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The results of augmented-plane-wave (APW) energy-band calculations for the 3d transition-
series monoxides Ca0O, TiO, VO, MnO, FeO, CoO, and NiO are interpreted in terms of the
electrical and optical data for these compounds. A detailed analysis of the effects of a crys-
talline field on the nonmagnetic d bands in the rocksalt structure shows that these bands are
not split into nonoverlapping e, and ¢, bands by a cubic field. Instead, these effects broaden
the d bands in such a way that each of these compounds with partially filled d bands should
exhibit metallic behavior. This model is consistent with the insulating properties of CaO and
the metallic behavior of TiO and VO. However, the observed electrical and optical proper-
ties of MnO, FeO, CoO, and NiO suggest that these materials are Mott insulators, despite
the fact that the present calculations predict 3d bandwidths W~ 3 eV. Assuming that the 3d
electrons in these materials are in localized Wannier rather than itinerant Bloch states, the
APW energy bands are used to calculate the crystal-field parameters A for these insulating
compounds, where A is the difference in the average energies of the e, and ¢y, bands. This
leads to calculated values for A which are consistently 30% smaller than the experimental
values. One interpretation of this discrepancy suggests that the true 3d bandwidths W are
closer to 4 eV rather than 3 eV for these insulating compounds. Hubbard’s simplified model
calculations show that a Mott transition occurs when W= U, the Coulomb interaction energy
between two electrons on the same atom. The fact that MnO to NiO are Mott insulators im-
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plies that U >4 eV in these compounds.

I. INTRODUCTION

In the preceding paper! (hereafter referred to as
I), the results of augmented-plane-wave (APW) en-
ergy-band calculations for the 3d transition-series
monoxides CaO to NiO are presented. The purpose
of the present paper is to ipterpret these energy-
band results in terms of the electrical and optical
data that is currently available tor these com-
pounds.

It has been found experimentally that these 3d
transition- metal monoxides include materials with
rather diverse and interesting physical properties.
The series begins with CaO, which is a typical

Bloch-Wilson insulator. Based on their reflectance
measurements, Whited and Walker? estimate a band
gap of 7 eV separating the oxygen 2p valence bands
and the unoccupied calcium 3d and 4s-4p conduction
bands. Strong exciton peaks obscure the actual band
edge, and Van Vechten® has assigned a direct gap of
9. 8 eV for this compound. Ilowever, the observa-
tion by Janin and Cotton* of a threshold for photo-
conductivity at 6. 2 eV in powdered samples suggests
a lower value for the band gap.

The next two members of this series, TiO and
VO, exhibit metallic-type conductivity down to lig-
uid-helium temperatures. There were early re-
ports of a metal-insulator transition in VO near
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120 °K, *® but recent studies” indicate that no such
transition occurs in VO samples that are known to
have the rocksalt structure. It is believed that the
samples involved in the early measurements con-
tained V,0;." Both TiO and VO form with the rock-
salt structure over wide ranges of stoichiometry.
Even when they are formed stoichiometrically, they
still contain about 15% vacancies on both the metal
and oxygen sublattices.” These imperfections pre-
vent the application of the de Haas—van Alphen ef-
fect and similar techniques to study the Fermi sur-
faces of these metallic compounds. Doyle et al.®
have found that they can remove all the vacancies in
stoichiometric TiO by annealing at high tempera-
tures and pressures, which indicates that it may be
possible to prepare good single crystals for future
Fermi-surface studies.

The last four members of this series, MnO, FeO,
Co0, and NiQO, are antiferromagnetic insulators.
They fail to exhibit metallic-type conductivity, even
at temperatures above their Néel temperatures.
The optical absorption spectra below 4 eV have been
studied for MnO, *'!! FeQ, ? and Ni0'®™** and in-
terpreted in terms of crystal-field transitions be-
tween the ground- and excited-state multiplets of
the corresponding free ion by including a crystal-
field splitting A between the e, and #,, orbital ener-
gies. It is found that the positions of the peaks in
the absorption spectra are shifted only slightly when
traces of Ni'*'® and Co!'® are introduced substitu-
tionally into MgO crystals.

These properties are very difficult to explain in
terms of a band model for the 3d electrons in these
compounds. All calculations of the nonmagnetic
energy bands for the 3d transition-metal monox-
ides 1'17"%! yield overlapping, partially filled 3d
bands. For the compounds MnO, FeO, CoO, and
NiO, this implies metallic behavior above the Néel
temperature, where the effects of the magnetic su-
perlattice should disappear. This situation was
anticipated by Mott, 22 who proposed that electron-
electron correlation effects cause the 3d electrons
to form a ground state made up of localized atomic-
like rather than itinerant Bloch functions. Morin®
proposed a similar idea, based on the observation
that there is a trend in the 3d transition-metal mon-
oxide series from metals to insulators as the nu-
clear charge is increased. He attributed this trend
to a contraction in the 3d orbital radii with increas-
ing nuclear charge which, according to Mott’s pro-
posal, will finally lead to an abrupt change from
metallic to insulating behavior.

Much of the earlier literature dealing with experi-
mental results for transition-metal oxides and the
theoretical models that have been proposed to ex-
plain them are summarized in the review article by
Adler.® In a more recent article, Adler and Fein-
leib? apply a localized 3d model to interpret the

electrical and optical properties of MnO, FeO, CoO,
and NiO. They propose a model in which the 3d
bandwidth is extremely narrow in these materials,
and they treat correlation effects between the 3d
electrons using an approach suggested by Hubbard. 26
On the other hand, Slater?” has suggested that the
electronic properties of these materials can be un-
derstood in terms of spin-polarized energy bands.
Wilson? has shown that this approach predicts that
MnO and NiO are semiconductors below their Néel
temperatures and argues that this result will per-
sist above their Néel temperatures as well.

In the first part of the present paper, we consider
the effects of the crystalline field on the d bands in
the rocksalt structure. These effects are important
because the e, and f,, bands cannot overlap if NiO is
to remain insulating in the paramagnetic state above
the Néel temperature according to Wilson’s spin-
polarized band model for NiO. It is shown that a
cubic field will not split the d bands into nonover-
lapping e, and £, bands in the rocksalt structure,
regardless of the strength of this field. In the sec-
ond part of this paper, we review some of the ex-
perimental data on these compounds and comment
on various aspects of the theoretical models that
have been introduced to explain them. It is argued
that the spin-polarized band model will predict FeO
and CoO to have partially filled /,, bands, even in
the antiferromagnetic state. It is suggested that the
3d electrons in MnO, FeO, CoO, and NiO must be
described in terms of localized Wannier rather than
itinerant Bloch states. The APW energy-band re-
sults are used to determine the energies of the e,
and £,, Wannier functions, which correspond to the
average energies of the e, and ¢,, bands, respective-
ly. The difference between the energies of the e,
and /,, Wannier functions is identified with the crys-
tal-field parameter A, which can be compared with
the experimental values determined from the ab-
sorption spectra. It is found that the calculated val-
ues for A are consistently 30% smaller than the ex-
perimental results. Since A is approximately pro-
portional to the 3d bandwidth, this implies that the
actual 3d bandwidths W for these insulating oxides
are about 4 eV, In terms of Hubbard’s estimate
that W= U at the Mott transition for a half-filled s
band, 2® these results set a lower limit for U (the
Coulomb repulsion energy between two electrons on
the same atom) in these compounds at about 4 eV.

There are two features in the energy band results
for the 3d transition-series monoxides that suggest
a localized model for the 3d electrons in MnO, FeO,
Co0, and NiO. First, it is found that the 3d band-
widths for the metallic oxides TiO and VO are about
two and a half times larger than those for the insu-
lating oxides MnO to NiO. Second, it is found that
the bottom of the metal 4s-4p band overlaps the 3d
bands in the metallic but not the insulating oxides.
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It has been suggested®® that this overlap plays an
important role in destroying the Mott insulator
state.

II. CRYSTAL-FIELD EFFECTS: ROCKSALT AND
PEROVSKITE STRUCTURES

It is a well-known result of crystal-field theory
that the five d levels of a transition-metal atom or
ion are split into a triply degenerate ¢,, and a doubly
degenerate ¢, level by a cubic field. This result
has been extended to energy-band theory by means
of semi-intuitive arguments. Namely, it has been
assumed that the d bands in a transition-metal com-
pound can always be split into nonoverlapping e, and
t,¢ subbands provided that the d bands are sufficient-
ly narrow and the crystal field is sufficiently strong.
There is a tendency to associate crystal-field split-
tings in cubic systems with the energy separation
between the energy-band states at the center of the
Brillouin zone, namely those with I'j; and T'y5r sym-
metry, respectively. Finally, there is considerable
discussion and controversy concerning the origin
of these crystal-field splittings, both in crystals
as well as in isolated molecular complexes.

In the present analysis, we show that an octahe-
dral field can split the e, and £, bands in the ReOy
and perovskite structures but not in the rocksalt
structure. In addition, it is shown that crystal-
field effects cause a broadening of the d bands which
is similar to that which results from direct d-d in-
teractions. This is clear from the discussion of ef-
fective d-d interactions in I. Finally, it is argued
that the crystal-field splitting is associated not with
the energy separation at I" but rather with the dif-
ference between the average e, and #,, band ener-
gies. It has been shown®® that this corresponds to
the crystal-field parameter A that is obtained from
molecular-orbital (MO) calculations on isolated
octahedral transition-metal complexes.

To illustrate the effects of the lattice periodicity
on the crystal-field levels of an isolated complex,
we apply the linear-combination-of-atomic-orbitals
(LCAOQ) method of I and compare these results with
those obtained from the MO method. According to
both approaches, the crystal-field effects are due
to overlap and covalency between the transition-
metal d and ligand s and p orbitals and can be de-
scribed in terms of three parameters A, 4, and
4A,.%° We consider both the ReOs-perovskite and
rocksalt structures. Both contain a metal atom that
is surrounded by a perfect octahedron of neighbor-
ing ligands. The two structures differ only in the
way in which these octahedra are stacked together
to form a three-dimensional periodic lattice. In the
ReO; and perovskite structures, the neighboring
octahedra share vertices along (100), which leads
to a simple cubic bravais lattice with one ReO; com-
plex per unit cell. The perovskite structure con-

tains an alkali or alkaline earth atom at the corners
of this cell. In the rocksalt or sodium-chloride
structure, the neighboring octahedra share edges
along (110) and vertices along (100), and this leads
to an fcc bravais lattice with a single NaCl mole-
cule per unit cell.

In these octahedrally coordinated compounds, the
strongest interactions are those between electrons
on the metal atom and those on its six neighboring
ligands. This is clear from the results of Table IV
in I. In the MO and LCAO methods, these interac-
tions are represented by the two-center energy in-
tegrals (sdo), (pdo), and (pdm) and the correspond-
ing orbital overlap integrals S, S,, and S;, respec-
tively. It has been shown® that the energy integrals
(sdo), (pdo), and (pdm) involving nonorthogonal or-
bitals can be related to their orthogonalized equiv-
alents (sdo), (pdo)’, and (pdm)’ by the expressions

(Sd0)= %Ss(Es*'Ed)*‘ (SdO’)' ’ (la)
(bdo)= 3S,(E ,+ Eg)+ (pdo)’ (1b)
(pdT)=2S,(E,+ Eg)+ (pdT) (c)

where E;, E,, and E, are the ligand s and p and met-
al d orbital energies, respectively. It is clear that
(sdo)= (sdo)’ if Sg=0, etc. According to Eq. (1), the
parameters (sdo), (pdo), and (pdn)depend on the
zero of energy. However, this energy dependence
is such that it exactly cancels a similar term that

is introduced into the Hamiltonian matrix by the
transformation from a nonorthogonal to an ortho-
normal basis and this leads to a band structure that
shifts rigidly with the zero of energy.

In Fig. 1, we compare the crystal-field levels of
an isolated complex with the gross features of the
energy bands for the rocksalt and perovskite (ReQs)
structures. First, we consider the results for the
isolated complex in the center portion of the figure.
Neglecting metal-ligand interactions, we have the
atomiclike energy levels E,;, E, and E; that are
shown to the left of the dashed lines. The crystal-
line environment splits E, into e, and f,, levels and
E, into 0 and 7 levels. The energies of the ¢, and
to, levels correspond to Eg.22 and E,, in Table II
of I. The fact that Eg,2_,2 <E,, was first pointed out
by Kleiner. 3! The metal-ligand interactions shift
the t,, level by an amount 34,, where to second or-
der

A,=8(35,(E4-E,)- (pdn)' T/ (E,~E,) . @)

It has been shown previously® that (pd7)’ and S, have
opposite signs so that the two terms in square
brackets add when (E;-E,) is positive. The corre-
sponding shift of the p7 valence level is given by an
expression similar to Eq. (2) except that it contains
a + rather than a — sign. As a result, the shift of
the pm valence level is reduced by cancellation be-
tween the overlap and covalency contributions.
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FIG. 1. Comparison between crystal-field effects in an isolated octahedral complex and the energy bands for the

rocksalt and ReOg-perovskite structures.

The stronger o interactions shift the energy of the
e, level by a much larger amount 3(A,+ 4,), where
to second order

Ag= 6[%Ss(Ed"Es)‘ (Sdo)']a/(Ed—Es) ) (3)
8,=6[3S,(Eq-E,)- (pdo)' |*/(E,-E,) . @)

Again, the shift of the po and so valence levels is
reduced by similar cancellation effects. The final
crystal-field splitting A between the e, and #,, lev-
els is given by the expression

A=Eg,2—Ey+ 5(Bg+ 0 —4,) . ®)

According to the results of Table V in I, A is also
equal to &3,2.,2,3,2.,2 (000)- &, .,(000).

The effect of the lattice periodicity on these crys-
tal-field levels is shown to the right for the ReO;
and perovskite structures. For simplicity, direct
metal-metal and ligand-ligand contributions to the
band structure are neglected. It is found that the
wave-vector dependence of the metal-ligand 7 inter-
actions broadens the £,, level into a band of width
4,. The width of the p7 valence band (indicated
by the similar cross-hatching) is reduced by the
same cancellation effects that were described
earlier. The metal-ligand ¢ interactions shift the
e, level by an amount A, and broaden it into a band

of width (A,- 4,). The splitting between the e, and
5, bands is complete if A;>A,. The dotted lines
connect the e, and #,, levels with the average ener-
gies of the e, and f,, bands. The differences be-
tween these average e, and ¢,, band energies is
exactly the crystal-field splitting A for the isolated
octahedral complex if direct d-d interactions are
neglected. In the ReO; and perovskite structures,
the average e, and f,, band energies can be deter-
mined directly from the energy-band results at the
center (') and corner (R) of the simple cubic
Brillouin zone. It is easily shown that the average
e, and t,, band energies are 3[E (I'},)+ E (Ry,)] and
3[E (Tys: )+ E (Ro50 )], respectively, so that

8=3[E(Ty5)+ E(Ryp) - E (g5 )= E (Rys )] 6)

for the ReOj and perovskite structures.

To the left in Fig. 1, the analogous results for
the rocksalt structure are illustrated. As in the
ReQj structure, the f,, level is broadened to form
a band of width 4,. However in this case, the e,
bandwidth is proportional to (A+ 4;) and the e,
and #,, bands overlap. This is due to the fact that
the metal-ligand overlap and covalency interac-
tions vanish at the center of the Brillouin zone T
It is shown in I that the small energy difference be-
tween the e, and ?¢,, states at T (T'j; and 'y, re-
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spectively) is due entirely to nearest-neighbor d-d
interactions and the parameter v=Ej,2,2—E,,. The
strong metal-ligand interactions raise the e, and
ty, bands at other points in the zone; this effect
causes the e, and #,, bands to overlap, regardless
of the strength of the crystal field. Once again the
difference between the average e, and ¢,, band en-
ergies is equal to A. However, in this case, the
average ¢, and /,, band energies are not related in
any simple way to the energy-band results at sym-
metry points in the Brillouin zone. Consequently,
one cannot determine these average energies as
easily as they are determined in the ReO3 and pe-
rovskite structures. However, the LCAO interpola-
tion method provides a convenient procedure for
determining these average energies. According to
the analysis in I, the average e, and /,, energies °
are given by the effective LCAO parameters
83.242,3,2-,2(000) and 8., .,(000) of Table V, respec-
tively. Finally, in the rocksalt structure there is
no distinction between the po and p7 valence bands
since those orbitals which form a ¢ bond with one
metal atom form 7 bonds with its neighbors.

From this comparison, it is clear that the ef-
fects of the crystal field on the energy bands are
strongly dependent on the crystal structure. One
interesting feature of the LCAO method with non-
orthogonal orbitals is that it can be applied not
only as an interpolation method, but also as an
extrapolation method. Thus, the LCAQO param-
eters of Table IV in I which have been determined
by fitting the APW results for the MO-type mon-
oxides can be applied to predict the band struc-
tures for a MOs-type stacking of octahedra. A
simple analysis of the results in Tables IV-VI in
I predicts that the e, and #,, bands for these MOy
compounds will be split since (Eg,a.,2+ A5)> (E oyt 4p)
for all six compounds. In applying the LCAO
method as an extrapolation procedure, one must
take into account the fact that the direct d-d inter-
actions are larger in the rocksalt structure because
the metal-metal distance is reduced by the factor
3V2 from that in the ReO, structure and there is
no ligand atom located between the nearest-neigh-
bor metal atoms.

II. EXPERIMENTAL DATA AND THEIR INTERPRETATION
A. CaO

The most detailed experimental results for CaO
are the reflectance data of Whited and Walker, 2
which span an energy range extending from 6 to 35
eV. They observe peaks in the reflectance at en-
ergies of 6.8, 10, 11.4, 13, 17, 27, and 35 eV.
These data have been analyzed to obtain the real
and imaginary parts of the dielectric function, €,
and €,, respectively. The two peaks in the €,
spectrum at 6. 8 and 11, 4 eV are attributed to ex-

citons; the remaining structure is assigned to in-
terband transitions. Whited and Walker tentative-
ly assign the 6. 8- and 11, 4-eV excitons to the

X5 — X5 and X, — X, band gaps, respectively. (See
Fig. 6 of I). I the binding energies for these ex-
citons are assumed to be equal, this implies that
E(Xy)-E(Xy;)=4.6 eV. The present APW results
for CaO yield a much smaller value for this energy
difference, namely 0.3 eV. Thus, these APW en-
ergy bands for CaO are in serious disagreement
with this interpretation of the exciton spectra.

By assuming an 0. 5-eV binding energy for these
excitons, Whited and Walker estimate that the di-
rect band gaps at I' and X are 7.0 and 7. 3 eV, re-
spectively. These values are nearly 3 eV smaller
than the calculated direct gaps of 9.7 eV, which are
nearly the same at both I" and X. Thus, the pres-
ent calculations confirm one aspect of their band
model, the fact that the bottom of the 4s and A
bands are nearly degenerate. Although Van Vech-
ten® assigns a direct gap of 9. 8 eV for CaQ, the
fact that Janin and Cotton* observe a photoconduc-
tivity threshhold at 6. 2 eV indicates that the actual
gap is several electron volts smaller.

In assigning the remaining structure in the €,
spectrum to interband transitions, Whited and
Walker rely on the empirical pseudopotential band
structure for MgO, as determined by Fong et al. 32
from the €, spectrum of that material. Whited and
Walker propose a band structure for CaO in which
the oxygen 2p bandwidth is about 7 eV and the cal-
cium 3d bandwidth is in the 10-15-eV range. The
present APW results yield 2p and 3d bandwidths of
1.1 and 5. 8 eV, respectively, for CaO. Thus, the
APW band structure predicts that p to d transitions
will extend over a much smaller energy range (about
7 eV) beyond the band gap, namely from 9. 7 to 16. 6
eV. This includes the energy range where struc-
ture is observed in the experimental €, spectrum.
At higher energies, the present APW calculations
predict transitions between the calcium 3s, 3p,
and oxygen 2s core levels and the conduction bands
starting at 41, 23, and 25 eV, respectively. This
indicates a possible interpretation of the higher en-
ergy peaks in the reflectance that are observed at
27 and 35 eV.

B. TiO and VO

The compounds TiO, and VO, exist with the rock-
salt structure over wide ranges of stoichiometry.
It is found that x can be varied between 0.8 and 1. 3
and this leads to significant changes in the physi-
cal properties of these materials. This has led to
serious discrepancies between independent mea-
surements of the various properties of these ma-
terials, as emphasized by Banus and Reed.” In ad-
dition to deviations from stoichiometry, TiO and
VO also contain substantial numbers of vacancies
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on both the metal and oxygen sublattices. In the
case of stoichiometric TiO samples, it is possible
to reduce the vacancy concentration by annealing
at high temperatures and pressures. Apparent-
ly, this is not possible in VO.” In both materials,
it is found that the lattice parameter increases as
the vacancy concentration is reduced.

Banus and Reed have studied the temperature
and composition dependence of the resistivity and
magnetic susceptibility of TiO and VO. While these
properties are quite independent of temperature
and composition for TiO, they find that VO, exhibits
a gradual change from metallic to semiconducting
behavior as x is increased from 1 to 1.3. It is not
clear if this is an intrinsic property of the material
or one that is due to the increasing vacancy concen-
tration at the vanadium sites that occurs in this
range of x values.

Fischer® has interpreted the x-ray K and L emis-
sion bands and absorption spectra for TiO. He at-
tributes peaks in the emission spectra at energies
8 and 23 eV below the TiO Fermi energy to the oxy-
gen 2p and 2s bands, respectively. These coincide
very closely with the positions of these bands in
the energy-band results of Ern and Switendick!®
for TiO. The present calculations for TiO place
these peaks at 11. 5 and 26 eV below the Fermi en-
ergy. K Fischer’s interpretation is correct, this
suggests that the present calculations overestimate
the 2p-3d band gap by 3 eV in TiO.

C. MnO, FeO, CoO, and NiO

The main difficulty in applying a band model to
MnO, FeO, CoO, and NiO is that of explaining their
insulating properties in the antiferromagnetic and
paramagnetic states. This is especially true above
the Néel temperature where the lattice distortions
and the antiferromagnetic superlattice effects dis-
appear. Slater?” has argued that such an explana-
tion is possible in terms of a spin-polarized energy-
band model. Slater has shown that the exchange
splitting between the energy bands for the 3d elec-
trons with spin up (parallel to the local magnetiza-
tion) and spin down (antiparallel) is determined by
the intra-atomic exchange integrals which are re-
sponsible for the multiplet structure in the isolated
atoms or ions. Since this is intrinsically an atom-
ic property, Slater argues that this splitting will
persist in the paramagnetic state above the Néel
temperature and could explain the insulating prop-
erties of MnO and NiO if the cubic field were suf-
ficiently strong to split the 3d band into nonover-
lapping e, and ¢,, bands. According to Slater, the
splitting A, between the spin-up and spin-down
bands is given by

A= (q:—q.)1g [F2(3d; 3d)+ F*(3d; 3d)), ™)

where ¢, and ¢, are the numbers of spin-up and

spin-down electrons, respectively, and F? and F*
are the usual Slater integrals involved in atomic
multiplet theory. Herring® has criticized this
method for estimating A,, because it omits an im-
portant contribution from the F°(3d ; 3d) integral
(or U, as it is referred to here). Herring claims
that Eq. (7) is appropriate for an atom or ion but
not a solid. This question is still unresolved.

Wilson?® has applied the spin-polarized energy-
band model to calculate the antiferromagnetic band
structures of MnO and NiO using the APW method.
He finds that the 3d bands, which have a width of
about 0.15 Ry, are split by the intra-atomic ex-
change effects into spin-up and spin-down subbands
that are separated by 0.4 Ry in MnO and 0. 3 Ry in
NiO. Wilson also finds that the e, and {,, bands do
not overlap so that both MnO and NiO have com-
pletely filled bands separated by an energy gap in
the one-electron density of states. In the case of
MnO, the spin-up e, and #,, bands are filled and
separated by a 0. 3-Ry gap from the bottom of the
manganese 4s band and 0. 4 Ry from the spin-down
e, and f,, bands. In NiO, the spin-up e, and ¢,, and
spin-down ¢,, bands are filled, and the band gap
is that which is between the spin-down #,, and e,
bands.

Despite its successful application to MnO and
NiQ, this spin-polarized band model possesses
several difficulties. First, if Wilson’s model is
generalized and applied to the intermediate com-
pounds FeO and CoO, it predicts that these com-
pounds will have partially filled spin-down Z,,
bands, even in the antiferromagnetic state. Sec-
ond, it has been shown that the crystal field should
not split the d band in the rocksalt structure.
Therefore, it is concluded that the splitting between
the e, and #,, bands which occurs in Wilson’s cal-
culation is due to the magnetic superlattice and
this splitting should disappear above the Néel tem-
perature, thereby causing NiO to be metallic in
this temperature range. Wilson estimates the
crystal-field parameter A from the difference in
the e, and ¢, band energies at the center of the
zone. In the case of MnO, it is difficult to see how
this energy difference could be involved in the op-
tical absorption spectra since these bands are ei-
ther completely filled (spin up) or completely emp-
ty (spin down). Finally, it is not clear how a band
model can explain the crystal-field multiplet struc-
ture that is observed in the low-energy absorption
spectra for these materials. A band model has
even more difficulty explaining the fact that these
absorption peaks shift only slightly when dilute
traces of Co and Ni are substituted into an MgO
host. 416

These difficulties with the spin-polarized band
model suggest that the 3d electrons in MnO, FeO,
CoO, and NiO are localized rather than itinerant.
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TABLE I. Contributions to the calculated values of
the crystal-field parameters A and their comparison
with experiment (in rydbergs).

MnO FeO CoO NiO
Eg22—E, —0.015 -0.014 =-0.012 =—0.011
(A + Ay) 0.087 0.090 0.084 0.083
-3a, -0.015 -0.017 =—0.016 —0.016
Doare 0.057 0.059 0.056 0.056
0.089%% 0.086* 0.083¢°
Bexpt 0.092¢ 0.081°
0.080f

9Reference 10.
®Reference 13.
fReference 14.

?Reference 9.
bReference 11.
°Reference 12.

The LCAO method can be applied to determine

the energies of the e, and #,, Wannier functions,

as described in Sec. II. The difference between
the energies of the ¢, and #;, Wannier functions is
the crystal-field parameter A, which can be com-
pared with the experimental values that are deter-
mined from the absorption spectra. These results
for MnO, FeO, CoO, and NiO are summarized in
Table I. It is found that the calculated values for
A are nearly constant for the series MnO to NiO
and are about 30% smaller than the experimental
values. The experimental values exhibit about a
10% decrease from MnO to NiO.

There are several possible explanations for the
discrepancies between these calculated and exper-
imental values for A. The simplest explanation is
to assume that the present calculations overesti-
mate the 2p-3d band gap. A reduction in this gap
would increase the crystal-field parameters A,
A, and A, of Egs. (2)-(4) by reducing the magni-
tude of the energy denominators. It is clear that
such a change would also increase the 3d band-
width. However, this discrepancy could also be
due to a simplifying assumption that is made in
crystal-field theory. Namely, it is normally as-
sumed that the e, and ¢,, orbitals have the same
radial wave function. This approximation reduces
the number of parameters that are required to fit
the optical spectra to a minimum number of three. 3
These parameters include A as well as the Racah
parameters B and C, where B and C are simply
related to the Slater FZ and F* integrals. ® It is
only in this approximation that, for example, the
lowest energy 34, - 3T, transition in NiO is equal
to the crystal-field parameter A. Since the ab-
sorption spectra for these materials usually con-
tain only six or seven peaks, this approximation
is essential if the fitting procedure is to involve
fewer parameters than the total number of ob-
served peaks.

Stephens and Drickamer®® have measured the ef-
fect of pressure on A for NiO. They find that A is

5

increased by 10% at a pressure of 130 kbar, which
corresponds to a 2% decrease in the lattice con-
stant. 3 To estimate the way in which A will vary
with the lattice parameter, I have used the results
of two APW calculations for VO, one for the ob-
served lattice parameter and the other for a value
that is 12% larger.?® A linear extrapolation of the
A’s obtained from these calculations predicts that
A will increase by 8% if the lattice parameter is
reduced by 2%, which is in good agreement with the
observed 10% increase in NiO. These results for
VO also show that A is very nearly proportional to
the total 3d bandwidth.

In addition to 4, it is useful to consider the val-
ues for the Racah parameters B and C that are de-
termined from the absorption spectra for MnO,
CoO, and NiO. These parameters are important
because they measure the Coulomb repulsion be-
tween electrons in the free ion or the crystal. A
comparison between the crystalline and free-ion
values® is contained in Table IL. It is well known
that the crystalline Racah parameters are reduced
relative to their free-ion values. This reduction
is attributed either to an expansion of the d orbitals
in the crystalline environment®” or to a renormali-
zation effect that is due to the fact that overlap and
covalency can reduce the normalization factor of
a molecular orbital to a value less than 1.%® From
the results of Table II, we can determine empiri-
cal estimates of the F? and F* integrals in the solid
and calculate A, from Eq. (7). If (¢.,-4q.)=5, 4,
3, and 2 for MnO, FeO, CoO, and NiO, respective-
ly, then this calculation yields the result that A,
=0.32, 0.27, 0.22, and 0.15 Ry for these com-
pounds. The values for MnO and NiO are about
half those calculated by Wilson®® in his spin-po-
larized band calculation. This is consistent with
Slater’s observation that the Hartree-Fock and
Hartree-Fock-Slater approximations tend to over-
estimate the FZ and F* integrals because they ne-

TABLE II. Comparison between Racah parameters
B and C for MnO, CoO, and NiO and the free-ion values
(em™1),

B C Reference

MnO 600 3550 10,11
Mn? 860 3850 34

FeO (690) (3650) a

Fe¥* 917 4040 34

CoO 750 3760 9

Co®* 971 4500 34

NiO 800 4000 b

Ni% 1030 4850 34

*Estimated by interpolation.
PEstimated from the data of Newman and Chrenko, Ref.
12,
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glect correlation effects. %’

The present interpretation of the crystal-field
parameter A indicates that the 3d bands in MnO,
FeO, CoO, and NiO are about 3 to 4 eV wide. It
was shown in I that this is about the width one would
expect from a comparison with the 3d bandwidth
in metallic nickel, where the nearest-neighbor
nickel-nickel distance is about 20% smaller than
it is in the oxide. This is undoubtedly a more
realistic estimate of the 3d bandwidths in these
materials than that of Adler and Feinleib, % who
estimate 3d bandwidths that are a few hundredths
of an electron volt. The magnitude of the 3d band-
width is an important factor in Hubbard’s approxi-
mate treatment of correlation effects in narrow-
band materials. * In the case of a half-filled s
band, Hubbard has shown that a Mott transition
occurs when the bandwidth W is comparable with
U, the Coulomb repulsion energy between two elec-
trons on the same atom. Anderson® has estimated
that U=9+2 eV for the latter members of the 3d
transition series. Adler and Feinleib? estimate
that U=13 eV in NiO. These results suggest that
the ratio W/U is about 0. 3 or 0. 4, which accord-
ing to Hubbard’s simplified model calculation, pre-
dicts that these compounds are Mott insulators.

Powell and Spicer?® have measured the reflec-
tance spectra of NiO and CoO over an energy range
extending from 1 to 26 eV. They observe an ab-
sorption edge near 3.7 eV in both materials, some
small structure up to 9 eV, and then two larger
peaks near 14 and 18 eV. They propose two pos-
sible explanations for the absorption edge at 3.7
eV. These models involve either 2p-3d or 3d-4s4p
transitions. Adler and Feinleib® favor the latter
interpretation. Ksendzov and Drabkin*! have ob-
served photoconductivity above 4 eV in NiO, but
similar studies by Powell and Spicer? indicate
that this may be a surface rather than a bulk ef-
fect. Photoemission studies by Powell and Spicer
‘indicate that the structure at 14 and 18 eV in NiO
is due to transitions from states 6 and 9 eV below
the Fermi level to unoccupied states that are about
8 eV above the Fermi energy. Adler and Feinleib
interpret the 14-eV peak in terms of d®+ d®—~d"+d®
transitions and the 18-eV peak to 2p-3d excitations.

It is likely that the 3.7 eV absorption edge in
these oxides involves transitions from localized
3d to itinerant 4s-4p states. According to the re-
sults of Tables IIl and VI of I, the energies of the
e, and £, Wannier functions are about 2 eV below
the bottom of the 4s band in NiO. However, this
separation gradually decreases as one moves from
NiO to MnO until finally, the e, and #,, energies
straddle the bottom of the 4s band in MnO. Al-
though the actual magnitude of this gap could be
underestimated in the present calculations, the
relative changes from one compound to another

are probably quite reliable, This appears to con-
tradict the fact that the absorption edges in MnO
and NiO both occur at about 3.7 eV,

Slater and Wood*? have questioned the validity of
interpreting optical excitation energies in terms
of differences in one-electron energies when the
statistical exchange or Xa method is applied. They
find that differences in the one-electron energies
are related to differences in the total energy of the
crystal only when the initial and final states are
itinerant Bloch functions. They suggest that opti-
cal excitations in semiconductors and insulators
involve localized holes, and these must be treated
in a way analogous to the theory of optical ex-
citations in isolated atoms. As an example, they
consider the case of the chromium atom. They
show that although the one-electron energy for a
4s electron is lower than that of a 3d electron, the
difference in total energies between the 3d*4s? and
3d°4s configurations is positive. Similar effects
could account for the observed 3. 7-eV absorption
edge in MnO and NiO. These effects would also
dominate the optical properties at higher energies,
thereby complicating the relationship between the
observed optical properties and the calculated one-
electron band structure.

Despite these uncertainties regarding the valid-
ity of the one-electron model for interpreting the
3d-4s absorption edge in these compounds, it is
interesting to estimate the extent to which correla-
tion effects could lower the 3d one-electron ener-
gies. The first estimate involves the exchange
splitting between the spin-up and spin-down bands
in the spin-polarized method, which is given by
Ay in Eq. (7). Slater? has shown that A is &
times the difference between the average energy
of multiplets with total spins S-1 and S. Thus,
we can use A, to estimate the effect of Hund’s rule
coupling on the one-electron energies. Since Ay,
will split the nonmagnetic energy bands symmetri-
cally, the one-electron energy is reduced by 34,
in MnO since only the lower subband is occupied.
In FeO, CoO, and NiO, additional electrons are
added to the upper bands so that, on the average,
the one-electron energies are reduced by the fac-
tors 3, ¥, and 3 times the corresponding values
for A,. Using the previously estimated values for
A,y this effect lowers the energy of the 3d Wannier
functions by 0.16 Ry in MnO and 0. 02 Ry in NiO,
This tends to equalize the energy gaps in these ma-
terials but leaves it somewhat smaller than
the experimental value of 3.7 eV.

A second method for estimating the effects of
correlation on the 3d one-electron energies has
been suggested by Brinkman. ¥ This method is
based on the Hubbard model for treating correla-
tion effects in narrow-band materials. 2’ According
to this model, electron-electron interactions will
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split the nonmagnetic 3d bands for a d" configura-
tion into #» occupied bands which are separated by
an energy U from (10-#) unoccupied bands. In the
nonmagnetic band structure, the Coulomb interac-
tion is overestimated by the assumption that each
of the ten 3d spin orbitals is equally occupied by
(n/10) electrons. As a result, the Coulomb inter-
action between a given electron with the other elec-
trons in the remaining nine d orbitals leads to a
Coulomb interaction energy of (92/10)U. When
correlation effects are taken into account via the
Hubbard model, the Coulomb energy is (n - 1)U for
the occupied states, since the electron does not
interact with itself. However, the unoccupied states
have a Coulomb energy of nU. Thus, these correla-
tion effects will lower the band energies by the dif-
ference (9n/10)U— (n—=1)U or (1 -n/10)U, where
the factor (1 -#/10) equals 0.5, 0.4, 0.3, and 0. 2
for MnO, FeO, CoO, and NiO, respectively. Thus,
this model can readily explain a 3. 7-eV absorp-
tion edge in both MnO and NiO with a value for U

in the 6-8-eV energy range.

Finally, we consider the question of ionicity in
these materials. Adler and Feinleib® and others
claim that these transition-metal monoxides are
very near the fully ionic limit since the covalency
parameters for MnO and NiO have been shown by
Fender et al.* to be less than 4%. Fender ef al.
estimate that these covalency effects reduce the
charge on the metal atoms from the fully ionic val-
ue of + 2 to about + 1.8, Yet, Gielisse et al.*® have
determined the effective charge ¢* in CoO and NiO
from the reststrahlen spectra, and they obtain val-
ues for ¢* in the + 0. 84 to + 0. 89 range. Thus, we
have an apparent discrepancy of about one unit of
electronic charge between these two independent
measurements of the ionicity in these compounds.

We suggest a very simple explanation for this
apparent discrepancy. The neutron-diffraction
measurements of the magnetic scattering in MnO

|en

and NiO by Fender ef al. determine the extent to
which covalent mixing occurs between the metal
3d and the oxygen 2s and 2p orbitals. It has been
suggested in I that these covalency effects represent
only a small fraction of those responsible for the
total charge distribution in these compounds. A
similar but much stronger mixing occurs between
the metal 4s-4p and the oxygen 2s-2p orbitals, and
this s-p mixing could easily reduce the effective
charge on the metal atoms from the + 1. 8 to the

+ 0. 8-0. 9 range.

The present LCAO model has been applied to
estimate the extent to which covalent mixing be-
tween the metal 3d and the oxygen 2s and 2p orbit-
als will reduce the ionicity in these monoxides.
Using the LCAO parameters for NiO that are given
in Table IV of I, the LCAO charge distribution has
been calculated by sampling the occupied bands at
2048 points in the fcc Brillouin zone. This cal-
culation predicts that the nickel atoms have a
charge of + 1.7, which is in satisfactory agree-
ment with the neutron-diffraction estimate of + 1. 8.
If the LCAO method were generalized to include
the metal 4s-4p orbitals, the strong metal-ligand
overlap and covalency effects that would be re-
quired to raise the metal 4s-4p bands an estimated
6 eV could easily reduce the total ionic charge on
the metal atoms to the + 0. 8-0. 9 range. This re-
sult indicates that our initial assumption that these
compounds are neutral rather than ionic is not
rigorously correct. However, it does suggest that
the neutral-atom model is a more realistic start-
ing point for a self-consistent band calculation than
the fully ionic model.
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The augmented-plane-wave method is applied to calculate the electronic band structure of
niobium nitride (NbN). The results are qualitatively similar to those obtained from previous
energy-band calculations for the 3d transition-metal monoxides which form with the same
rocksalt structure. The Fermi level for NbN falls in the lower portion of the ¢;, manifold of
the niobium 44 bands so that the conduction electrons in NbN are predominantly 4d-like in

character.

These results are compared with some of the previous band-structure models

that have been proposed to explain the electronic properties of NbN and other closely related
refractory hard metals with the rocksalt structure.

I. INTRODUCTION

Niobium nitride is one of a family of refractory
“hard metals” that can be formed by combining
boron, carbon, or nitrogen with Group-IV, -V, and
-VI transition-series elements. These compounds
are characterized by high melting points, hardness,
brittleness, and resistivities comparable to those
observed in good metals.! In addition, these com-
pounds include materials with high superconducting
transition temperatures, and these transition tem-
peratures are found to vary significantly with com-
position,

Geballe ef al.? have measured the superconducting
transition temperatures, lattice parameters, low-
temperature heat capacities, and magnetic suscep-
tibilities of the niobium nitride-carbide system.
They have found unusually small values for the

electronic heat-capacity coefficient and the mag-
netic susceptibility in these compounds. This has
led them to propose an energy-band model for NbN
containing niobium 5s-5p and nitrogen 3s-3p elec-
trons at the Fermi level, with the niobium 4d bands
above the Fermi energy and therefore unoccupied.
A variety of band-structure models had been
proposed previously to explain the physical prop-
erties of these materials. One of the original ideas
was suggested by Hiigg® about 40 years ago. Higg
proposed that these materials could be regarded
as interstitial alloys rather than compounds, with
the nonmetal atoms merely filling the voids in the
host lattice of transition-metal atoms. As a result
of this model, these materials are frequently re-
ferred to as “interstitial” compounds. This simple
idea has been refined and improved over the years,
and two distinct models have emerged.! The first



