. The amount of charge transfer Q from
an atomic sphere of Ni to that of O is also shown. Our
usual prescription for determining atomic radius for each
element in a compound*' gives 1.13 as Ry;/Ro and
Pauling’s ionic radii for Ni>* and O?~ give about 0.5:%
The rather sensitive dependence of M;,. on the choice of
atomic radii comes from the spatial spin polarization
around oxygen atoms, although they do not have net spin
polarization. When we change the radius of the atomic
sphere of oxygen, the spatial spin polarization around ox-
ygen makes a contribution to M;,. of metal atom effec-
tively. This implies deviations from the spherical-
potential approximation used in the present band calcula-
tion. It is one of our future projects to calculate the spin-
density distribution or the magnetic form factor with the

TABLE I. Theoretical and experimental ligand-field splitting
in the ground state (in Ry).
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MnO FeO CoO NiO

Theory 0.077 0.084 0.085 0.099
0.089 0.086 0.083

Experiments® 0.092 0.081
0.080

*Experimental data are borrowed from Table I in Ref. 16.
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FIG. 10. Spin magnetic moment within the atomic sphere of
Ni in NiO, M), (in pp), and the electron transfer from Ni to O,
Q, are shown as functions of Ry;/Rp. The experimental data
for Ni magnetic moment are shown also by a square (Ref. 38)
and a circle with an error bar (Ref. 39).

use of a more general form of the potentials in the band
calculation and thereby to make a direct comparison with
theory and experiment.

B. Ligand-field splitting

Table I shows the ligand-field-splitting data. Theoreti-
cal values were obtained by calculating the difference in
the energy of the centers of gravity of t,, and e, bands.
The agreement between theory and experiment is satisfac-
tory. It should be noted that the t,;-¢, splitting is entire-
ly due to the p-d covalency effect in the present calcula-
tion, because of the use of the spherical potential for met-
al atoms. Because the charge associated with oxygen
spreads widely in space, the electrostatic contribution to
the ligand-field splitting must be very small. In contrast
to our results, Mattheiss'® underestimated the ligand-field
splitting. The main source of this discrepancy is his un-
derestimation of the p-d covalency effect due to a much
larger energy separation between oxygen p band and metal
d band in his band scheme.

IV. CONCLUSIONS

We have shown that the band theory based on the
LSDF formalism accounts well for the insulating nature
of MnO and NiO in their ground-state magnetic ordering
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AF II. The antiferromagnetic ordering AF II is special in
the sense that it makes the e, band particularly narrow.
This is a crucial condition for making MnO and NiO in-
sulators. The reasons for the narrow e, band in AF II
and the stability of AF II were analyzed in detail. As for
the insulating nature of FeO and CoO, we pointed out the
possibility of having a population imbalance among the
t,, states, which is induced by the intra-atomic exchange
interaction and is related to the unquenched orbital angu-
lar momentum in these materials. We showed that the
partial density of states from the present band calculation
satisfies the criterion for the instability for the population
imbalance for the values of the Coulomb and exchange in-
tegrals, U and J, estimated from the anisotropy energy of
‘transition-metal impurities in metallic cobalt.’? (Note that
we assumed that U —J is 2 eV rather than about 10 eV,
the latter being the commonly used value in strong
correlation-limit picture.>*) We then demonstrated by a
model calculation that the population imbalance splits the
minority-spin ¢,, band into two almost separate subbands
with only a very small density of states at the Fermi level.
However, the LSDF formalism leads us to a rather un-
physical result in this problem (Appendix C).*’

We showed that the ligand-field splitting calculated by
our band calculations agrees fairly well with observed one.
An important concept here is that the covalency effect be-
tween oxygen p states and metal d states is the dominant
source of the ligand-field splitting. Calculated local mag-
netic moment is generally smaller than that observed by
neutron diffraction. However, it was pointed out that
some fundamental difficulties exist in making a direct
comparison of the cation magnetic moment between
theory and experiment.

In a subsequent paper, we will give an extensive
analysis of experimental data from our band scheme, dis-
cuss some possible mechanisms to sustain the insulating

nature even above the Néel temperature and show that the
oxides MnO, FeO, CoO, and NiO are much less special
than is generally thought.

Note added in proof. After submission of the
manuscript, S. Wakoh informed us of his work about the
population imbalance in CoO [S. Wakoh, J. Phys. F 7,
L15 (1977)].
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APPENDIX A: PARTIAL-DENSITY-OF-STATES
(PDOS) DECOMPOSITION IN AF II

In the PDOS shown in Figs. 4, 5, 6, 8, and 9, e, and 5,
states are referred to with regard to the cubic axes of the
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FIG. 11. Relation of two coordinate systems. The x, y, and
z axes are along the cubic crystal axes. The x’, y’, and z’ axes
are taken so that the z’ axis is the threefold rotation axis, the
z'-x' plane is the mirror plane, and the y’ axis is the twofold ro-
tation axis in the case of the AF II ordering. Only the cations
are shown by circles.

NaCl structure. As the point-group symmetry of the AF
Il is D34, the orbitals belonging to e, and t,, are not the
basis functions of the irreducible representations of Ds,.
By taking the new x', y’, and z’ axes, as shown in Fig. 11
[(z’,x’) plane is the mirror plane and y’ axis is the twofold
rotation axis], the five d orbitals are categorized into three
groups according to the irreducible representations of
Dsy: |3(2')2—r%), Ay; |p'2’) and |2'x"), E(1); |x'y")
and — | (x")?—(»")?), E(2).

The argument of E identifies two different sets of basis
functions belonging to the irreducible representation E.
The above d orbitals are expressed by e, and #,, orbitals
as

|3z’ 2—r?)=(|xp)+ |yz) + | 2x))/V 3,
|y'z')=(2|x%—p?)— |yz)+ | zx))/V6,
| z'x'y=V2/3| 322 —r?)
—(V2/6)(2|xy)— |yz)—|zx)),
| %'y )= —(|x2=p?)+ |yz)— |2x ) /Y3,
[ (x"2—(p")?)=(1/V3)|3z>—r?)
+(1/3)2|xp)—|yz)—|zx)) .

We take linear combinations between E (1) and E(2) to
obtain the following new set of functions:

61=1/V3)(|xp)+ |yz)+ | zx))
=|3(z")?—r?),

by =(1/V2)(|zx)— |yz))
=(1/V3)( |2 +V2|xY')),

$3=(1/VE)(—2|xy)+ |yz)+ |2x))
=(1/V3)|z'x")=V2 | (x")P=(")],
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b= | x2—y2)=(1/VIV2|y'2')— |x'y')),
¢s=|322—r?)
=(1/V3)[V2|z'x" )+ | (x'V—(y")?)] .
The PDOS of 5, and e, are defined as

ne,=—(1/mIm((xy | G | xy) +(yz | G | yz)
+(zx |G |zx)),

ne,= —(1/mIm({x2—y?| G | x*—y?)
+(322—r2| G| 322—r2)v) ,

where G is the Green function of the system.
straightforward to show that

n,23=—(1/1r)1m((¢1|G|¢1>
+(621G | $2)+ (3| G | $3))
=n4,+3(Mp)+2nE@)+2V 2151 2)
nex=_(l/ﬂ')1m(<¢4|G‘¢4>+<¢S'GI¢5>)

=3Q2ngy+ngz—2V2ng0-2)

It is now

where
ng,=(1/mIm(3(z'—r*| G |3z’ —r?) ,
ngqy=—(1/mIm({y'z’ |G |y'z')

+(z'x"|G|z'x")),
ngay=—(1/m)Im[{x'y' |G |x'y’)

+{(xP—@" |G| (x"P=(p")")],
ngi—zn=—1/m)Im[{y'z’ |G |x'y’)

—(2'x"| G | (x")?—(p")*)] .

N4, ME(1) NEQ2), and ng(1_y) can be obtained by the k-
space integration in the irreducible part of the Brillouin
zone. The off-diagonal part ng(,_,) makes a significant
contribution.

In the actual density-of-states (DOS) or PDOS calcula-
tions for the AF II structure, 810 k points, which are
equally spaced in the irreducible part of the Brillouin
zone, are used and the spectral weight corresponding to
each eigenstate is broadened by an isosceles triangle with
the base width of 0.01 Ry. (Therefore, in the DOS curves,
a gap is smaller than the real value. However, the value
of a gap referred to in the text is obtained by sampling the
highest occupied eigenenergy and the lowest unoccupied
one and is not affected by the broadening effect.) For the
AF I structure, 550 k points are used.

APPENDIX B: COMMENTS ON ny(E)
AND 7,(E) IN FIGS. 4—6

The secular equation in augmented spherical waves®
(ASW) can be formally written as

4745
Apimr Amimz Amio

det |Apa,m1 Amo,m2 Amzo | =0, (B1)
Aomr Aom2 Ao,

where the subscript M 1 (M 2) denotes the metal sublattice
of t (1) magnetic moment in Fig. 2 and the subscript O
the oxygen sublattice. By using the matrix transformation
of Eq. (27) of Ref. 43, we can fold the oxygen subspace
into the metal subspace and reduce (B1) into

By Bmim2

det By m1 Bua,mo 0 (B2)
with
Bugi,mj = Animj — Armi,ol Ao,0) " Ao aj - (B3)

The off-diagonal blocks Bysy, a2 and By, a1 contribute
to the intersublattice hybridization. n4(E) in Figs. 4—6,
are obtained from either (B1) or (B2) and its counterpart
fiz(E) from either

det(BM17M1)=O ) (B4)
or

4 Ayi,m1 Amio0 o s

“lom Aoo |~

Furthermore, the d PDOS of Fig. 4(c) is calculated simply
by

det(AMl’M1)=0 . (B6)

An additional comment on (B5) and (B6) is that the
matrix elements in (B5) and (B6) are not exactly the same
as the corresponding ones in (B1). In the ASW formal-
ism,? the M2 sublattice makes some contribution to, for
example, Apsq p1- [This comes from the sum over v in
Eq. (29) of Ref. 25.] Such a contribution is included in
(B1), but is artificially neglected in (B5). In (B6), contri-
butions from both of M2 and oxygen sublattices to
Apr1,m1 are neglected.

APPENDIX C: A NOTE ON THE LSDF
APPROACH TO THE ARGUMENT IN SEC. IIC

Let us assume the charge-density ﬂuctuation at a Co
site represented by

8p(T)=8n{ —[Y,,(T)]*+0.5[ Yy, (D))

+0.5[ Y (D)} [Ra(r;ER)T?, (C1)
where Y (T) denotes the real spherical harmonics and
R,4(r;Er) is the radial wave function of Co with the Fer-
mi energy which is normalized to unity within the atomic
sphere. 8p(T) of (Cl) represents the situation where a
fractional charge 8n is transferred from the yz state to the
xy and zx states. If CoO is unstable with respect to this
charge fluctuation, a situation where the yz state will have
a higher energy than the xy and zx states will be spon-
taneously realized and there is a possibility of having a
gap which separates the unoccupied yz state from the oc-
cupied xy and zx states. 8p of (C1) will give the energy
shift 8¢ for the yz orbital given as
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and
L g} e ;
|T—1"| [8e(XO)]aia=(3gm)m ,

The criterion for the charge imbalance is given by
n,,(Ep)b€ > on , ((‘C3)

where n,, is the PDOS for the yz orbital. We can reduce
(C3) to \

ny,(Ep)( { 8€(C0u1)°ff.dia— [56( Coul)]dia}

+ {[0e(XC)]ofr.gia —[86(XCgia} ) >1,  (C4)
which corresponds to Eq. (1). In (C4), the subscript dia
denotes the contribution to 8¢ of (C2) from the charge
fluctuation associated with the yz orbital and the sub-

script off-dia denotes the contribution from the xy or zx
orbital. The quantities in (C4) are expressed as

[8e(Coul));= 3, ay;A;, i=off-dia or dia,
1=0,2,4

with
R
A=2 fO dr[Ry(r;Ep)]?
X [rl"for[Rd(r’;EF)]z(r’)l"'zdr’

+r1+2 [ (R ER ) ar

1, l=-0,
Al dia= | 4
49
=0,
i =
Ay, off-dia = 39 1
_4_
a1

[8€(XC)lottdia =777 ,

with

With the use of the self-consistent potential for Co, we
estimated A; and 7 as (in Ry)

1.8360, /=0
A= 10.8385, =2
0.5195, =4
and
n=—1.0184.

With these values we obtain
[6€e(Coul)]gi,=1.9468 ,
[8e(Coul)]off.4ia=1.7970 ,
[8e(XC)]gia=—0.1737 ,
[6e(XC)]oftdia= —0.0579 ,

in Ry and the value in the bold parentheses on the left-
hand-side of (C4) is —0.034 Ry. This value corresponds
to U —J in Eq. (1) and the negative value is unphysical.
One of the shortcomings of the present scheme compared
with that in Sec. II C, which is based on the Hartree-Fock
scheme, is due to the nonvanishing contribution of the
self-energy.

*Present address: Department of Physics and Astronomy,
Northwestern University, Evanston, IL 60201.
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