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Transition-Metal Oxides in the Self-Interaction-Corrected Density-Functional Formalism
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We present a method for performing fully self-consistent, ab initio, self-interaction-corrected, local-
spin-density calculations. We demonstrate that the formalism correctly predicts that MnO, FeO, CoO,
NiO, and CuO are antiferromagnetic insulators, and that VO is a nonmagnetic metal. The band gaps
and moments are drastically improved compared with the local-spin-density approximation.

PACS numbers: 71.10.+x, 71.25.Tn, 75.50.Ee

The local-spin-density (LSD) approximation' of the
spin-density-functional (SDF) formalism has been
shown to give a good description of the ground-state
properties for many systems with moderately strong
correlation eff'ects. However, for systems where the
electron-electron interaction is strong enough to change
the nature of the ground state, the LSD approximation
often fails. Examples are provided by the occurrence of
antiferromagnetism in the high-T, -related compound
La2Cu04, the a-y transition in Ce, and the insulating,
antiferromagnetic transition-metal (TM) oxides. The
TM oxides have been studied intensively for several de-
cades, because of the controversial nature of their band

gap. The LSD approximation describes certain aspects
of the loss of the 3d contribution to cohesion, 2 but the
band gaps are much too small or zero and the magnetic
moments are in some cases also too small.

We have recently applied the self-interaction-cor-
rected (SIC) LSD approximation to the Hubbard
model and to a model of La2Cu04, and demonstrated
that this approximation greatly improves the LSD results
for both the band gap and the moment. The LSD ap-
proximation leads to a Stoner theory, which gives a good
description of the ground-state properties for the 3d met-
als. For more localized systems, however, the resulting
Stoner parameter I is too small to give proper moments.
Moreover, since I splits the spin-up and spin-down

bands, it often fails to give a gap for systems where the
band is not half filled. In the SIC-LSD approximation,
on the other hand, the Coulomb interaction U splits the
occupied and the unoccupied states. This is the correct
physics for both the Hubbard model and the TM oxides,
and it leads to a band gap also for localized systems
where the band is not half filled. Since U & 1, the SIC-
LSD approximation also leads to larger moments than

the LSD approximation.
The SIC-LSD approximation provides a mechanism

which allows the wave functions to localize for systems
where the hopping integrals are small relative to the
Coulomb interactions. It is therefore crucial that the
SIC-LSD equations are allowed to determine the spatial
extent of the wave functions in a self-consistent way. 6

The solutions of these equations are not automatically
orthogonal, since the potential is state dependent. The
orthogonality has to be imposed explicitly, and the re-
sults depend crucially on this being done properly. 9 The
energy functional must, furthermore, be stationary with
respect to unitary mixing of the occupied states, which in
the SIC-LSD approximation is highly nontrivial. '

Therefore, to our knowledge, no fully self-consistent, ab
initio, SIC-LSD calculation for solids has been pub-
lished. " There have been a number of ab initio SIC-
LSD calculations for rare gas and ionic insulators. ' In
these calculations, however, the spatial extent of the
SIC-LSD solutions was not determined self-consistently,
which for these wide-gap insulators may be a justifiable
approximation. Because of the complexity of the prob-
lem, our earlier work was performed for simple mod-
els, where the SIC-LSD equations can more easily be
solved exactly.

In this paper we present a technique which makes
self-consistent, ab initio, SIC-LSD calculations possible,
with a numerical eff'ort which is not much greater than
what is needed for a standard LSD band calculation.
We find that the results for the band gaps and the mo-
ments of the TM oxides are greatly improved compared
with the LSD results.

In the LSD approximation, each electron has a non-
physical interaction with itself. In the SIC-LSD approx-
imation this interaction is subtracted, leading to the en-
ergy expression

, , n, (r)n;(r')
Exp [n] =EP [n] —g „d rd r', + d rn;(r) ex(nc;(r), 0)

r —r'
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where n;(r) is the charge density corresponding to the
solution i of the SIC-LSD equation and ~c(ni, ni) is
the exchange-correlation (XC) energy of a homogeneous
system with the spin densities ni and ni. The second
term subtracts the nonphysical Coulomb interaction of
an electron with itself as well as the corresponding LSD
XC energy. The corresponding XC potential is state
dependent, which allows the wave functions to local-
ze 5,6, 10, 12

For TM oxides, the solutions of the SIC-LSD equa-
tions have the following form. On each TM atom there
are localized 3d-like solutions, while the oxygen 2p states
form extended Bloch solutions. The solutions centered
on one atom are described by using a large supercell with
512 atoms (128 unit cells), and periodically continuing
the solution in all other supercells. Because of the large
supercell, the solution can be rather extended without
any appreciable (unphysical) overlap with its periodic
continuation. The SIC part of the potential, seen by a
particular localized solution, then has the periodicity of
the supercell. The solutions are expressed as linear com-
binations of linear muffin-tin orbitals (LMTO). ' We
use the steepest-descent method' to minimize the total
energy. Thus the gradient of the energy is calculated in

the space of the coefficients of the LMTO's. This gra-
dient is projected onto the hypersurface where all solu-
tions (also solutions centered on different sites) are
strictly orthogonal, and the coefficients are changed
along this projected gradient. The energy is, further-
more, made stationary due to unitary mixing of the occu-
pied states: If at a particular iteration an infinitesimal

unitary mixing lowers the total energy, a small unitary
mixing is performed. These steps are repeated until the
energy is stationary with respect to all variations. The
unitary mixing turns out to be important for the final re-
sult. By expressing the problem in reciprocal space, we

use the periodicity of the non-SIC part of the problem to
obtain matrices with a size which corresponds to the unit
cell. This leaves us with sums over the full supercell in-

volving products of matrix elements of the SIC potential
and coefficients of a localized solution. Since the local-
ized solutions in different unit cells are identical apart
from a translation, there are only a few different local-
ized solutions. The effort in performing the sums over
the supercell therefore only grows linearly with the size
of the supercell. The iterations are started by assuming
that certain 3d orbitals are occupied (e.g. , all but the E~
spin-down 3d orbitals for NiO). Different starting as-
sumptions are used to assure that the absolute minimum
of the total energy is found. For instance, localized oxy-
gen 2p solutions were also considered, but they were
found to be rather extended, leading to a positive SIC
energy for these orbitals and hence an increase in the to-
tal energy in comparison with bandlike oxygen 2p states.

In the SIC approximation the eA'ects of nonspherical
contributions to the potential are more important than in

the LSD approximation. These nonspherical compo-

nents are therefore taken into account, but the Wigner-
Seitz cells are still approximated by spheres. The solu-
tions are allowed to be any complex linear combination
of cubic harmonics. The time requirement for one itera-
tion is comparable (a few times slower) to that for a
traditional band-structure problem.

The requirement that the solutions have to be orthogo-
nal is fulfilled by introducing a matrix of Lagrange pa-
rameters. To obtain the SIC-LSD band structure for the
occupied bands, this matrix is diagonalized. ' The unoc-
cupied (extended) states are obtained directly by solving
the SIC-LSD equations with the subsidiary condition
that they are orthogonal to the occupied solutions. Be-
low we use this band structure to estimate the band gap.
A more accurate estimate could be obtained from total-
energy differences.

In Table I, the results for the band gaps and the mag-
netic moments for VO, CrO, MnO, FeO, CoO, NiO, and
CuO are compared with the LSD results and experimen-
tal results when available. For VO, localized solutions
do not form in the SIC-LSD approximation, at least not
for the size of the supercell used here (512 atoms). The
solution then goes over to the LSD result, since the SIC
correction goes to zero for extended states. Thus VO is
correctly a metal in the SIC-LSD approximation. MnO,
FeO, CoO, NiO, and CuO are correctly predicted to be
insulators, while the LSD approximation gives no band
gap for FeO, CoO, and CuO. ' For MnO and NiO
the LSD band gaps are much too small, while the SIC-
LSD approximation gives rather good band gaps for
these systems.

The nature of the band gap has attracted much in-
terest in the past. Recently, the understanding has
greatly increased due to the comparison of many-body
model calculations and spectroscopic experiment. '6 '

For NiO it is found that the highest hole state has most
of its weight on the 0 atoms;' i.e., it has mainly
31 L ' character with some mixture of d character,
where L ' stands for a ligand (0 2p) hole. Since the
lowest electron state is a d state, NiO is closer to being
a charge-transfer insulator. ' ' This conclusion was
supported by Norman and Freeman, ' who used a super-
cell technique for calculating the important parameters
in the model-Hamiltonian approach. The LSD approxi-
mation predicts that both the highest occupied and the
lowest unoccupied states have primarily 31 character.
The character of the states is therefore of the same type
as in a Mott-Hubbard insulator, although the LSD ap-
proxirnation in other respects is more similar to the
Slater picture. In the SIC-LSD calculation, the lowest
unoccupied states have primarily 3d character as in most
other theories. The occupied part of the 3d density of
states has most of its weight below the 0 2p band, but
there is also some 3d weight mixed into this band. The
highest hole state in SIC-LSD, therefore, is a mixture of
3d L ' and 3d states, as in the model calculation, and
NiO is a charge-transfer insulator. For NiO, the SIC-
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TABLE I. The LSD, SIC-LSD, and experimental energy band gaps (in eV) and spin mag-
netic moments (in pg) for VO, CrO, MnO, FeO, CoO, N10, and CuO. The moments in

parenthesis include the orbital contribution. The last column shows the energy difI'erence AE
(in eV) between the LSD and the SIC-LSD calculation.

Compound
Band gap

LSD SIC-LSD Expt.
Magnetic moment

LSD SIC-LSD Expt.

VO
CrO
MnO
FeO
CoO
NiO
CuO

0.0
0.0
0.8
0.0
0.0
0.2
0.0

0.0
1.01
3.98
3.07
2.81
2.54
1.43

0.0

3 ' 6-3.8 '

2.4'
4 3 h4 0I

1.'37

0.00.0 0.0
2.99 3.49 (3.44)
4.39 4.49 (4.49) 4.79,b4. 58'
3.42 3.54 (4.55) 3.32d

2.33 2.53 (3.72) 3.35,"3.8,d3. 88

1.04 1.53 (1.80) 1.77, b1.64,]1.90'
0 0.65 (0.78) 0.65'

1.0
3.9
4.6
6.6
9.5

14.7

'R. N. Iskenderov, I. A. Drabkin, L. T. Emel'yanova, and Ya.M. Ksendzov, Fiz. Tverd. Tela
(Leningrad) 10, 2573 (1968) [Sov. Phys. Solid State 10, 2031 (1969)].
bB. E. F. Fender, A. J. Jacobson, and F. A. Wegwood, J. Chem. Phys. 48, 990 (1968).
'A. K. Cheetham and D. A. O. Hope, Phys. Rev. B 27, 6964 (1983).
dW. L. Roth, Phys. Rev. 110, 1333 (1958).
'J. van Elp er al. (to be published).
"D. C. Khan and R. A. Erickson, Phys. Rev. B I, 2243 (1970).
gD. Herrmann-Ronzaud, P. Burlet, and J. Rossat-Mignod, J. Phys. C 11, 2123 (1978).
"Reference 16.
'S. Hufner, J. Osterwalder, T. Riesterer, and F. Hulliger, Solid State Commun. 52, 793 (1984).
'H. A. Alperin, J. Phys. Soc. Jpn. Suppl. B 17, 12 (1962).
"F.P. Koffyberg and F. A. Benko, J. Appl. Phys. 53, 1173 (1982).
J. B. Forsyth, P. J. Brown, and B. M. Wanklyn, J. Phys. C 21, 2917 (1988).

LSD calculation seems to exaggerate the charge-transfer
character of the gap, while the LSD approximation
greatly overestimates the Mott-Hubbard character, com-

pared with the many-body calculations. ' We note that
for a system with a localized degenerate level with a
large Coulomb interaction, the degeneracy effectively
enhances the hopping between different configurations.
This effect is not included in a one-particle treatment,
i.e., neither in the SIC-LSD nor in the LSD approxima-
tions. Although the effect is moderate for the states con-
sidered in a many-body treatment of NiO, ' due to the
few 3d holes in NiO, it should explain most of the SIC-
LSD tendency to overestimate the charge-transfer char-
acter of the gap compared with the many-body calcula-
tion. '6 An alternative scheme has been proposed by An-

isimov, Korotin, and Kirmaev ' where the unoccupied
states are shifted upwards in contrast to the downward

shift of the occupied states in SIC-LSD. In the scheme

of Anisimov, Korotin, and Kirmaev the highest occupied
state has 31 character in contrast to the model calcula-
tions and our result.

Table I also shows the magnetic moments. The LSD
approximation fails to give a moment for CuO, as might
have been expected from its failure for the high-

T, -related compound La2Cu04. For the other antifer-
romagnetic oxides (except VO) the LSD approximation
gives a moment, but it is too small for NiO. For both
CuO and NiO the SIC-LSD approximation gives good

magnetic moments. For FeO and CoO the orbital mo-

ment plays a substantial role. We therefore include the
spin-orbit coupling S L approximated as S,L, . Because
of the nonlinear behavior of the XC contribution to the
SIC, the nonspherical part of the XC energy tends to
favor spherical orbitals. Thus the formalism tends to
favor orbitals mainly built up from a spherical harmonic
over one built up from a cubic harmonic. This tendency
is stronger than the tendency of the crystal field to
quench the orbital moments. For the calculation of the
orbital moments, we therefore make a spherical approxi-
mation for the energy and potential. As expected, the
orbital moments are important for FeO (1.01ptt) and for
CoO (1.19ps), but are small for CrO ( —0.05ps), MnO
(0.00ps), NiO (0.27ps), and CuO (0.13pg). The re-
sults in parenthesis in Table I show the total moments.
In the LSD approximation, the orbital moments are
small. For CoO it is essential to include the orbital mo-
ment to obtain a sensible total moment.

We presented an efficient method for solving the SIC-
LSD equations, which makes ab initio SIC-LSD calcula-
tions feasible even for rather complicated systems. We
find that the SIC-LSD approximation correctly predicts
that MnO, FeO, CoO, NiO, and CuO are antiferrornag-
netic insulators, and the gaps and moments agree rather
well with experimental results when available. For the
metallic, nonmagnetic VO, on the other hand, no local-
ized solutions are formed in the SIC-LSD approxima-
tion, which therefore correctly predicts a nonmagnetic
metal. The results are in strong contrast to the results in
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the LSD approximation, where the gaps are much too
small or zero and the moments are often too small.
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