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A model of the atomic structure with the short-range order in the vacancy distribution for the disordered cubic
phase of titanium monoxide TiO, ; has been proposed. The effect of the short-range order on the electronic
structure and the stability of the compound has been studied by the supercell method within the DFT-GGA
approximation with the use of pseudopotentials. It has been established that the appearance of the short-range
order considerably decreases the total energy. The decrease in the energy is comparable with the energy gain
during the ordering of the vacancies according to the type of monoclinic superstructure Ti;O5 to the long-range
order parameter n = 0.7. It has been shown that the discrepancies between the theoretical and experimental
electronic spectra of titanium monoxide can be explained by allowance for the short range order.
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Oxides, carbides, and nitrides of transition metals
having a wide range of homogeneity at high tempera-
ture owing to the high concentration of structural
vacancies are conventionally singled out into a sepa-
rate class of strongly nonstoichiometric compounds
[1]. An important feature of such compounds is the
atomic-vacancy ordering, which leads to the forma-
tion of new phases. The effect of ordering on the prop-
erties of the compound in some cases is comparable
with the effect of nonstoichiometry. The structures of
the ordered phases have been studied rather thor-
oughly to date. Their description can be found in [1].

At the same time, the features of the structure of
the disordered phases have been studied insufficiently.
The assumption that the vacancies are distributed sta-
tistically in the disordered phases, i.e., the short-range
order is absent, is used most often. However, this
assumption is not substantiated theoretically and
experimentally. Effects of diffuse scattering indicating
the existence of the short-range order were found in
experiments on X-ray and electron diffraction on the
samples of the disordered oxides, carbides, and
nitrides of transition metals [2—6]. However, no mod-
els of the disordered structures with the short-range
order were proposed. The effect of the appearance of
the short-range order in the distribution of vacancies
on the properties of strongly nonstoichiometric com-
pounds remains unknown.

This work is aimed at the simulation of the short-
range order in the distribution of vacancies for the dis-
ordered cubic phase of titanium monoxide of the equi-

atomic composition TiO, , and the study of the effect
of the short-range order on the electronic structure
and total energy of this compound.

It is known that titanium monoxide TiO,, has the
basic structure of the Bl type. In contrast to the major-
ity of other strongly nonstoichiometric compounds, it
contains vacancies in both metal and nonmetal sublat-
tices. In the case of equiatomic composition (y = 1.0),
their fraction is about 15% in each sublattice [7—10].
The concentration of vacancies can be decreased only
by annealing at high pressures and temperatures [11].
Vacancies can be distributed over the sites of the basic
structure regularly or randomly. The disordered state is
thermodynamically equilibrium at temperatures above
1263 K. The ordered state is formed as a result of slow
annealing at temperatures below 1263 K [8, 9]. It was
earlier accepted that the ordering of vacancies in tita-
nium monoxide of the stoichiometric composition
leads to the formation of only the monoclinic ordered
phase, considered in detail in [§—10]. In [12], an alter-
native variant of the ordering was analyzed and the
model of the ordered phase with the cubic symmetry
was proposed.

All these features make titanium monoxide the
most interesting object among other strongly nonsto-
ichiometric compounds for the study of the features of
the ordering, simulation of the short- and long-range
orders, and analysis of the effect of the ordering on the
properties of the compound.

The high concentration of vacancies makes it pos-
sible to use the supercell method when studying the
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Fig. 1. Models of the structure of (a, b) the disordered cubic phase with the short-range order and (c) the ordered monoclinic
phase. Solid bold lines show titanium—oxygen pairs of vacancies in separate clusters. Dashed bold lines are pairs of vacancies dis-
tributed between clusters. Each vacancy in the ordered structure (c) has four neighboring vacancies in the third coordination
sphere. Vacancies in structures (a) and (c) are located at a distance larger than the radius of the first coordination sphere. Each
vacancy in the structure (b) has only one neighboring vacancy in the first coordination sphere.

electronic structure of the compound with the short-
range order. In turn, this allows the application of the
most exact and convenient approaches on the basis of
the density functional theory and pseudopotentials.

When building the model of the structure with the
short-range order, first of all it is necessary to solve the
problem of what correlations and in what coordination
spheres they arise between defects. The simplest variant
is to take into account only the pair correlations at
short distances. In this case, this is the interaction
between the titanium vacancy and the oxygen vacancy
in the vacancy—vacancy pair. The distance between
vacancies in the pair can differ. The concentration of
defects in titanium monoxide is so high that most of the
vacancies of one of the sublattices have at least one
neighboring vacancy at the distance corresponding to
the radius of the first or third coordination sphere. To
determine what distance is the most energy favorable,
two supercells in the shape of a cube containing 216
sites of the B1 basic structure were built. Each supercell
contained one titanium vacancy and one oxygen
vacancy. In one case, the distance between them was
the radius of the first coordination sphere, and in the
other case, the radius of the third coordination sphere.
The translation of the supercell of a given size gives a
crystal structure, in which the titanium—oxygen pairs
of vacancies are rather distant from each other.

The ab initio quantum mechanical calculations
within the density functional theory were performed
for the model structures built in this manner. The
exchange-correlation interaction was taken into
account in the GGA approximation of the PBE ver-
sion [13]. The PWSCF code of the Quantum
ESPRESSO suite [14], which assumes the use of
pseudopotentials based on plane waves, was used in
the calculations.

The calculations showed that the total energy of the
crystal with the structure in which the vacancies are
JETP LETTERS Vol. 97
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distributed at the distance of the radius of the third
coordination sphere is less than the energy of the crys-
tal with the vacancies at the distance of the radius of
the first coordination sphere. Thus, the distribution of
the vacancies at the distance of the radius of the third
coordination sphere in the titanium vacancy—oxygen
vacancy pair is preferable.

The vacancies located at the distance of both the
first and third coordination spheres should be present
with a definite probability in the completely disor-
dered structure of titanium monoxide. The exclusion
of one of the variants as the energy unfavorable one
leads to the appearance of the short-range order or the
short- and long-range orders simultaneously. The sim-
plest energy favorable structure, in which only the
short-range order is present, is the structure where
titanium—oxygen pairs of vacancies are located chaot-
ically with respect to each other and at the same time
uniformly over the total volume of the B1 lattice but so
that the distance between two vacancies is always
larger than the radius of the first coordination sphere.
It is convenient to use the cluster approach [15—17] in
order to simulate such a structure. The B1 basic struc-
ture may be represented as an ensemble of noncontact
cubic clusters, each of which is 1/8 fraction of the unit
cell of the basic structure (Fig. 1). A vacancy may be
located at the end of one of four diagonals of the clus-
ter. Its appearance automatically leads to the appear-
ance of the vacancy at the other end of the diagonal
and the exclusion of vacancies at all six sites of the first
coordination sphere of all vacancies. The probability
of the cluster with a pair of vacancies is 2/3. It corre-
sponds to the concentration of vacancies in the com-
pound of 1/6, the same as in the ideal structure of the
ordered phases [7—12]. All four possible orientations
of the pair of vacancies in the cluster are of equal prob-
ability. No exclusion for each vacancy to have more
than one neighboring vacancy at the distance of the
radius of the third coordination sphere was estab-
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Fig. 2. Theoretical X-ray diffraction spectra of titanium
monoxide (a) without vacancies, (b) with vacancies dis-
tributed randomly, with the short-range order according to
models (c) 1 and (d) 2, and (e) with vacancies partially
ordered according to the type of monoclinic superstruc-
ture TisOs to the long-range order parameter n = 0.1.

lished. Therefore, the vacancies with one neighboring
vacancy in the third coordination sphere and with two
or more vacancies should be met in the structure with
a certain probability,. When the long-range order
appears according to the type of monoclinic super-
structure Ti;Os, pairs of vacancies are arranged so that
each vacancy has exactly four neighboring vacancies at
the distance of the radius of the third coordination
sphere (Fig. 1c). The vacant sites are located only in
every third (101) plane of the sublattices of the basic
structure [10]. Thus, the essence of the proposed
model is that, in the process of temperature-induced
disordering, vacancies tend to be distributed in the Bl
basic structure in disorder and homogeneously but
with the conservation of the pair correlations between
them, which were present in the ordered phase. This
model of the structure is called model 1.

Figure 1b shows the necessarily energy unfavorable
model of the short-range order (model 2). It is built in
analogy with model 1 (Fig. 1a), but here the vacancies

KOSTENKO et al.

in a pair are located at the distance of the radius of the
first coordination sphere from each other, i.e., on the
edges of clusters rather than on their diagonals.

To test that the proposed short-range order does
not lead to the automatic appearance of the long-
range order, the X-ray scattering spectra for the crys-
tals with the model structures described above were
calculated by the Debye formula:

1(0) = Ny f1:(0) + Nofo(0)

N-IN-1
sin(CsinOR;)) (1)
EIPWOLTE S
j=0i>j

where [ is the scattering intensity; 0 is the diffraction
angle; Ny and Ny are the numbers of titanium and
oxygen atoms in the crystal, respectively; N is the total
number of atoms in the crystal; f; is the atomic scatter-
ing factor [18] of the ith atom (fy; or f); Ry is the dis-
tance between the ith and jth atoms; and C is a con-
stant. Crystals had the shape of a sphere and contained
about 4 x 10°sites of the Bl basic structure. Five types
of structures were simulated: (i) without vacancies, (ii)
with complete disorder in the distribution of vacan-
cies, (iii) with the short-range order according to
model 1, (iv) with the short-range order according to
model 2, and (v) with the long-range order according
to the type of monoclinic superstructure TisOs with
the long-range order parameter n = 0.1. The calcu-
lated spectra are shown in Fig. 2. In all cases, the
reflections from the B1 basic structure are present in
the spectrum. The appearance of vacancies leads to
the appearance of the Laue background (Figs. 2b—2e).
The short-range order gives the variations of this back-
ground. According to the type of variation or, in other
words, the shape of the spectrum, one disordered struc-
ture can be distinguished from the other (Figs. 2c, 2d).
In the spectrum corresponding to model 1, the maxi-
mum at 20 = 29.6° and the minimum at 20 = 17.6°
arise, and in the spectrum corresponding to model 2,
only the maximum at 20 = 20.4° arises. The long-range
order leads to the appearance of superstructural reflec-
tions (Fig. 2e). In the spectra corresponding to models 1
and 2, no superstructural reflections were found. This
fact indicates that the proposed model structures
indeed have only the short-range order.

Many works are devoted to the study of the effect of
the vacancies on the electronic structure of titanium
monoxide. The latest and most comprehensive studies
are presented in [19—21]. However, nowhere was the
relevant attention paid to the disordered phases.
Moreover, the existence of the short-range order was
not taken into account in them. It is convenient to
simulate the structure of the compound using super-
cells, which are obtained during the twofold transla-
tions of the unit cell of the ordered monoclinic phase
[10] along the crystallographic directions a and b, in
order to study the effect of the short-range order on
the electronic structure and to calculate the total
2013
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Fig. 3. Electron densities of states of titanium monoxide
with (a) vacancies distributed randomly, as well as with
vacancies distributed according to models (b) 1 and (c) 2.
The solid line shows the total density of states, the dashed
line is the partial density of the 3d states of titanium, and
the dash-dotted line presents the partial density of 2p states
of oxygen. The enthalpies of formation AH and the Fermi
energies £ found as a result of averaging over 20 supercells

are given. The standard deviation ¢ of the calculated
enthalpy of formation was 3.5 kJ/mol for the completely
disordered structure and 2.2 and 2.3 kJ/mol for the struc-
tures with the short-range order according to models 1 and
2, respectively. In the calculation of the Fermi energy, o did
not exceed 0.06 eV.

energy. These supercells contain 96 sites of the Bl
basic structure. The same supercells were used in [22,
23] for studying the effect of nonstoichiometry and the
long-range order. In this case, the titanium and oxygen
vacancies in the supercells were located so that during
the translations the structure was formed correspond-
ing to the requirements of models 1 and 2. The relax-
ation of the atomic positions was performed for all
supercells.

Figure 3 shows the electronic spectra of the disor-
dered cubic phase (a) with the complete disorder in
the distribution of vacancies and with the short-range
order according to models (b) 1 and (c) 2 built from
the calculation results. The calculated enthalpies of
formation and Fermi energies are given. For compari-
son, Fig. 4 shows the electronic spectra of titanium
monoxide (a) without vacancies, as well as with the
long-range order in the distribution of the vacancies
according to the type of (b) monoclinic superstructure
Ti;O5 and (c) cubic superstructure TisO5 recently pro-
No. 11
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Fig. 4. Electron densities of states of titanium monoxide
(a) without vacancies and with vacancies located accord-
ing to the type of (b) monoclinic superstructure TisO5 and
(c) cubic superstructure Ti;Os. The solid line shows the

total density of states, the dotted line is the partial density of
the 3d states of titanium, and the dash-dotted line presents
the partial density of the 2p states of oxygen. The enthalpies
of formation AH and Fermi energies Ef are given.

posed in [12]. In all cases, the low- and high-energy
regions of the occupied states are mainly represented
by the 2p states of oxygen and the 3d states of titanium,
respectively. A distinct p—d gap is present in the spectra
of the phase without vacancies, the ordered mono-
clinic phase, and the disordered cubic phase with the
short-range order according to model 2. The gap
boundaries are smeared in the phase with the complete
disorder and states with a low density appear in its
place. The appearance of the short-range order
according to model 1 leads to the nearly complete van-
ishing of the p—d gap owing to a decrease in the energy
of some 3d electrons of titanium. It should be noted
that the calculated electronic spectrum of the disor-
dered monoclinic phase (Fig. 3b) is in agreement with
the results reported in [19—21].

The existence of the p—d gap is the main discrep-
ancy between the results of the theoretical [19—21]
and experimental [24, 25] studies of the electronic
structure of the different phases of titanium monoxide.
The calculations of the electronic spectra of the
ordered [19—21] and disordered [21, 24] phases
unambiguously indicate its existence. At the same
time, no p—d gap was found in the experimental spec-
tra of titanium monoxide without vacancies [25],
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ordered monoclinic phase [25], and disordered cubic
[24] phase. The results of this work vividly demon-
strate that this discrepancy in the case of the disor-
dered cubic phase can be explained by the existence of
the short-range order, which was not taken into
account earlier in the theoretical studies of the elec-
tronic structure. The solution of the discrepancy can
also be proposed for other phases. According to [21],
the samples of the vacancy-free titanium monoxide
used for the experiment [25] contained a noticeable
fraction of the residual vacancies. The appearance of
the pair correlations between them could lead to the
vanishing of the p—d gap. At the same time, the struc-
ture of the ordered phase could be misunderstood. In
[25], it was attributed to the monoclinic phase Tis;Os
on the basis of the X-ray diffraction results. However,
it was shown in [26] that the X-ray scattering spectrum
can hardly distinguish this structure from the cubic
ordered phase Ti;O5 [12]. It is seen in Fig. 4 that the
latter has no p—d gap.

Let us turn now to the results of the calculation for
the energy parameters of the different crystalline mod-
ifications. The enthalpies of the formation of titanium
monoxide with the short-range order according to
models 1 and 2 were much lower and somewhat
higher, respectively, than the enthalpy of the formation
of titanium monoxide with the completely disordered
structure (Fig. 3). Thus, the short-range order accord-
ing to model 1 is really preferable. According to the
comparison of the results of this work with the results
obtained in [23] in which the effect of the long-range
order on the stability of titanium monoxide was stud-
ied, a decrease in the energy of the Bl basic lattice after
the appearance of the short-range order is rather sig-
nificant. It corresponds to the energy gain because of
the ordering of vacancies according to the type of most
stable monoclinic superstructure Tis;Os to the long-
range parameter | = 0.7.

Thus, a model of the atomic structure with the short-
range order in the distribution of vacancies has been
proposed for the first time for the disordered phase of
titanium monoxide, a representative of the class of
strongly nonstoichiometric compounds with vacancies
in both metal and nonmetal sublattices. The application
of the supercell method made it possible to take into
account the short-range order in the study of the elec-
tronic structure and the calculation of the total energy.
The results of this work have demonstrated the impor-
tance of the inclusion of the short-range order both in
theoretical studies of the structure and properties of
similar compounds and for the correct interpretation of
experimental data.
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