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The defect structure in CoO is examined in an embedded-molecular-cluster model. The point-
defect model with isolated vacancies on either metal or oxygen sites is evaluated and compared with
more complex defect structures. We calculate the electronic structure of 4:1 interstitial defects and
some of their aggregates in CoO. The binding energy is determined to reveal the most stable defect

structure, which is the 4:1 tetrahedral complex in this case.

Mulliken population analysis and

volume integration confirm the formation of a Co®* cation at the tetrahedral site.

I. INTRODUCTION

The nonstoichiometric compound CoO exhibits the
rock-salt structure like other transition-metal monoxides.
It is understood to behave like a semiconductor, usually p
type, and conducts upon doping or by deviation from
stoichiometry.!~* From the positioning of the ““75,” and
“e,” metal 3d subbands with a conventional band-
structure calculation,*~’ CoO is predicted to be metallic,
in contrast to the experimental facts. At low temperature,
however, with a tetragonal distortion in its antiferromag-
netic region, CoO may become an insulator.® Most of the
physical properties were measured experimentally as a
function of temperature and oxygen pressure. Previous
analyses focused on effects of point defects, namely metal
vacancies with various degrees of ionization.’~!'? The
general formula can be written as Co;_,O where x can be
varied (0.001 to 0.05) with externally applied partial pres-
sure of O. Dieckmann® proposed the point-defect model
but later Petot-Ervas et al.'* and Logothetis and Park'*
suggested aggregate cluster defects. Despite extensive in-
vestigations, the exact nature of the defect structure is still
undetermined.'>~!®  Experiments relating to electrical
conductivity, cation tracer diffusion, and anion tracer
diffusion are in progress to determine the exact nature of
defects in this material.

Electronic structure calculations by a molecular-cluster
approach are well suited for systems with defects and
structural deformation such as vacancies, interstitial and
substitutional defects, and local moments. In this work
we use the discrete-variational self-consistent-field (DV-
SCF) method!®~2! to calculate the charges, density of
states, and binding energy for the ideal CoO structure and
also defect structures such as the 1:0 single vacancy and
2:1 and 4:1 complexes. Here m:n denotes m octahedral
vacancies and n tetrahedral interstitial metal ions. The
metal-oxygen distance is varied to get the maximum bind-
ing for the ideal case. The binding energies for different
vacancies and vacancy-intersitial ratios are also calculated
to get insight of the nature of bonding and vacancy stabili-
zation in this compound. The energy separation of the lo-
calized 3d state from the 2p bands is calculated and com-
pared with the experimental photoemission results.*

II. METHOD OF CALCULATION

A discrete-variational cluster method!®~2! calculation is
carried out to determine the wave functions and eigenval-
ues of a cluster embedded in the solid. The rest of the
solid manifests its presence by providing a crystal field in
which the cluster is embedded and thereby minimizing
the surface effect to a large extent. Since we have scooped
out a cluster from the solid, a potential field is needed to
simulate the rest of the solid. This is done by generating
a microcrystal surrounding the cluster and placing the
atoms at specified lattice positions. In the process of
studying defect energies we may introduce charge com-
pensating ions on the lattice. A self-consistent procedure
is then employed to generate a Coulomb and exchange-
correlation potential field in which the cluster is im-
mersed. Typically, the microcrystal is chosen to extend
out to 17-20 a.u., thereby including approximately
250-350 of the surrounding atoms. The matrix elements
of the effective Hamiltonian for the one-electron
Schrodinger equation are computed as discrete sums rath-
er than as integrals, thus avoiding separate multicenter in-
tegrals. The one-electron Schrodinger equation can be
written (in Hartree a.u.) as

H,V,,(r)=¢g;c¥o(r) , (1)
where
Ho=[— 1V 4 V() + Vi o (P, )
with
Vo= [ 2T 4o 5 Z 3)
|r—r'| j lr—Rj [

as the Coulomb potential and
1/3

Vie,o(r)=—3a (4)

3
87Tp(,(r)

The simplest Kohn-Sham-Slater exchange potential is
chosen here. Also

P = Pcluster +pcrystal
ZZfia | Y,,(r) l 2+ Epv,crystal » (5)
i,o v
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where f;, are the occupation numbers for the molecular
orbitals. The molecular orbital eigenfunctions W* for the
a irreducible representation of the point group can be ex-
panded in terms of a basis set of symmetry orbitals where
the basis functions are chosen as a linear combination of
atomic orbitals—molecular orbital (LCAO-MO) centered
on different cluster atomic sites. Finally, the total-energy
expression in the local-density approximation is given as

Po(Tlpo(r")

——drdr’
|r—r'|

E=3 |3 fitio—}[

+ fpo(r)[Exc,a(r)_ ch,a(r)]dr

Z,Z
+ZZ TR ©
a B aB

where
Exc,a(r) = %ch,o(r)

for the Kohn-Sham potential. The calculated total ener-
gies (~10° eV) are not accurate enough to extract
significant differences for the chosen numerical sampling
scheme. So a more accurate binding energy may be cal-
culated by a systematic differential scheme?’ E,=E,
—EJ where E& is the energy of the dissociated ionic
system, calculated on the same integration mesh. The
dissociation energy (i.e., energy of dissociated atoms or
ions) is treated by the spin unrestricted formalism, as in
the above equation for the total energy.

The choice of the basis functions plays an important
role. In our calculations here, we use minimal atomic-
ionic solutions generated on a 300-point radial mesh. A
potential well is added to induce bound excited states.
The inner radius of the potential well is set at 4 a.u. with
the potential-well depth and the cutoff radius being —2.0
and 7.0 a.u., respectively. The value of the Slater ex-
change parameter « is fixed at 0.7. The orbital functions
assigned to different atoms are 1s2s2p for the vacancy,
[Ar]3d4s4p4d for cobalt and 1s2s2p3s3p for oxygen. The
1s orbital of oxygen and [Ne]3p orbital for cobalt are
treated as core orbitals. A thermal broadening of the oc-
cupation numbers f;, of 0.005 H is used to broaden the
self-consistent discrete cluster energy levels to get a con-
tinuous density of states.

III. RESULTS AND DISCUSSION

A. One-electron energies and charge distribution

CoO is known to be stable at 940 °C in air when decom-
posed from Co0304.2* Paidassi et al.? reported to coex-
istence of Co0304 and CoO in the temperature range
400-885 °C, but from 905 to 1350°C only CoO is present.
The cubic lattice parameter of the NaCl structure is taken
to be 4.26 A in the composition range x =0.001-0.05.2

To study the structural properties of an idealized
stoichiometric CoO lattice, we first focus our attention on
an eight-atom cluster Co4O4 and a larger 27-atom cluster
Co006C0,03 embedded in a CoO lattice. A diagonal
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TABLE I. Change distribution and spin density for Co404
cluster in T, symmetry. Net volume charges (by integration
over atomic Wigner-Seitz volumes): Co, 1.12 and O, —1.10.
Mulliken populations for charge and spin density.

Co 3d 7.10 2.79
4s 0.19 0.04
4p 0.25 0.11
4d 0.06 —0.01
Total 1.38 2.94
o 2s 1.83 —0.01
2p 4.56 0.26
3s 0.27 0.19
3p 0.70 0.12
Total —1.38 0.56

weighted Mulliken population analysis of the charge den-
sity?”?® reveals orbital occupation numbers and spins for
Co and O that closely resemble the chemical values for
free ions. The values are presented in Table I for the
Co404 cluster and in Table II for the CoO¢Co0,,05 cluster.

The total density of states obtained by broadening the
energy levels with a Lorentzian of 0.4 eV width [Fig. 1(a)]
shows an oxygen 2s band deep inside the valence band,
centered at —21.9 eV. The central band, centered at
—9.3 eV, is an admixture of 3d Co and 2p O. The Co 3d
contribution grows as we move towards the Fermi level.
The multiple humps above the Fermi level are diffuse
states due to the hybridization of Co 3d,4p and different
degrees of O 3s and 3p. This is again clearly seen if the

TABLE II. Charge distribution and spin density for
Co00¢C0,,03 cluster in O, symmetry. Net volume charge (by
integration over atomic Wigner-Seitz volumes): Co(1), 1.07;
0O(1), —0.98; Co(2), 1.24; and O(2), —1.25. Mulliken popula-
tions for charge and spin density.

Co(1) 3d 6.97 2.91
4s 0.26 0.03
4p 0.04 0.00
4d 0.06 —0.02
Total 1.67 2.93
Oo(1) 2s 1.97 —0.01
2p 5.53 0.13
3s 0.02 0.00
3p 0.19 —0.01
Total —1.72 0.11
Co(2) 3d 6.96 2.95
4s 0.22 0.02
4p 0.02 0.01
4d 0.04 —0.01
Total 1.75 2.97
0O(2) 2s 1.98 —0.01
2p 5.46 0.11
3s 0.03 —0.00
3p 0.24 —0.01
Total —1.71 0.11
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FIG. 1. (a) Total density of states for CosO4 cluster in the
self-consistent field. (b) Total density of states for the single va-
cancy cluster in the self-consistent field. (c) Total density of
states for the 2:1 defect cluster in the self-consistent field. (d)
Total density of states for the 4:1 defect cluster in the self-
consistent field.

partial density of states is plotted.

In the Co40y4 cluster all the cations are treated identi-
cally, each being coordinated to three cluster ligands and
three “‘external” anions. But when we go over to a 27-
atom cluster, the central cation, Co(1), is fully coordinat-
ed. The ionicities of Co(1) and O(1), as measured by Mul-
liken populations (Table II), increase as compared to the
Co0404 cluster calculation. The central cation has a net
spin of 3.1 ug. The ionicity of Co(2) turns out to be
slightly more than that of Co(1), with the same moment.
The experimental magnetic moment per Co ion obtained
from neutron diffraction measurements in the ordered
state is somewhat larger: 3.4up.?’ The total density of
states looks similar for both the clusters. The O 2s peak
lies approximately —20.8 eV below the Fermi level. The
central valence-band peak again is an admixture of O 2p
and Co 3d with the percentage of Co 3d contribution in-
creasing as we move toward the Fermi level. The 2p band
has an approximate width of 2.4 eV (full width at half
maximum) with the peak lying 6 eV below the d-state lev-
el. This is in close agreement with the photoemission ex-
periments where the p-band spectrum is about 3 eV wide
with the p-d band separation being ~3-5 eV.?°

The defect structure of Co;_,O as a function of tem-
perature and oxygen pressure were analyzed using the
point-defect model by Dieckmann® in his study of electri-
cal conductivity and cation tracer diffusion. The conduc-
tivity and thermoelectric power measurements of Lo-
gothetis and Park'# suggest that the major defects are not
simple vacancies. Vacancy aggregates are suggested, of
which the 4:1 cluster would be one of the favorite candi-
dates. The diffraction studies by Roth*® in wustite show a
similar situation where, apart from the iron vacancies,
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TABLE III. Charge distribution and spin density for
VOsCo01205 vacancy cluser in O, symmetry (¥ =vacancy). Net
volume charge (by integration over atomic Wigner-Sietz
volumes): V, —0.64; O(1), —0.75; Co(1), 0.97; and O(2), —1.31.
Mulliken populations for charge and spin density.

V 1s 0.09 -0.01
2s 0.02 0.00
2p 0.13 0.02
Total 0.02 0.01
o(1) 2s 1.85 0.00
2p 4.45 0.41
3s 0.17 0.02
3p 0.21 0.01
Total —0.68 0.44
Co(1) 3d 7.08 2.73
4s 0.26 0.03
4p 0.37 0.08
4d 0.16 —0.02
Total 1.13 2.83
0O(2) 2s 1.83 0.00
2p 4.49 0.05
3s 0.41 0.08
3p 1.01 0.09
Total —1.74 ~ 022
some ferric ions occupy interstitial tetrahedral sites.

Again, a cubic superlattice-generating cluster is observed
by Koch and Cohen®' in their x-ray diffraction work,
which identifies the presence of vacancies in nearest-
neighbor cation sites surrounding tetrahedral ions. We
start with a single vacancy and go over to the 4:1 cluster
via the 2:1 defect by systematic removal of Co ions from
the cluster. This will lead us to determine from a first-
principles model the relative stability of several of the
probable defect structures in Co;_,O.

The results for a single-vacancy cluster are shown in
Table III. V identifies the vacancy, which is seen to gath-
er a small amount of charge. The oxygen atom close to
the vacancy is less ionic than the ideal species. The aver-
age ionicity of the two types of O is, however, close to
that of Co, as demanded by charge neutrality.

The peak deep in the valence band is that of O 2s [Fig.
1(b)]. The O 2p peak is 1.3 eV below the Co 3d peak. In
transition-metal oxides with a partially occupied d”
configuration the metal d-s separation gives the band gap.
The Co 3d peak and the O 3s peak lie just below and
above the Fermi level respectively with an energy separa-
tion of ~4.9 eV. The metal 4s state is 5.3 eV above the
O 3s peak. So it is likely that the single-vacancy cluster
may behave like a semiconductor.

The volume charge and the Mulliken populations for
the charge and spin density for the 2:1 cluster are shown
in Table IV. Here Co(1) is the cation at the cube edge
and V identifies the vacancy. O(1) and O(2) correspond to
oxygen with cations and vacancy as nearest neighbors, re-
spectively, and Co(2) occupies the tetrahedral interstitial
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TABLE IV. Charge distribution and spin density for the
Co0,V,04Co 2:1 defect cluster in C,, symmetry. Net volume
charge (by integration over atomic Wigner-Sietz volumes):
Co(1), 0.92; ¥V, —0.56; O(1), —1.16; O(2), —0.83; and Co(2),
1.67. Mulliken populations for charge and spin density.

Co(1) 3d 7.28 2.54
4s 0.28 0.08

4p 0.32 0.15

4d 0.14 0.00

Total 0.98 2.77
vV 1s 0.03 —0.00
2s 0.01 0.00

2p 0.07 0.02

Total —0.11 0.02
o) 2s 1.82 —0.00
2p 4.66 0.18

3s 0.28 0.17

3p 0.57 0.12

Total —1.33 0.47
0(2) 2s 1.88 0.00
2p 4.54 0.42

3s 0.11 0.03

3p 0.55 0.11

Total —1.08 0.56
Co(2) 3d 6.49 3.10
4s 0.15 0.01

4p 0.24 0.03

4d 0.45 0.00

Total 1.61 314
TABLE V. Charge distribution and spin density for

Co V40, 4:1 interstitial defect cluster in T, symmetry. Net
volume charge (by integration over atomic Wigner-Sietz
volumes): Co, 1.95; ¥V, —0.56; and O, —0.76. Mulliken popu-
lations for charge and spin density.

Co 3d 6.95 2.84
4s 0.05 0.01
4p 0.19 0.02
4d 0.04 0.03
Total 1.76 2.90
| 4 s 0.00 —0.04
2s 0.03 0.00
2p 0.11 0.02
Total —0.13 —0.01
(¢} 2s 1.90 0.01
2p 4.57 0.50
3s 0.01 0.01
3p 0.69 0.15
Total —1.17 0.68
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site. The ionicity of Co(2) is almost 1.6 times that of
Co(1), about the same ratio expected for 3+ to 2+ for-
mal valency. The ionicity of O(2), close to the vacancy, is
less compared to O(1) as expected from the monovacancy
results. The vacancy collects a little charge again, about
0. le.

Figure 1(c) shows the total density of states for a 2:1
cluster. The O 2s band deep in the valence band is cen-
tered at — 16 eV. The central band centered around —3
eV is mostly due to Co 3d and O 2p. The Co 4s,4p levels
combine with O 3s,3p levels giving rise to multiple peaks
above Ep.

Finally, in the 4:1 complex we have a central cation sit-
ting in the center of the cube with four nearest O and four
metal vacancies. The resulting populations and charges
are shown in Table V. The net spin on the Co is 2.9upg,
slightly larger than at the ideal octahedral site. The va-
cancy extended wave function V 2p picks up more charge
compared to the V' 1s state. This diffuse p function is ap-
parently able to provide some of the directional polariza-
tion useful in stabilizing the defect.

B. Binding energies

We now look into the binding energy of different clus-
ters. The eight-atom perfect cluster, Co4O4, has a binding
energy of —13.3 eV per cation-anion pair at the experi-
mental bulk lattice constant, which is comparable to that
of the experimental value of —17.5 eV.’? The metal-
oxygen distance when varied predicts the (local) theoreti-
cal lattice constant to be 4.16 A (2-3 % reduced from
the experimental value) corresponding to an energy of
—14.5 eV (Fig. 2).

To obtain an energetically favorable structure, a de-
tailed study of the geometry of different defect structures
is needed. The binding energies calculated here for isolat-
ed defects of different shapes and sizes can be intercom-
pared via the binding energy per net number of vacancies.
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FIG. 2. Binding energy in idealized CoO vs lattice parameter.
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FIG. 3. Relative binding energy per net number of vacancies

for various defects of different geometry.

The energies are plotted in relative scale with the ideal
Co40; cluster (no vacancy and no interstitial) as a refer-
ence point for vacancies of different order and different
vacancy-interstitial ratios. In the process of removing one
metal ion after another, we find a dip in energy for the 1:0
cluster, a local minimum (Fig. 3) showing relative stabili-
zation over other vacancies of different order. Other light
transition-metal oxides like TiO and VO also show a
stable configuration with a single cation vacancy before
going over to more complicated ordered structures at par-
ticular compositions.>*~*® The dip in energy for the 1:0
configuration suggests the reason for success of single-
vacancy models used to analyze many experimental re-
sults in the past.

Many experiments also indicate that Co’* goes into the
tetrahedral site. Our calculated ionicities for Co at a
tetrahedral site show an increase as we go from the 2:1 to
the 4:1 cluster showing the correct trend. However, the
full formal valency is never obtained. When a Co ion is
forced into the tetrahedral site of a stoichiometric CoO
lattice and the cations from the octahedral sites are re-
moved, we get nonbonding repulsion for the no-vacancy
(0:1) and one-vacancy (1:1) cases. The same is the case
with one and two oxygen vacancies. The energy decreases
slightly for the 2:1 defect but then shows a sudden de-
crease for the 4:1 cluster as we go through 3:1. The ener-
gy of the 4:1 cluster is even lower than the single-vacancy
case. This leads us to suppose that with cation vacancy
creation under oxygen pressure it is the single vacancy
which is first created and then the system evolves to an
even more stable 4:1 defect configuration.
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An extensive study of the nonstoichiometric Fe,;_,O by
Press and Ellis*! using the embedded-cluster approach
within the Hartree-Fock-Slater Xa formalism show that a
tetrahedral “ferric” species in the interstitial site stabilizes
the defect structure to a greater degree than any combina-
tion of vacancies and octahedral Fe’*. The cluster bind-
ing energies indicated greater stability over the simple
combinational clusters with a single tetrahredral Fe’*.
Of the larger aggregates, the 7:2 (110) cluster exhibited
maximum stability. This led us to study the 7:2 (110)
cluster of Co;_,O. The binding energy is lower than
(higher in magnitude) both the single vacancy and the 4:1
configuration. Thus edge sharing of the 4:1 cluster does
not appear to be energetically favorable in Co;_,O. But
the basic mechanism of the formation of defects with
M?*T octahedral vacancies surrounding a tetrahedral M3+
interstitial is found to be similar for Fe;_, O (Refs. 31 and
41-46) and Co;_,O. According to the existing litera-
ture*® larger aggregates of the 4:1 cluster in Co,_,O do
not show up as in the case of Fe; _,O.

IV. CONCLUSIONS

The point-defect model was used initially to analyze ex-
perimental data to understand the nature of defect struc-
ture in CoO. With further experimentation more compli-
cated defect structures were suggested but the true nature
of defect structure is still unresolved. A DV-SCF model
was used here to calculate, theoretically, the charges, den-
sity of states, and the binding energy for the perfect crys-
tal and certain defect clusters. The magnetic moment of
the perfect cluster agrees well with that found from neu-
tron diffraction. Our calculated ionicities for the
tetrahedral interstitial Co increase as we go from the 0:1
to 2:1 to the stable 4:1 defect structure. This is in agree-
ment with various experimental interpretations where
Co*™ is predicted at the interstitial tetrahedral site. The
binding energy reveals a local minimum for the 1:0 lattice
vacancy indicating how the point-defect model could pre-
viously explain some of the experimental results. In ex-
amining stability of various defect structures, we find that
the 4:1 defect structure has a remarkable dip in energy.
Of the larger aggregates, the 7:2 cluster exhibits maximum
stability for Fe;_,O. Our calculations show no such sta-
bility of the 7:2 cluster as compared to the simple isolated
clusters with single tetrahedral Co®**. This leads us to
suppose that a single vacancy is created first and then the
system stabilizes in the 4:1 defect configuration.
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