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Ab initio calculated Hellmann-Feynman forces were used to investigate an influence of vacancies on the
lattice dynamics of a charge-transfer insulator CoO. Electron correlations were taken into account by applying
the Hubbard potential U and the exchange interaction J. Vacancies of concentrations of 3% and 6% were
introduced into the cobalt sublattice. For structures with defects the phonon density of states and the phonon-
dispersion relations were calculated. Vacancies influence predominantly the optical phonon vibrations. The
increasing nonstoichiometry decreases the TO frequencies and increases the LO frequencies, while the long-
wavelength acoustic phonons do not experience changes. The mean-squared vibrational amplitudes of both
cobalt and oxygen increase with the increasing concentration of cobalt vacancies. Results of the calculations
are compared to the existing experimental data.
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I. INTRODUCTION

Point defects �vacancies and impurities� can directly af-
fect various features of the materials. Therefore, a good un-
derstanding of the host-matrix properties modified due to the
incorporated defects is desired. On the other hand, experi-
mental methods are very often unable to determine precisely
some electronic and dynamical quantities of compounds
which experience changes upon the point defect implemen-
tation.

Electronic structure and magnetic properties of simple 3d
transition-metal oxides �NiO, CoO, FeO, and MnO� have
been extensively studied by ab initio methods and most of
these investigations were devoted to defect-free systems.1–4

Calculations performed for defected NiO and MnO crystals
indicate a vacancy-induced half metallicity of these
compounds.5 Electronic structure of cation-deficient CoO has
been a subject of ab initio calculations as well.6 It was found
that cation vacancies are responsible for the creation of triva-
lent cobalt ions within the CoO lattice. Trivalent cations arise
from the charge-transfer process which converts initial diva-
lent cobalt to trivalent state. Trivalent cobalt ions introduce
acceptor states into the band gap of the CoO matrix.

An ab initio method could be used to study an influence
of the point defects, such as cation vacancies, on the lattice
dynamics. Such theoretical investigations employed to
strongly correlated systems are a challenging research sub-
ject. For these systems the complicated electronic structure,
extensive ionic relaxations, and electronic structure modifi-
cations in the presence of vacancies are still demanding tasks
for ab initio methods. Moreover, the difficulties arise also
from the highly correlated nature of electron interactions,
namely, strong on-site Coulomb repulsions between 3d elec-
trons, which govern both the electronic structure and lattice
dynamics of the 3d transition-metal oxides.7–9

Typically, in the density-functional theory, interactions
between correlated states are described by the Hubbard en-
ergy U and the Hund local exchange interaction J.1,2 Using
appropriate U and J terms, one could predict the correct
ground state of the stoichiometric CoO and properly describe
the vibrational properties of its lattice.10

The phonon calculations of CoO with U=0 eV and J
=0 eV are unsuccessful. An approach which neglects on-site
interactions leads to an appearance of metallic ground state
of the CoO crystal and unphysical imaginary phonon fre-
quencies. These soft modes indicate that a metallic state of
CoO is not a ground state of this crystal. Such artificial
modes arise from the underestimated Hellmann-Feynman
�HF� forces when no repulsion in the 3d shell allows the
charge to flow freely. The presence of the soft modes dis-
ables to compute any phonon-dependent thermodynamical
functions due to the negative values of the phonon density of
states. Note that for a metallic state no LO-TO splitting ex-
ists.

Paramagnetic CoO has the NaCl-type crystal structure

�space group Fm3̄m� with a lattice constant of 4.2614 Å
�Ref. 11� and becomes antiferromagnetically ordered below
the Néel temperature of about 291 K. Cobalt oxide exhibits a
second kind of antiferromagnetic ordering �AFII�, i.e., the
magnetic structure consists of ferromagnetic �111� sheets
with adjacent planes having opposite spin directions.12,13 The
spin-up and spin-down cobalt ions constitute two ferromag-
netic sublattices, and hence the AFII supercell is twice as
large as the crystallographic fcc unit cell. At the onset of
magnetic ordering, CoO experiences a small tetragonal dis-
tortion �c /a=0.988� which is accompanied by a rhombohe-
dral distortion11 with the angle of the pseudocubic cell of
89.962°. Density-functional theory corrected for the strong
electron correlations indicates that, in the ground state, CoO
is a charge-transfer insulator14 with the experimental energy-
band gap of about 2.5–2.8 eV.15

In general, CoO is a nonstoichiometric metal-deficient
oxide.16,17 The cobalt deficiency depends on temperature and
external oxygen partial pressure. There are practically no co-
balt interstitials and the oxygen sublattice is almost perfectly
ordered.18 The concentration of cobalt vacancies ranges from
0.1% to 3%.19 Vacancies are believed to stay in uncharged or
charged state.16 Uncharged Co vacancies are accompanied by
trivalent cobalt ions. Therefore, a defect electronic band can
be composed of trivalent Co ions, uncharged Co vacancies,
and singly and doubly charged cobalt vacancies. Uncharged
vacancies are able to accept up to two electrons. Trivalent
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cobalt ions and uncharged vacancies are acceptors, doubly
charged vacancies are donors, while singly charged vacan-
cies can be either acceptors or donors. On the other hand,
CoO is able to accommodate a variety of trivalent impurities
which are likely to associate strongly with their charge com-
pensating cation vacancies.20

The paper is aimed at the study of an influence of point
defects such as cationic vacancies on the lattice dynamics of
charge-transfer insulator CoO. It is expected that the vibra-
tional dynamics of the nonstoichiometric lattice may be dif-
ferent from the dynamics of the perfect lattice. This is an
attempt to study the lattice dynamics of a real system con-
taining some imperfections. The present computational study
may stimulate further theoretical and experimental investiga-
tions in this research field.

II. COMPUTATIONAL DETAILS

A supercell approach was used to model a nonstoichio-
metric CoO containing cobalt vacancies. One has to note
that, within such approach, calculation of low defect concen-
trations is still limited to a few percent.

The AFII supercell of the defect-free CoO �space group

R3̄m� contains 64 atoms. The spin-up and spin-down sublat-
tices are symmetric and distinguished from each other only
with respect to the orientation of cobalt magnetic moments.
Hence, no sublattice is preferred to create a vacancy and
introducing one vacancy into the first or to the second sub-
lattice having the reversed spin direction gives the same ef-
fect.

A neutral vacancy was created by removing one Co atom
having fractional coordinates of � 1

2
1
2

1
2 � from the AFII super-

cell. Since we use a supercell concept, the concentration of
periodically distributed vacancies leads to the nonstoichio-
metric oxide Co0.97O. The crystal Co0.94O with a doubled
vacancy concentration was constructed in the similar man-
ner. Two neutral Co atoms located at � 1

2
1
2

1
2 � and � 1

2
1
20� posi-

tions of the AFII supercell were removed. These vacancies
are separated by a crystallographic lattice constant and reside
in the ferromagnetic sublattices having opposite spin orien-
tations. The Co0.94O supercell has both cationic sublattices
equally defected and the spin-up and spin-down ferromag-
netic sublattices are symmetric. The majority-spin compo-
nent on one cobalt sublattice is the minority-spin component
on the other cobalt sublattice. CoO crystals with 3.125% and
6.250% vacancy concentrations, denoted further as 3% and
6%, were represented by supercells consisting of 63 and 62
atoms, respectively. Two primitive cells containing 31 atoms
each build up the Co0.94O supercell. The Co0.97O and Co0.94O
structures contain 12 and 13 crystallographically nonequiva-
lent atoms, respectively.

Calculations have been performed using the plane wave
basis VASP code21 which implements spin-polarized density-
functional theory. Atoms were represented by projector-
augmented wave pseudopotentials �PAWs�.22 The valence
electrons of cobalt and oxygen were described by the poten-
tial configurations �3d84s1� and �2s22p4�, respectively.
Gradient-corrected exchange-correlation functional PW91
�Ref. 23� was used and the plane waves were expanded up to

energies of 520 eV. Effects of electron correlation beyond
generalized gradient approximation �GGA� were taken into
account within the framework of GGA+U and the simplified
�rotationally invariant� approach of Dudarev et al.2 The Cou-
lomb repulsion U=7.1 eV and the local exchange interac-
tion J=1 eV were applied to describe the on-site interactions
in the cobalt 3d shell. These values lead to the energy gap for
undefected CoO of 2.77 eV,10 which stays in a good agree-
ment with the experimental energy gap of 2.5–2.8 eV.15 It
should be noted that supercell optimizations were performed
for U ranging from 1 to 9.1 eV and with J=1 eV. The lattice
constant shows a weak dependence on U, in contrast to the
energy gap, which is very sensitive to the choice of U.10 All
energies U, which are smaller than 5 eV, considerably under-
estimate the energy gap. The energy U=1 eV corresponds to
the GGA limit at which the energy gap vanishes and CoO
becomes a metal. The magnetic moment behaves smoothly
versus U and changes by �17% throughout the entire U
range, reaching 2.74�B for U=7.1 eV.10 Comparing the lat-
tice constant, magnetic moment, and the energy gap of CoO
with the available theoretical and experimental data, one
finds U=7.1 eV as the most appropriate value to be used in
further detailed calculations. It should be noted that U
=7.8 eV and J=0.78 eV were obtained by Anisimov et al.1

When U=7.1 eV is applied, the calculated phonon-
dispersion curves for defect-free CoO reproduce the inelastic
neutron-scattering data24 with a reasonable accuracy.

The Brillouin zone was sampled using 2�2�2 k-point
mesh generated by the Monkhorst-Pack scheme.25 A combi-
nation of conjugate gradient energy minimization and a
quasi-Newton force minimization was used to optimize ge-
ometry and the atomic positions of the supercell. The forces
acting on each atom of the supercell were minimized down
to 10−5 eV /Å, while the differences in the total energies
between two successive electronic iterations were required to
be less than 10−7 eV.

The phonon-dispersion relations and the vibrational den-
sity of states for each nonstoichiometric system have been
calculated within the harmonic approximation and by using
the direct method26,27 based on the forces calculated via
Hellmann-Feynman theorem. The nonvanishing HF forces
Fi�n ,�� acting on the atoms �n ,�� in the supercell are gen-
erated when a single atom �m ,�� is displaced from its equi-
librium position. The following relation between the dis-
placements uj�m ,�� and the forces Fi�n ,�� applies:

Fi�n,�� = − �
j

�ij�n,�,m,��uj�m,�� , �1�

where �ij�n ,� ,m ,�� are the force constants. Taking into ac-
count the crystal symmetry, �ij�n ,� ,m ,�� are fitted to the
HF forces by singular value decomposition algorithm. Those
force constants are used to construct the dynamical matrix of
the system, D�k�, which depends on the wave vector k. Di-
agonalization of D�k�,

�2�k, j�e�k, j� = D�k�e�k, j� , �2�

leads to the eigenvalues ��k , j� and the eigenvectors e�k , j�,
which represent the frequencies and polarization vectors of
phonons, respectively. Here, the mode index j distinguishes
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between the phonon branches at the given wave vector k.
For ionic and covalent crystals, the splitting between

transverse-optic �TO� and longitudinal-optic �LO� modes due
to the coupling between atomic displacements and a long-
range macroscopic electric field is calculated via the nonana-
lytical term added to the dynamical matrix.28 The nonanalyti-
cal contribution depends on the Born effective charge tensor
and the high-frequency dielectric constant ��.

The partial phonon density of states describes the contri-
bution to the density of states for the selected atom � vibrat-
ing along a selected Cartesian coordinate i. It is defined as

gi,���� =
1

nd	�
�
k,j

�ei�k, j ;���2
	�„� − ��k, j�… , �3�

where ei�k , j ;�� is the ith Cartesian component of the eigen-
vector of the mode �k , j� for the atom �, 	� denotes the
frequency interval, n is the number of sampling wave-vector
points, d stands for the dimension of D�k�, while 
	��x�
equals 1 if �x��	 /2; otherwise, it is equal zero. The total
vibrational density of states can be obtained as g���
=�i,�gi,����.

In the present calculations, the HF forces were generated
by displacing each crystallographically nonequivalent atom
from its equilibrium position by 0.03 Å in all three Cartesian
directions. Both positive and negative displacements were
applied to minimize the systematic errors. The number of
calculated displacements was equal to 72 and 78 for struc-
tures with 3% and 6% vacancy concentrations, respectively.

The Born effective charges for cobalt and oxygen �Z��
=2.06 have been adopted from Ref. 10. They have been es-
timated for stoichiometric CoO using the q→0 limit tech-
nique and the Lyddane-Sachs-Teller relation �LO

2 −�TO
2

��Z��2 /��, taking ��=5.3 from Ref. 29, experimental �LO
=15.75 THz from Ref. 24, and the calculated �TO
=10.25 THz.

III. RESULTS AND DISCUSSION

In the present paper we limit our consideration to har-
monic phonons. A typical approach to lattice dynamics
makes use of the periodic symmetry of a crystal, so that the
phonon modes are given within the primitive unit cell. By
solving the dynamical matrix D�k� one obtains 3N phonon-
dispersion curves, where N is the number of atoms in the
primitive unit cell. It is worthwhile to stress that a selection
of the primitive unit cell as a crystalline unit is a convention.
One may select a larger crystal unit cell, being a multiplica-
tion of the primitive one, and call such a cell a supercell.
There are several consequences of such a selection: �i� the
dimensions of the dynamical matrix increase to three times
the number of atoms in the supercell, �ii� the number of
phonon-dispersion curves increases correspondingly, and �iii�
the size of a new Brillouin zone conjugated with the super-
cell shrinks. For example, the primitive unit cell of CoO
contains two atoms, while the supercell of 2�2�2 size of
the crystallographic unit cell consists of 2�2�2�4�2
=64 atoms, where 4 stands for the volume increase from the
crystallographic to primitive cubic unit cell. Therefore, a new

Brillouin zone shrinks and for such Brillouin zone the num-
ber of phonon-dispersion curves is raised to 192. Since this
new Brillouin zone is also periodic and fills the reciprocal
space, it would mean that, by a simple selection of a different
kind of a unit cell, we blow up the number of phonon-
dispersion curves. This is, of course, not true, as there are
only six phonon-dispersion curves in the whole reciprocal
space. The above discussion does not take into account the
phonon form factor, which enters any scattering experiment.
This form factor determines whether a given mode is a real
and observable phonon mode or is a fake mode which is
experimentally never seen. The simplest form factor has the
following form:

F�p��k, j� =
1

k2��
�

k · e�k, j ;��
�M�

�2

, �4�

where M� is the mass of the �th atom involved in the j
phonon branch at the wave vector k. The form factor
F�p��k , j� occurs in the dynamical structure factor which de-
fines the intensity of one-phonon coherent neutron or x-ray
scattering. For all fake phonons, F�p��k , j�=0.

One may ask about the advantage of the description of
phonon modes within a supercell. The advantage can be seen
immediately if one inserts into a supercell a point defect,
e.g., a vacancy. Then, the symmetry of the original crystal
lowers and the supercell becomes a primitive unit cell. This
means that the original symmetry is broken and some fake
phonon modes may become visible. It is an important effect.
Those arisen modes, i.e., fake modes which exhibit now the
nonvanishing intensities, carry on an information on the de-
fect and the defect’s surrounding vibrations. It is known that
point defects, even in the harmonic approximation, affect the
phonon vibrations, and therefore an appearance of the addi-
tional modes reflects an influence of the point defect, includ-
ing a vacancy, on the lattice dynamics.

For general discussion the form factor �Eq. �4�	 is not
always the most convenient since its value depends on the
crystal orientation with respect to the momentum transfer. A
more convenient quantity, called here a filter, which indicates
the real occupation of the phonon branches, can be obtained
by averaging the form factor �4� over all possible relative
orientations between k and e�k , j ;��. This averaging de-
noted by d� leads to the following expression:



�

d� F�p��k, j� =
1

3
F�s��k, j� , �5�

where F�s��k , j� has the following form:27

F�s��k, j� = ��
�

e�k, j ;��
�M�

�2

. �6�

Filter F�s��k , j� represents an intensity of a given phonon
mode and allows to estimate the relative intensities of all
modes across a variety of Brillouin zones. It is able to re-
move most of the unessential phonon branches carrying very
low intensities. A filtering procedure is not so unusual. It has
been already used in elaboration of the molecular-dynamics
simulation of crystalline ammonia.30
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Here, the perfect CoO shows six phonon branches.10 The
supercells for Co0.97O and Co0.94O have N=63 and N=31
atoms, and therefore they exhibit 189 and 93 phonon
branches, respectively. All phonon-dispersion curves are
drawn in reciprocal space to which we have adopted the
notation of high-symmetry points from fcc Brillouin zone.

The phonon-dispersion relations along high-symmetry di-
rections of the Brillouin zone for the stoichiometric CoO are
shown in Fig. 1. The low-temperature �110 K� data obtained
by the inelastic neutron scattering24 are shown for compari-
son as well. The infrared-active mode splits to �TO
=10.25 THz and �LO=15.75 THz. The frequency �TO is
very close to the experimentally determined values of 10.50
THz �Ref. 24� and 10.40 THz.29

The filter proposed above �Eq. �6�	 was applied to defect-
free CoO and the resulted intensities of the normal modes are

shown in Fig. 1. Maximal value of F�s��k , j�, which corre-
sponds to the highest intensity, was set to 100%. It can be
seen in Fig. 1 that neutron-scattering data gather close to the
branches having intensities higher than 30%.

For supercells with one and two vacancies, the phonon-
dispersion relations, displayed using filter F�s��k , j�, are
shown in Fig. 2 and Fig. 3, respectively. Only the modes
having intensities higher than 5% are plotted. Some phonon
branches show discontinuities which arise from the 5% cut-
off of the applied filter. One has to notice that majority of
phonon peaks is very weak in comparison to the intensity
observed for the perfect CoO lattice. This could be under-
stood as a manifestation of the broadening of phonon peaks
due to the interaction with vacancies. The vacancies perturb-
ing the lattice periodicity are natural obstacles for the phonon
propagation throughout the lattice. Hence, perturbed are pre-
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FIG. 1. �Color online� Phonon-
dispersion relations for stoichio-
metric CoO obtained from ab ini-
tio calculations in Ref. 10 �thin
solid line�, experimental data
measured by inelastic neutron
scattering in Ref. 24 �open sym-
bols�, and dispersion curves inten-
sities �color symbols given in the
legend�. The legend gives the lin-
ear scale of the intensity deter-
mined by the filter �Eq. �6�	 for
each phonon mode. 100% was as-
signed to the most intense phonon
mode. The modes with intensities
below 5% are not shown. The
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according to fcc Brillouin zone of
the cubic phase.
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FIG. 2. �Color online� �a�
Phonon-dispersion curves for
Co0.97O shown as intensities de-
fined by Eq. �6�. See Fig. 1 for the
legend. Phonon-dispersion rela-
tions for stoichiometric CoO ob-
tained in Ref. 10 are shown for
comparison as thin solid lines. �b�
Phonon density of states for
Co0.97O �color curve� and for stoi-
chiometric CoO �black curve�.
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dominantly phonons with wavelengths comparable to the
size of the region disturbed by the vacancy. These wave-
lengths correspond to the reciprocal lattice points X, L, and
W. This effect would be smeared out if defects were distrib-
uted randomly.

The cobalt vacancy in CoO gives rise to an appearance of
additional modes. Indeed, the oxygen atoms around the va-
cancies have less cobalt neighbors in the first coordination
sphere, and hence the effective force constants are changed.
These additional oxygen vibrations due to a smaller mass of
oxygen are mainly located at the higher frequencies. It can
be noticed in Figs. 2 and 3 that TO frequencies at  point
decrease with an increase in vacancy concentration. For non-
stoichiometric and perfect CoO the TO frequencies at the
Brillouin-zone center are collected in Table I. The frequen-
cies were estimated using the modes with intensities higher
than 50%. Table I compares the estimated frequencies with
the experimental data obtained from neutron scattering24 and
infrared-absorption spectroscopy.29 Assuming that �� and
�Z�� depend very weakly on the presence of vacancies, one
may estimate the frequency of the LO mode and calculate
the LO-TO splitting which amounts to 6.06 and 6.47 THz for
Co0.97O and Co0.94O, respectively.

The main contribution to the high-frequency part of the
acoustic phonons comes from the cobalt sublattice, while the
high-frequency optical phonons are dominated by the dy-

namics of the light oxygen atoms.10 For small wave vectors,
the acoustic branches of nonstoichiometric crystals remain
sharp and stay very close to the acoustic branches of the
vacancy-free crystal. Such a behavior is expected as the
long-wavelength phonons are insensitive to point defects.
Both transverse and longitudinal modes become broader
while approaching the Brillouin-zone boundaries. For the
structure with 3% vacancies the frequency smearing at the
edges of the Brillouin zone reaches 1 THz while the crystal
with 6% vacancies exhibits about 30% larger smearing.

Figure 4 shows the essential differences in the oxygen
partial phonon densities of states. These densities were cal-
culated according to Eq. �3� and they are due to the oxygen
atoms being the nearest neighbors to the vacancy. They are
compared to the partial phonon density of states of those
oxygen atoms which surround the cobalt in the defect-free
CoO. It can be seen that vacancies affect mostly the spectra
of the highest frequencies belonging to the longitudinal-optic
modes. The oxygen atoms surrounding defects are found to
introduce to the density of states much more high-frequency
modes as compared to the fully coordinated ions. No signifi-
cant change in the phonon density of states of the low-
frequency acoustic region is observed.

Knowledge of the phonon density of states allows us to
establish thermodynamic functions. For example, the heat
capacity at low temperatures can be affected by the presence
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FIG. 3. �Color online� �a�
Phonon-dispersion curves for
Co0.94O shown as intensities de-
fined by Eq. �6�. See Fig. 1 for the
legend. Phonon-dispersion rela-
tions for stoichiometric CoO ob-
tained in Ref. 10 are shown for
comparison as thin solid lines. �b�
Phonon density of states for
Co0.94O �color curve� and for stoi-
chiometric CoO �black curve�.

TABLE I. -point optical frequencies ��TO and �LO� for nonstoichiometric and stoichiometric CoO. The
static dielectric constant ��=5.3 and the Born effective charges �Z��=2.06 were taken to calculate �LO.
Theoretical results for stoichiometric CoO are adopted from Ref. 10.

Theoretical Neutron scattering Infrared spectroscopy

CoO Co0.97O Co0.94O Ref. 24 Ref. 29

�TO �THz� 10.25 9.81 9.61 10.50 10.40–10.49

�LO �THz� 15.73 15.87 16.08 15.75 16.30–16.40

LATTICE DYNAMICS OF COBALT-DEFICIENT CoO FROM… PHYSICAL REVIEW B 78, 224114 �2008�

224114-5



of vacancies. One should remember however that at low tem-
peratures the heat capacity of CoO is dominated by a mag-
netic contribution.31

A diffraction scattering intensity contains the Debye-
Waller factor defined as exp�−W��k��, where

W��k� =
1

2
�2�k · B��� · �2�k�	 . �7�

B��� represents the static correlation function of displace-
ment U��� of the �th atom from its equilibrium position and
it is a second-rank symmetric tensor having the following
components:

Bij��� = Ui���Uj���� . �8�

B��� represents the mean-squared displacement �MSD� of
the atom � and it is expressed by the diagonal and off-
diagonal partial phonon densities of states gil,���� taking on
the following form:27

Bil��� =
�r

2M�



0

�

d� gil,�����−1 coth� ��

2kBT
� , �9�

where � is the Planck’s constant, kB denotes the Boltzmann
constant, and T is the temperature. Symbols M� and r denote
the mass of the atom � and the number of degrees of free-
dom in the primitive unit cell, respectively.

The average mean-squared amplitude of atomic vibrations
versus temperature is shown for stoichiometric and nonsto-
ichiometric CoO in Fig. 5. Calculations are compared to
MSD determined by -ray11 and x-ray32 experiments. The
x-ray data are significantly higher than the -ray data and
our theoretical results. It was suggested11 that either the lack
of thermal diffusive scattering or the monochromator applied
could account for the observed discrepancy. In the entire
temperature and stoichiometry ranges, cobalt atoms show
lower vibrational amplitudes as compared to oxygen atoms,

reflecting the mass difference between cobalt and oxygen. At
low temperatures both constituents of the defected lattices
show about 5% larger vibrational amplitudes as compared to
the MSD of the perfect lattice constituents �see Table II for
details�. On the other hand, the difference in MSD between
structures containing 3% and 6% vacancies is negligible at
low temperatures and it becomes more significant at elevated
temperatures. The MSD increases with the increasing nons-
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data �Ref. 32� are denoted by open squares and down triangles for
cations and anions, respectively.

U. D. WDOWIK AND K. PARLINSKI PHYSICAL REVIEW B 78, 224114 �2008�

224114-6



toichiometry and temperature. For cations and anions the
change in MSD with the increasing temperature is given in
Table II by the respective MSD slopes calculated for tem-
peratures exceeding 300 K. Vibrational amplitudes of cobalt
atoms in Co0.97O and Co0.94O are 13% and 22% higher than
those experienced in stoichiometric CoO. The oxygen moves
more freely giving the increase in MSD of 19% and 23% for
structures with 3% and 6% vacancies, respectively. The
mean-squared displacements of ions being more distant from
the vacancy saturate to the MSD values corresponding to the
ideal crystal sublattices.

IV. SUMMARY

A supercell approach was used to model a structure of
CoO crystal containing vacancies. The lattice dynamics of
CoO with 3% and 6% cation vacancies has been studied
within the harmonic approximation and by the direct method.
The phonon density of states and the phonon-dispersion re-
lations were obtained for Co0.97O and Co0.94O. They were
compared to those obtained for stoichiometric CoO. To ana-
lyze the numerous phonon-dispersion curves, a filter which
enables to remove the fake phonon branches was applied. It
allowed us to present the phonon-dispersion curves to be
more close to the dispersion relations of a real defected
sample.

Vacancies influence primarily the optical phonon region,
while the long-wavelength acoustic phonons are practically
not affected by defects. Therefore, a small concentration of

defects does not disturb those crystal properties which are
due to the low-frequency acoustic phonons. The slight soft-
ening of TO modes and hardening of LO modes with in-
creasing nonstoichiometry are observed. The optical phonon
band of structures with vacancies is much more broadly dis-
tributed than the respective band of a perfect structure. Oxy-
gen atoms surrounding vacancy experience larger MSD than
the respective ions having the saturated bond. The average
mean-squared vibrational amplitudes of the ions constituting
particular sublattices of CoO increase with the increasing
vacancy concentration. The intensity of the scattered radia-
tion from the defected structure decreases due to the lower
values of the Debye-Waller factors.

One has to note that the present calculations are done for
a crystal with quite high vacancy concentrations. Therefore,
a signal from such a system can be enhanced as compared to
the signal from nearly stoichiometric sample. For low va-
cancy concentrations the signal from defects is possibly hid-
den in the experimental spectra of CoO, and hence further
experimental verification is required.
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