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The electronic structure and stabilization energy of metal vacancy and vacancy-interstitial clus-
ters are studied in transition-metal monoxides using the first-principles local-density theory. The
discrete-variational method in the embedded-cluster scheme is used to obtain both the one-electron
properties and cohesive energies. Our calculations predict greater stability for 2:1
(vacancy:interstitial) defect structure over simple vacancies. This is in agreement with experiments
for MnO and the heavier 3d compounds, but for TiO and VO lattice vacancies at the metallic or ox-
ygen sites are experimentally predominant. The energy for the single metal vacancy is calculated to
be close to the 2:1 defect energy, and so cluster-size effects and computational limitations need to be
considered further. For FeO and CoO, however, the 4:1 interstitial complex is found to be more
stable than other simple defects, in accord with experiment. The probability of formation of 4:1
clusters and their aggregates in TiO and MnO is explored; the interstitial metal ion tends to be in a
trivalent state as previously determined for FeO and CoO.

I. INTRODUCTION

The transition-metal monoxides exhibit a rocksalt
structure, with chemical valence corresponding to metal
ions in a 2+ oxidation state in the ideal composition.
Experiments like x-ray diffraction, neutron diffraction,
diffuse x-ray scattering, electron microscopy, etc. per-
formed over the past two decades on these oxides indicate
a copious number of vacancies and interstitials, accom-
panying deviations from the stoichiometric structure. In
spite of such extensive studies, the most stable defect
structures are not well resolved due both to the difficulty
in preparing well-characterized samples and ambiguities
in fitting defect models to data. We make an energy
analysis of the defect structures of transition-metal
monoxides TiO and MnO here and make a direct com-
parison with the existing results for FeO (Ref. 1) and
CoO (Ref. 2) to get a better insight of the nature of rela-
tive stability of various defects.

The local-density theory has been successfully used to
study electronic properties of solids and their energetics
using both band structure and cluster representations.
The well-known band-structure methods can provide ac-
curate total energies and density of states when the sys-
tem has a periodic translational symmetry. The classic
band theoretical calculations by Mat theiss for the
transition-metal oxides identify CaO to be an insulator
and TiO, VO, MnO, FeO, CoO, and NiO to be metals.
However, experimentally, MnO, FeQ, CoO, and NiO are
found to be antiferromagnetic insulators, leading to ex-
tensive discussions about the validity (or nonvalidity) of
single particle methods in general, and band structure in
particular, for description of strongly correlated electron-
ic systems. Spin-polarized band-structure calculations '

lead to a semiconductorlike behavior for MnO and NiO
recovering some essential features.

The systems of our interest have vacancies at lattice
sites and atoms in interstitial states. This breaks the

periodicity of the solid, with effects which extend to
several interatomic distances. Molecular cluster methods
offer a convenient tool to study such localized properties
for systems with low symmetry. Interactions with the
bulk can be included by generating effective potentials
due to host atoms around the chosen cluster, thereby
minimizing surface and cluster-size effects.

II. THEORETICAL APPROACH

The discrete variational Xo; embedded-cluster
method, based on the local-density formalism, is used
to calculate the ground-state electronic structure of ideal
and defected clusters. For description of vacancies,
"ghost" atoms with no nuclear charge but potential-well
basis functions are introduced at the missing atom posi-
tions. The variational basis functions assigned are
[Ar]3d4s4p for the metal atoms and [He]2s2p3s3p for ox-
ygen and are generated by a self-consistent atom or ion in
potential-well calculations. The wave functions, eigenval-
ues, and hence the Mulliken atomic orbital populations
are then obtained by solving the Schrodinger equation
self-consistently while enforcing the Pauli exclusion prin-
ciple. The cluster embedding potential is generated by
summing the charge density from 200—300 nearby host
atoms in forming Coulomb and exchange-correlation po-
tentials. Long-range electrostatic terms are included by
Ewald summation.

The standard spin-polarized expression for the total en-
ergy in the local-density approximation is'

+ fp (r)[E„, (r) —V„, (r)]dr
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where the exchange-correlation energy E„,. (r) and the
exchange-correlation contribution to the electronic po-
tential V„, (r) are related by

E„(r)= —,
' V„, (r) (2)

for the simplest Kohn-Sham potential. Total energies for
even small clusters calculated in this manner are typically
of the order of 10 eV, and are not determined accurately
enough for direct comparison in the chosen numerical
sampling scheme. It is possible, however, to extract
sufficiently accurate binding energies by taking
differences with respect to a reference system calculated
on the same integration mesh,

~ sys ~ ref
B (3)

III. RESULTS AND DISCUSSION

A. Background

The transition-metal mono xides showing metal
deficiency over a large composition range are Mn, „0
(0.001&x (0.15), Fe, ,O (0.05&x &0. 15), and
Co1 „0(0.001(x &0.05). On the other hand, TiO and
VO (MO, 0.75 &x & 1.30), at higher temperatures, ex-
hibit vacancies on both metallic and oxygen sites even in
the neighborhood of stoichiometry. In contrast to the
pure NaC1 structure stable above 1225 K, the crystal
structure of TiO becomes more complex and of lower
symmetry when annealed at lower temperatures. It is
also highly brittle. Banus and Reed" calculate from their
x-ray and pycnometric density measurements on TiO,

Since the spin-dependent exchange interaction contrib-
utes appreciably to isolated atom energies, the reference
state of the separated atoms can best be treated by the
spin-unrestricted density-functional formalism. Both
E, [p] and E73[p] are found to be stationary with respect
to the density p and the variational basis IP, I. ' The nu-
merical error is minimized by computing the reference
system energy over the same volume with the same sam-
pling grid by freezing the atoms at their respective lattice
sites but are now assumed to be noninteracting. This en-
ables us to calculate cohesive energies with a precision of
0.01 eV, which is better than systematic sources of error
such as basis truncation.

The statistical total-energy functional E, [p], with
Kohn-Sham local exchange potentials, produces binding
about 1% larger than the Hartree-Fock results in atoms
and also exhibits overbinding in many molecules and
solids. Errors in the calculation of total energy may arise
not only from the inaccurate treatment of the exchange
energy but also in numerical treatment of the deep-lying
core levels. Since we are interested in comparison of sys-
tems whose core states are barely altered by interaction
with the environment, this aspect of the problem is unim-
portant for a discussion of cohesion. Valence electron de-
rived properties can be calculated consistently with
reasonable effort, with an accuracy which greatly exceeds
the absolute accuracy of either the atomic or the solid-
state calculations.

that the defect concentration on the metallic and oxygen
sites is nearly equal (15% each) assuming a random dis-
tribution among lattice sites.

X-ray diffraction studies on FeO (Ref. 12) indicate met-
al vacancies at the lattice site and introduction of metal
ions at the tetrahedral interstitial position. The ratio (R)
of the metal vacancy (m) to the interstitial (n) is critical
for the defect structure and initially was proposed to be 2.
Koch and Cohen' later confirmed the coexistence of va-
cancies and interstitials but proposed a different
(R =n:m) ratio of 3. The observed superlattice
reflections and Bragg peaks proved the defect clusters to
be ordered. Experiments were performed at different par-
tial oxygen pressures and it was later shown' that R de-
creases from 4 for x =0.03 to 3 for x —=0. 1.

The high-temperature electrical properties measured'
at various oxygen partial pressures indicate MnO to be an
oxygen excess compound with the dominant defects being
manganese vacancies. The hole concentration increases
rapidly with temperature and is equal to the concentra-
tion of electrons at very low oxygen pressure. Again, the
diffusion, oxidation, and thermogravimetric data' could
be explained by ideal point defect theory, supporting the
manganese vacancy model. The general defect structure
was thus thought to be a single metal vacancy as was as-
sumed for CoO in the same temperature range. On the
other hand, Kofstad' interpreted his diffusion data on
MnO by suggesting a 4:1 defect structure as seen in Wus-
tite (Fe1 „0). The neutron diffraction, magnetic suscep-
tibility, and Mossbauer experiments' on MnO-FeO solid
solutions suggest that the ratio of octahedral vacancy to
the tetrahedral interstitial concentration in the two ox-
ides is similar and therefore similar defect structure is ex-
pected for MnO as observed in FeO.

The number and type of defect structures found in
CoO as a function of temperature and oxygen pressure
were analyzed using the point defect model (single metal
vacancy) by Dieckmann' in a study of electrical conduc-
tivity and cation tracer diffusion. Other measurements of
electrical conductivity and thermoelectric power sug-
gest vacancy aggregates. Theoretical calculations report-
ed recently identify the 4:1 cluster to be most stable with
the single vacancy lying proximately.

%'e report here the calculated metal vacancy and
vacancy-interstitial defect structure of TiO and MnO and
make an extensive comparison with the previously stud-
ied defect complexes in FeO and CoO.

B. Stoichiometric compound

To begin, we choose an eight atom cluster M4O4 by
placing cations and anions at the corners of a cubic cell in
tetrahedral symmetry for the stoichiometric solid. Each
cluster atom is coordinated to three neighboring cluster
atoms and three neighboring atoms in the crystal. The
self-consistent charges and spins are shown in Table I.
The calculated ionicities of the metal and oxygen ions are
identical due to the stoichiometric nature of the cluster
chosen. The self-consistent configurations of Ti
(3d 1.664 0. 124 0.344d0. 06) nd O (2s 1.772 4.683s0.043 0.90)
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TABLE I. Charge distribution (Mulliken net charges) and spin moment (pz ) for ideal and different
defect clusters as described in the text. Vdenotes a vacancy. The spin moment is given in parentheses.

TiO MnO FeO Co0

M
0

0(l)

0(2)

M(l)

0(1)
0(2)
M(2)

M

0

1.81 (0.51)
—1.81 (0.04)

—0.82 (0.04)
—0.81 (

—0.17)
1.59 (1.53)

—1.84 (0.49)

1.21 (0.29)
—0.13 (0.00)
—1.87 (0.23)
—1.58 (0.03)

2.75 (&.43)

2.99 (0.09)
—0.24 ( —0.03)

—1.85 (0.45)

Ideal structure (M&04)
1.47 (4.96) 1.89 (4.84)

—1.47 (0.05) —1.89 (0.12)
Metal vacancy 1:0 ( VO6Ml208}
—0.42 (0.00) —0.39 (0.04)
—0.63 (0.05) —1.63 (0.2i)

1.19 (0.23) 1.77 (4.29)
—1.66 (0.05) —1.86 (0.03)

2:1 defect (M2 V204M)
1.24 (3.56) 1.84 (4.01)

—0.09 (0.00) —0.13 (0.01)
—1.50 (0.47) —1.72 (0.09)
—1.22 (0.26) —1.61 (0.13)

1.42 (2.27) 2.29 (3.87)
4:1 defect (MQ4V4)

1.75 (4.27) 2.17 (4.30)
—0.05 ( —0.03) —0.12 (0.00)

—1.27 (0.43) —1.85 (0.02}

1.38 (2.94)
—1.38 (0.56)

—0.02 (0.01)
—0.68 (0.44)

1.13 (2.83)
—1.74 (0.22)

0.98 (2.77)
—0.11 (0.02)
—1.33 (0.47)
—1.08 (0.56)

1.61 (3.14)

1.73 (2.90)
—0.13 (—0.01)

—1.17 (0.68)

are very similar to the band theoretical predictions ' [Ti
(3d' 4s '

4p ); 0 (2s' '2p ' 3d )]. The net mag-
netic moment calculated at the Ti site arising from the Ti
3d electrons in TiO is 0.5lp.z, which is consistent with
the known weakly paramagnetic character of TiO. The
calculated net spin 4.96pz on Mn in MnO is in excellent
agreement with the band theoretical result of 5.0pz and
experimental value of 4.79pz. To extract the antiferro-
magnetic structure in these series of materials, a cluster
large enough to include the magnetic unit cell needs to be
considered. It has been shown earlier in FeO that the
superlattice is essential for an accurate spin distribution
while most of the other features are well represented by
considering a single unit cell.

Figure 1 shows the calculated variation of binding en-

ergy as a function of the lattice parameter for TiO, MnO,
FeO, and CoO. The binding energies at the experimental
lattice constants are —14.2, —20.0, —18.1, and —13.3
eV and agree fairly well with the experimental values of
—13.4, —15.6, —22.6, and —17.5 eV, respectively. For
FeO, however, the binding energy reported by Press and
Ellis' is in error by a factor of 2 due to the fact that a
minimal basis set was used in their calculations. Use of
an extended basis function for FeO enhances the binding
energy to —18. 1 eV. This shows the sensitiveness of the
binding energy to the basis functions used: a m&nimal
basis yields —50% of the experimental estimates, while
an extended basis yields —80% of the experimental
value. The present results could be improved further by
optimizing the basis sets. The experimental lattice pa-
rameters lie within 2 —3%%uo of our embedded-cluster mod-
el predictions. The theoretical binding energies at the
theoretical equilibrium position are —14.3, —20.4,
—18.5, —14.5 eV for TiO, MnO, FeO, and CoO, respec-
tively. The binding energy versus lattice parameter dia-
gram was fitted to a parabola in order to calculate the
bulk modulus defined as

—12—

MnO

—18—

—20—

—22—

I I

PQ 42
I I I

4.4 4.6 $.8
Rnn ( .~)

FIG. 1. Binding energy vs lattice parameter for TiO, MnO,
FeO, and CoO.

B = V(dP/cjV)T

in these materials. The calculated values corresponding
to TiO, MnO, FeO, and CoO are 0.6, 0.2, 0.9, and 1.4
Mbar. Unfortunately, no experimental data seem to exist
to compare with our calculated results. To get a feeling
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for the magnitude, we consider the experimental bulk
modulus values of some known materials. The bulk
moduli of CuC1 and CuBr are 0.38 and 0.39 Mbar,
while the bulk moduli of FeSz, CoS2, and NiS2 are report-
ed to be 1.18, 1.15, and 0.94 Mbar, respectively. Thus
the monoxides are here predicted to be intermediate be-
tween the easily deformed cuprous halides and rather-
hard transition-metal disulphides. By further compar-
ison, the modulus of bcc iron is 1.68 Mbar.

C. Isolated metal vacancy

A vacancy is riow created at a metal site: V identifies
the vacancy in Table I. This vacancy is well coordinated
by 6 oxygen atoms [O(1)], twelve metallic atoms (M) in
the second shell, and 8 distant oxygen atoms [O(2)] in an
octahedral configuration, for a total 27 atoms in the clus-
ter. The vacancy in TiO picks up a larger charge as com-
pared to the vacancies in other transition-metal oxides
studied. O(1) in FeO picks up more charge as compared
to others. This O(1) charge-up is probably due to the
usage of a minimal basis set for FeO (Ref. 1) and thereby
not allowing much charge to diffuse away from its ionic
configuration. The overall ionicity on oxygen is close to
the metal ionicity in all the cases, since the cluster charge
was chosen on the basis of nominal valency. However,
the oxy-anions close to the vacancy are significantly per-
turbed.

D. (2:1)defects

In the 2:1 defect structure, (M2 V204M), O(l), and O(2)
identify oxygens close to a cation and vacancy, respec-
tively, in Table I. M(l) is the transition-metal atom at a
regular lattice site and M(2) identifies the interstitial atom
at the tetrahedral site. The ionicity of the oxygen close to
the vacancy is less than the ionicity of the oxygen close to
a cation. Thjs trend is also obvious from our single va-
cancy results. The ratio of the ionicities of M(2) to M(l)
is 2.3, 1.1, 0.8, and 1.6 for Ti, Mn, Fe, and Co, respective-
ly, thus spanning the value of 1.5, expected for 3+/2+
formal valency. Because of the almost half-filled 3d shell,
the magnetic moment of the metal at a regular lattice site
is slightly larger for MnO and FeQ. The oxygens close to
the vacancy, however, have lower moments in the cases
of TiO and MnO only.

E. (4:1)defects

vacancy-interstitial aggregates (. . . ,Mn, Fe,Co). Most of
the later experiments suggest the defect clustering to be
of 4:1 nature. Extensive theoretical and experimental
studies exist for these monoxides in the litera-
ture. ' ' ' ' ' In comparing various defect ener-
gies, we start with a single vacancy and then consider
successively more complex vacancies created by sys-
tematic removal of metal ions and translation to intersti-
tial sites. In the process of removal of metal atoms one
after the other to create vacancies, the cluster becomes
charged. The charge neutrality is, however, maintained
by proper positioning of Fe + ions in the microcrystal
generated around the cluster. Since a direct comparison
of the absolute binding energies of the different defect
complexes of different sizes does not make much sense,
we report the binding energy per net number of vacancies
and plot our data in a relative scale with respect to the
ideal structure. The complex defects considered general-
ly can be thought of as formed from vertex-, edge-, or
face-shared composites of the basic 4:1 interstitial cluster.
The 3:2 complex discussed below as calculated in C3,
symmetry corresponding to the open structure vertex-
shared (2:1) pair with vacancies only on the (111)symme-
try axis.

In TiQ, the 2:1 defect structure is found to be most
stable with the single vacancy energy lying close by
(AE =0.54 eV), as shown in Fig. 2. In contrast, the
band-structure calculation of Huisman et al. yields no
net stabilization due to single vacancies. ' The 3:2 defect
also shows a slight excess binding against other complex
defects. The 6:2 defect shows a local minimum as we go
on removing metal atoms but is not energetically favor-
able as compared to the ideal structure to form a stable
defect structure. MnO shows somewhat similar trends:
The relative binding energy falls rapidly as the number of
metal vacancies increases. A drop in energy is seen at
6:2, giving rise to a locally stable minimum. The single
vacancy and the 2:1 energies are very close (hE =0.15
eV) and suggest that both defect structures can coexist
with the probability of 2:1 being slightly larger. The de-
fects chosen by Keller and Dieckmann were ideal neu-

Finally, in the 4:1 defect complex the vacancy as usual
picks up a little charge ranging from 0.05e to 0.24e. The
net charge on the oxygen sites differ from their ideal ioni-
city by few tenths of an electron in all cases. The charge
donated by the transition-metal atom at the interstitial
tetrahedral site monotonically increases as we go from
1:0 (single metal vacancy) to the 4:1 defect via 2:1 defect
structure by systematic removal of the metal ions, indi-
cating the formation of the trivalent state, or in case of
Ti, the tetravalent state, as observed experimentally. As
is usual in Mulliken atomic orbital analysis, the full ionic
charge is not attained.

F. Relative stability of defect structures

2—

I I I I I I I I I I

3:2 4:2 5:2 6:2 7:2 10 2:1 5:1 4:3

Vacancy - Interstitial Ratio

It has been stated earlier that the transition metal
monoxides form with single vacancies (Ti,V, . . . ) and/or

/

FIG. 2. Relative energy of various defects in TiO and MnO.
The straight lines between the calculated m:n points are a guide
to the eye.



1912 P. K. KHO%ASH AND D. E. ELLIS 39

0QP

Co0

defects to generate 7:2 defects. In Co& O, however, we
find that the system prefers to form a single isolated va-
cancy first and then evolve to a 4:1 defect structure. This
also indicates why the single metal vacancy model could
account for much of the experimental data in the past.
The general consensus is that the- light transition metals
prefer to generate a single vacancy first and then settle at
di6'erent defect structures like 2:1, 4:1, or their aggre-
gates.

IV. CONCLUSION

—4.5— I I I I I I I I I

1 0 20 11 21 3:1 41 6 2 72 8 2 1g:4
Vacancy - .Interstitial Ratio

FIG. 3. Relative energy of various defects in FeO and CoO.
The straight lines between the calculated m:n points are a guide
to the eye.

tral, and singly, and doubly charged vacancies. This
model fits the nonstoichiometry data well but not the
electrical data. Recent thermoelectric power and electri-
cal conductivity measurements on MnO were used to
identify a plausible defect model. By fitting the experi-
mental data to the diA'erent defect models, a cluster inter-
preted to be of m —n = 1 (vacancy minus interstitial) (i.e.,
2:1, 3:2, etc. ) nature emerged. This data led to an ac-
tivation energy which also showed that a neutral cluster
of m —n =1 was energetically favored over a charged
cluster, with mobile holes as charge compensators. This
is in agreement with our calculated 2:1 defect structure.
The mobile holes can be related to the trivalent metal
atoms introduced in the microcrystal as charge compen-
sators in our calculations.

We take the data for FeO (Ref. 1) and CoO (Ref. 2) ob-
tained from the embedded-cluster calculations performed
earlier and plot them in a relative energy scale in Fig. 3.
It was seen that in Fe, 0, a "ferric" species in the
tetrahedral site stabilizes the defect structure to a larger
extent as compared to any combination of vacancies and
octahedral Fe + ions. The 4:1 defect is stable with
respect to smaller defect complexes, but more stable
configurations are possible by edge sharing of these 4:1

The electronic structure and cohesive energy of single
defects and defect clusters were studied in transition-
metal oxides using the discrete variational linear com-
bination of atomic orbitals approach in the embedded-
cluster scheme. Our calculations predict greater stability
for the 2:1 defect structure over other possible simple de-
fects. This is in agreement with experiments for MnO
but at either end of the 3d series the model fails. For TiO
a lattice vacancy at the metallic site or oxygen site is ex-
perimentally predominant. The calculated theoretical en-
ergy for a single vacancy lies close to the 2:1 defect ener-
gy, so further calculations on larger clusters with refined
bases need to be considered. It should also be noted that
the lattice was frozen in our calculation of cohesive ener-
gies for the diferent defect clusters. Local lattice relaxa-
tion could lead to a reordering of relative energies. For
FeO and CoO, we find that the 4:1 defect structure is
more stable than simpler defects. The 4:1 defect clusters
in TiO and MnO are found to be unfavorable, with
respect to both 1:0 (single vacancy) and 2:1 defects.

The present data can be useful in selecting models to fit
x-ray disuse scattering, thermopower, electrical conduc-
tivity, and related transport data. In principle they can
be incorporated in thermodynamic models such as the
cluster variational method of Kikuchi to predict
thermal variation of defect concentrations and contribu-
tions to transport and diffusion coeScients.
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