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Transition-Metal Monoxides: Band or Mott Insulators
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%e argue that the widely held view that MnO, FeO, CoO, and NiO are Mott insulators is
incorrect. Intra-atomic potential energies do not dominate interatomic kinetic energies, to
the extent commonly believed; both are 1-2 eV in magnitude. A measure of the importance
of interatomic effects is our finding that both the crystal structure and the magnetic structure
of these materials are crucial to their insulating behavior.
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The transition-metal monoxides MnO, FeO,
CoO, and NiO occupy a special place in condensed-
matter physics, because they are regarded as proto-
types of the Mott-insulator' concept. These materi-
als are antiferromagnetic, electrically insulating,
ionic compounds forming in the rocksalt structure.
The oxygen p states are fully occupied; the metal s
states are empty, and the metal d states are partially
occupied. It is the apparent incompatibility of the
insulating behavior with the partial occupation of
the d shell that makes these materials especially in-
teresting. The Mott-insulator concept resolves this
incompatibility, but requires the intra-atomic
Coulomb interaction to be unscreened to a degree
that is difficult to reconcile with other experimental
observations. 2 That the d states are not too local-
ized to participate in interatomic bonding is already
clear from the variation of the lattice constant
across the monoxide series. The large lattice-
constant jump at Mn03 reflects the onset of
magnetism, caused by the filling of majority-spin d
states, whose contribution to covalent bonding is
thereby lost (causing the lattice constant to in-
crease). The similarity and the strength of the
lattice-constant variation' in the first and second
halves of the monoxide series suggest that the
minority-spin d states add a significant covalent
contribution to the fundamentally ionic bonding.

MnO is the simplest of the monoxides; it is an in-
sulator simply because the exchange splitting of the
d bands is greater than the d-band width (Fig. 1),
which together with the valence (5) of the Mn++
ion, makes MnO an insulator. The new informa-

tion4 that we bring to the discussion of MnO is that
the dominance of intra-atomic exchange over
interatomic hopping is so marginal that MnO is an
insulator only ~hen the magnetization is permitted to
assume the particular antiferromagnetic spin structure
that is observed experimentally Our ene. rgy-band cal-
culationss reveal that the significance of the [111]
spin structure (Fig. 2) is that only in this structure
does the obonding of-the e, (cigar shaped) d states
via collinear oxygen p states couple exclusively
exchange-split d states. In this way the strongest
interatomic interaction, which would otherwise lead
to a large bandwidth and metallic behavior, is dissi-
pated, causing only an enhancement of the spin
splitting. (Our calculated total energy for the ob-
served [111] antiferromagnetic order is 0.3 eV
lower than that for the otherwise identical system in
which the magnetization varies in the [100] direc-
tion. )

Progressing through the monoxide series, the
minority-spin d band fills, causing the magnetic mo-
rnent and the exchange splitting to decrease. (For
NiO, it is —1.3 eV.) In contrast to MnO, two in-
dependent gaps (Fig. 1) are required to make NiO
an insulator: the exchange/sigma-bond gap de-
scribed above for MnO, and the ligand-field gap
separating minority-spin e~ and t2g states. The
[111]spin variation is crucial to both gaps, because
it causes the width of the e, and t2~ bands to be
determined by m rather than o- bonding. Figure 1

also indicates the aspect of our band picture of NiO
that is in stark disagreement with the prevailing
understanding of the monoxides, namely, the pres-
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F&G. 1. pand picture of the monoxides. The qualitative difference between this picture and the commonly accepted
one is the energy position of the empty d states. To quantify the state-density information, we find the width of the Mn
3d and the O 2p bands to be 3 eV and 5 eV, respectively. The band centers are separated by —5 eV. The gaps in MnO
and NiO are 0.4 and 0.3 eV, respectively.

ence of empty d states just above eF. Using inverse
photoemission, which is the most direct probe of
such states (Figs. 1 and 3), Scheidt et at.6 have ob-
served states located at energies where our calcula-
tions put the empty Ni d (es) states. Appearance-
potential measurements also detect these states.
(The data for states near eF are very similar to those
for pure Ni. )

The measurement figuring most prominently in
many discussions of NiO is optical absorption. 7 s

The strong absorption beginning at —4 eV is usu-
ally ascribed to transitions from 3d states to the 4s
conduction band (not shown in Figs. I and 3).
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FIG. 2. Special significance of the [111] type of anti-
ferromagnetic order observed in the monoxides. The fig-
ure depicts the arrangement of 0 (cube center) and Mn
(cube faces) atoms in the rocksalt structure. In this
crystal/spin structure the 0 p orbitals couple only oppo-
sitely magnetized Mn ions.

Resonant-Raman measurements indicate, howev-
er, that the absorption edge is due instead to transi-
tions out of the oxygen 2p states, for which the
empty d states just above eF are the only available
final states. Our calculations support this interpre-
tation of the absorption edge in a second, indepen-
dent way: Transitions out of the Ni d states must
go to the Ni 4p component of the conduction-band
states. We find this component of the state density
to rise too slowly from threshold to account for the
absorption rise. The band picture also accounts for
the undetectability of photoconductivity near
threshold. to If absorption is due to transitions into
empty d states, then current carrying Q 2p holes will

be filled by Auger transitions from occupied d
states. If (as we do not believe) the absorption is
due to transitions out of filled d states, then the
empty d states will serve as conduction-killing trap
states. Either way, the carriers will be in d states in
which conduction will be poor and probably po-
laronic, because of the ionic character of the com-
pound and the very large effective mass of the d
bands.

The weak absorption below threshold is generally
ascribed to dipole-forbidden transitions between Ni
d states. Unlike most ionic insulators, the states on
either side of the gap in the monoxides are concen-
trated on the same atoms. Therefore, the electron-
hole interactions accompanying d-to-d excitations
across the gap will be so strong that the band pic-
ture is probably a poor starting point from which to
analyze these excitations. This observation is con-
sistent with the similarity of the data for NiO to
those for Ni impurities in MgO, "and with the suc-
cess of ligand-field theory in interpreting these

tas
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FIG. 3. Measurements (Refs. 6-10) indicating the existence of empty d states close to the top of the valence band in

NiO.

Hall-coefficient measurements indicate hole con-
duction in NiO, '2 which is consistent with the
greater bandwidth of the t2s valence band, relative
to that of the es conduction band. Also, the activa-
tion energy for carrier creation'3 is very similar to
the magnitude of the gap that we find separating the
valence and conduction bands (0.3 eV). The obser-
vation that the mobility of thermally produced car-
riers is much smaller than that of band electrons
and holes'3 is also consistent with our inference
(see above) that d-state conduction in NiO is po-
lar onic.

FeO and CoO raise an additional issue. Our band
calculations do not exhibit the gap shown in Fig. 1

for FeO and CoO. We believe that this deviation
from experiment reflects a previously estab-
lishedt4's failure of the local-density treatment of
exchange and correlation, on which our calculations
are based. The exchange interaction, if treated
properly, causes the energy of a single-particle level
to fall as the level is occupied. This has the natural
effect of separating occupied levels from unoccu-
pied ones. The local-density approximation causes
just the reverse to occur; levels rise as they are
filled, and fall as they are emptied. This effect can
force the minimum-energy state to be metallic, even

in a free atom. (In a "metallic" free atom two or
more degenerate levels are partially occupied. )
This failure of the local-density approximation be-
comes more severe with increasing orbital localiza-
tion, t~ and first seriously corrupts calculations for
free atoms in the 3d transition series. Two facts
support this explanation of the gap in FeO and
CoO. First, the appropriate exchange energy, when
calculated in the Hartree-Fock approximation, is
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more than adequate (several electronvolts) to
create the gap, as a result of the flatness of the
bands. Second, the measured magnetic moment in
CoO (—3.4)u, a) '6 is larger than can be generated by
spin alone. We infer that CoO has a substantial or-
bital moment, which implies a preferential occupa-
tion of mI = 1 states over the mI = —1 states in the

t2s manifold. Such an orbital moment is consistent
with the observed direction of the magnetization in
CoO, which is determined by the spin-orbit interac-
tion. t~ (The difficulty of making sufficiently pure
and stoichiometric FeO has thus far prevented the
determination of the orbital moment in FeO.)

The monoxides remain insulating above the Neel
temperature. Our coherent-potential-approxima-
tion calculationsts show that the insulating gap sur-
vives even the complete disordering of the magnet-
ic moments in MnO, whereas such complete disor-
der closes the calculated band gap in NiO. This
might reflect the persistence of short-range magnet-
ic order above the Neel temperature, or an underes-
timate of the gap due to our use of the local-density
approximation, or the onset of Anderson localiza-
tion. (Recall that the monoxides exhibit very poor
mobility at low temperatures, which can only be
worsened by magnetic disorder. )
between the band and localized-electron pictures of
the monoxides, we mention the variation of the
strength of the interatomic exchange coupling
across the monoxide series. In the traditional pic-
ture ("superexchange"'9), this coupling is inverse-
ly proportional to the Coulomb-repulsion parameter
U. This dependence is difficult to reconcile with
the monotonic rise of the Neel temperature by a
factor of 5 across the monoxide series, from MnO
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to NiO. In our band picture, this rise is naturally
predicted, 's because the parameter U is replaced by
the exchange splitting in the denominator of the ex-
pression for the exchange coupling (second-order
perturbation theory). Whereas Uis either constant
or increases across the series, the exchange splitting
decreases linearly toward zero, causing the ex-
change coupling and the Neel temperature to in-
crease sharply.
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