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The first-principles (ab initio) computations of the structural, electronic, and phonon properties have been per-

formed for cubic and low-temperature tetragonal phases of BaTiO; and SrTiO; perovskite crystals, both stoichio-

metric and non-stoichiometric (with neutral oxygen vacancies). Calculations were performed with the CRYSTAL17

computer code within the linear combination of atomic orbitals approximation, using the BIWC advanced hybrid

exchange-correlation functional of the density-functional-theory (DFT) and the periodic supercell approach. Var-

ious possible spin states of the defective systems were considered by means of unrestricted (open shell) DFT cal-

culations. It was demonstrated that oxygen reduction leads to the appearance of new local vibrational modes as-

sociated with oxygen vacancies and new first-order peaks in the Raman spectra, which could be used for defect

identification. The calculated Raman spectra for different vacancy positions and spins of the system, as well as

other properties of defective crystals, are compared with the relevant experimental data.
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1. Introduction

ABOs-type perovskites are technologically important
materials with numerous applications, including ferro- and
piezoelectricity, energy harvesting, substrates for the
growth of superconductors [1-17]. Thus, BaTiO; (BTO) is
a typical and widely used ferroelectric material. Although
the piezoelectric properties and temperature stability of
pure BTO are worse than commonly used PbZrTiOs, the
reasonable large piezoelectric response of BTO makes it a
promising material for the novel “green” BTO-based pie-
zoelectric compounds [5, 6]. In turn, SrTiO; (STO) is an
incipient ferroelectric material, which becomes ferroelectric
upon external perturbation, e. g., upon doping or in thin
films on substrates. Their solid solutions (Ba,Sr)TiOs
(BSTO) are predicted to reveal considerably better piezo-
electric properties compared to the parent materials [18, 19].

The high-temperature phases of BTO and STO reveal
the ideal cubic structure, where Ti atom sits in the center of
a cube and is octahedrally coordinated to six nearest O atoms.
Such structure has centrosymmetric Pm-3m space group
(SG 221) symmetry and therefore cannot be piezoelectric
and ferroelectric. However, the situation changes upon
decreasing the temperature. In BTO, at 393 K (at ambient
pressure), Ti atoms are displaced from the cube center
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along one of main cube axes, which leads to a structural
(from cubic to tetragonal P4mm, SG 99) and paraelectric-
ferroelectric phase transition, accompanied by a spontane-
ous polarization directed parallel to the tetragonal edge of
the unit cell. With the further cooling, BTO undergoes two
more inter-ferroelectric structural transitions: at 278 K to
the orthorhombic phase (Amm?2, SG 38) and at 183 K to
the rhombohedral phase (R3m, SG 160). All these phase
transitions in BTO are of the first-order. In contrast to
BTO, STO does not show piezoelectric and ferroelectric
properties over a whole temperature range. At 105 K, STO
undergoes the second order structural phase transition,
from the paraelectric cubic phase to another paraelectric
tetragonal phase (/4/mcm, SG 140). The primitive unit cell
of such tetragonal lattice consists of 10 atoms, but the crys-
tallographic (quadruple) unit cell with lattice parameters
a=b=aq, V2 , ¢ = 2ay (ay it the lattice constant of the cubic
phase) includes 20 atoms. This tetragonal phase is charac-
terized by an antiphase rotation of TiOg octahedra in the
nearest unit cells around the tetragonal axis ¢ in the plane
perpendicular to this axis and by a slight stretching of the
unit cell. At the same time, the nearest octahedra along the
¢ axis rotate out-of-phase around this axis.

The vibrational properties of defect-free perovskites are
well studied experimentally, by means of the Raman and
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infrared (IR) spectroscopy [20-27], and also theoretically
(see [28-31] and references therein). There are 15 normal
lattice vibrations at the I'-point of high-temperature cubic
systems of BTO and STO (with 5 atoms per unit cell).
Three of them are acoustic vibrations (mode £},) and 12 —
optical vibrations, which are distributed over four optical
modes (3F), + F3,). The first-order Raman scattering is
forbidden in these cubic crystals due to symmetry. Three
F,, modes are IR-active, F,, mode is a silent mode (i. e.,
neither Raman- nor IR-active). One of the F'j, modes at the
I'-point of a cubic BTO is a soft mode, which indicates on
the ferroelectric cubic-tetragonal phase transition due to
ferroelectric instability (displacements of the Ti cations
with respect to the oxygen octahedra). The soft mode ex-
ists also at the I'-point of the tetragonal (SG 99) phase of
BTO, which corresponds to the next phase transition from
the tetragonal to the orthorhombic phase. Meanwhile, a
soft mode is absent at the I'-point of a cubic phase of STO
but occurs at the R-point of the Brillouin zone (BZ), due to
the antiferrodistortive (AFD) instability (rotations of the
oxygen octahedra) which leads to the phase transition to
the lower symmetry tetragonal structure (SG 140). Trans-
verse optical (TO) phonon modes at the I'-point, calculated
in this study for cubic phases of BTO and STO, are dis-
cussed below.

The vibrational representation of TO modes at the I"-point
for the tetragonal BTO phase (SG 99) is 34, + B, + 4E.
All 4, and E modes are here Raman- and IR-active, where-
as B| mode is only Raman-active. One of the £ modes is a
soft mode. In the low-temperature tetragonal STO phase
(SG 140) the Raman- and IR-active modes are strictly sep-
arated. There exist 8 IR-active, 7 Raman-active and a few
silent TO modes in this phase [25]. Our calculations for
vibrational frequencies of tetragonal BTO and STO are
presented below.

The Raman scattering, along with thermal neutron scat-
tering and IR spectroscopy, is widely used for investigation
of lattice dynamics of bulk single crystals and ceramics
[26, 27]. In particular, the Raman scattering can detect low
concentrations of impurity, as well as may be used to esti-
mate stress in materials, since the phonon frequencies are
strongly sensitive to the stress. In general, structural
changes that alter the crystal symmetry have a significant
effect on the Raman spectrum.

One of the main point defects in perovskites is oxygen
vacancies [32-37]. Oxygen vacancies with one or two
trapped electrons are well known in wide-gap ionic oxides
(e. g., MgO, Al,0;) as the F" and F color centers which
considerably affect the optical and mechanical properties
of materials [38, 39]. These defects were commonly iden-
tified by means of the optical and Raman spectroscopy
[38—40]. In contrast, oxygen vacancies in perovskites with
a much smaller band gap (~ 3.2-3.4 ¢V in both BTO and
STO) show no optical absorption or luminescence. Thus,
their identification is a challenging task. We are familiar
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only with a few experimental [41] and theoretical [42]
studies of the Raman-active vibrations associated with the
oxygen vacancies in STO.

In this paper, we performed ab initio calculations of the
structural, electronic, and vibrational properties, including
IR intensities and Raman spectra in the several phases of
stoichiometric and oxygen-deficient BTO and STO crys-
tals. We predicted spectral features attributed to the defect-
induced phonon modes, which give the possibility to iden-
tify the defect.

2. Computational details

The first-principles (ab initio) computations were per-
formed within the linear combination of atomic orbitals
(LCAO) approximation as implemented in CRYSTALI17
computer code [43]. Basis sets with Hay and Wadt small
core effective core pseudopotential were used for Ba, Ti,
and Sr atoms [44], while for oxygen atom — the all-electron
basis sets [45]. In general, the computational method is simi-
lar to that in our previous papers [18, 19, 46], devoted to the
simulation of BSTO and (Ba,Ca)TiO; (BCTO) solid solu-
tions. However, these solid solutions were created from
BTO by substitution of Ba atoms by isovalent Sr or Ca
atoms. In such cases all chemical bonds are closed, the
system has no unpaired electrons. In this work, we consid-
er oxygen vacancies due to oxygen atom removal, so that
two Ti nearest atoms receive one unpaired electron each.
Therefore, for defect computation, we used the unrestricted
(open shell) calculations combined with the periodic super-
cell approach, which gives the possibility to take into account
various spin states of the system with oxygen vacancy.

The supercell model allows us to simulate systems with
different concentrations of defects. In the present study,
oxygen vacancies in BTO were created in 2x2x2 supercell,
based on the tetragonal (SG 99) BTO unit cell. Meanwhile,
the vacancy can sit in either BaO plane or TiO, plane; each
supercell with a vacancy can have two spin-state projec-
tions: S, =0 (the singlet state; the spins of two unpaired
electrons are oppositely directed) and S,= 1 (the triplet
state; the spins have the same direction). There are eight
primitive BTO unit cells in such a 40-atom supercell and,
hence, it contains 24 oxygen atoms. Thus, when one oxy-
gen atom is removed with creation of a vacancy, the BTO
crystal contains a ~ 4.2 % vacancy concentration. In turn, a
vacancy in STO is modeled in the low-temperature tetra-
gonal phase of STO (SG 140). We use the crystallographic
cell of tetragonal STO (keyword SUPERCON in CRYS-
TAL program) that contains 20 atoms in general, 12 of
which are the oxygen atoms. Hence, a vacancy concentra-
tion in investigated STO crystal was ~ 8.3 %.

The computations were performed with the BIWC
advanced hybrid functional [47], which combines the
Wu—Cohen WC-GGA exchange functional with 16 % of the
Hartree—Fock (HF) exchange and the Perdew—Wang PW-
GGA correlation functional. This functional was designed
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to improve the calculated electronic and structural proper-
ties of ferroelectric oxides; as we have shown, it is suitable
for calculations of Ti-perovskite solid solutions (BSTO,
BCTO) and STO/BTO heterostructures [19, 48]. Actually,
in our previous papers [19, 46], we used three advanced
hybrid exchange-correlation functionals (PBEO, BIWC,
and B3LYP) for perovskites calculations. We have con-
cluded that both PBEO and BIWC functionals exhibit good
results in calculations of different properties of BTO, STO,
and CaTiO; (CTO) perovskites (PBEO is preferable, in
many cases, for the description of the structural properties;
the BIWC is the best choice in calculations of the electron-
ic properties, in particular, band gap). The BIWC func-
tional yields also the most reliable results in computations
of perovskite solid solutions [19]. The correct calculation
of the band gap is especially important for the investigation
of oxygen vacancies and positioning the vacancy energy
level in the band gap (oxygen vacancies in BTO and STO
are quite “shallow” defects [35]). Therefore, we used the
B1WC functional in the present work similar to Ref. 48.

We have performed a complete vibrational analysis of
BTO and STO crystals (without and with oxygen vacan-
cies), including the Raman and IR spectra computations.
At the beginning, full geometry optimization was carried
out and the equilibrium geometry was found. The atomic
structure of the crystal was optimized by using the analyti-
cal energy gradients with respect to atomic coordinates and
unit cell parameters. Convergence was checked on both
gradient components and nuclear displacements.

The total static dielectric tensor 82, which is the sum
of the electronic and the vibrational components
(e) =&7 +¢}/°), was estimated in two steps. Firstly, the
high-frequency dielectric tensor s;’;’ has been calculated
through the coupled perturbed Hartree—Fock/Kohn—Sham
(CPHF/CPKS) scheme [49], adapted for periodic systems
[50]. After that, TO vibrational frequencies at the I'-point
were calculated within the harmonic approximation. The
vibrational contribution & to the total static dielectric
tensor was also calculated.

The integrated intensity 7, of the IR vibrational mode v,
is computed under the hypothesis of isotropic response
(i. e., for powder sample). Three different techniques may
be used in the CRYSTALI17 code for the IR intensities
calculation: through the Berry phase, Wannier functions,
and CPHF approach [43, 51]. The first two approaches
imply numerical differentiations, while the latter is entirely
analytical. We have used calculations of the IR intensities
through both the Berry phase and CPHF approach. A com-
parison of obtained results shows that the two methods
give close intensities, the difference rarely exceeds a few
percent. In turn, intensities of the Raman scattering are
calculated in CRYSTAL17 by a fully analytical method,
which is based on the self-consistent solution of first- and
second-order CPHF/CPKS equations for the electronic
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response to external electric fields at the equilibrium ge-
ometry [52, 53]. Finally, the Raman intensities were nor-
malized per the most intensive line.

Besides intensity, it is possible to calculate IR and Ra-
man spectra, using TO vibrational modes. In the present
study, we summarize below the calculated IR intensities in
tables and the Raman spectra in figures. The Raman spec-
tra A(v) are computed for both cases of polycrystalline
powder sample (total intensity, parallel polarization, per-
pendicular polarization) and single-crystal sample (xx, xy,
Xz, yy, yz, zz polarizations). We use spectra of the total in-
tensity of a powder sample in the figures. All peaks are
described by the Lorentzian function:

1 /2
A(V)Zz—n '

_— 1
e YAl
where v, and I, are the computed TO frequencies and
Raman intensities, respectively, for each mode #; vy, is the
full width at half maximum (y, = 8 cm ' by default).

Note that the symmetry of systems strongly decreases
after vacancy creation. This fact in combination with open-
shell calculations leads to the essential demand of the addi-
tionally computation time. On the other hand, the study of
the vibrational properties is computationally demanding
due to the necessary high accuracy of the calculations. To
balance the computation time and accuracy of calculations,
we have set, in particular, the truncation of infinite lattice
sums in the two-electron integral evaluation (tolerances for
Coulomb and exchange sums) to 8, 8, 8, 8, 16; the SCF
convergence threshold on total energy was set to 10 '° Ha;
a Monkorst—Pack mesh of points in reciprocal space was
used with shrinking factor 12, 8 or 6 for bulk (pure BTO
and STO in cubic and tetragonal phases), crystallographic
STO cell (tetragonal phase with and without vacancy) and
supercell BTO (the tetragonal phase with and without va-
cancy) calculations, respectively. A high level of DFT in-
tegration accuracy (“extra extra large grid” XXLGRID)
was kept for all calculations. The following computational
parameters were used during a full geometry optimization
in order to achieve a very accurate minimum on the poten-
tial energy surface required for frequency calculation:
threshold for energy change between two geometry opti-
mization steps (TOLDEE) is 10'° Ha; RMS on gradient
(TOLDEG) is 0.00003 Ha/Bohr; RMS on estimated dis-
placements (TOLDEX) is 0.00012 Bohr.

In order to test the supercell approach for the IR and
Raman spectra calculations, we calculated these spectra for
pure (without vacancies) BTO and STO bulk crystals in
tetragonal phases (SG 99 for BTO and SG 140 for STO,
standard calculation with one primitive unit cell) and for
supercells (similar calculations will be then performed for
the crystal with defect). The results of both types of com-
putations almost completely coincide.
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3. Results and discussion

3.1. Properties of bulk BTO and STO crystals in cubic
and tetragonal phases

Before performing the calculations on oxygen vacan-
cies, we have checked how our computational scheme re-
produces the structural, electronic, dielectric, and vibra-
tional properties of pure bulk BTO and STO crystals in
both cubic and tetragonal phases.

The calculated and experimental basic bulk properties
of BTO and STO in a cubic phase (SG 221) are presented
in Table 1, while their vibrational properties in Table 2
(BTO) and Table 3 (STO). Both BTO and STO in a cubic
phase exhibit a centrosymmetric cubic structure that can be
described by three symmetry-irreducible atoms in the unit
cell; both crystals have the indirect band gap in this
phase. As it is seen from Table 1, calculated data, includ-
ing high-frequency dielectric constant, are in good
agreement with existing experimental data. The vibra-
tional contribution &, to the total static dielectric tensor
will be discussed below.

Table 1. The lattice constant a, indirect band gap E,, high-fre-
quency dielectric constant €, and vibrational part €, of total dielec-
tric constant for the cubic structures (SG 221) of BTO and STO

BTO STO
Parameter Calcu- . Calcu- .
. Experiment . Experiment
lation lation

a, A 3.975 3.996 [54] 3.884 3.905 [55]
E,, eV 3.20 3.2 [56] 3.36 3.25[57]
€, 5.50 5.24 [58] 5.09 5.18 [58]

€yib 34 524.6 310 [59]

Let us discuss now vibrational properties of BTO and
STO crystals in a cubic phase. In Tables 2 we report the
calculated TO phonon frequencies at the I"-point of BZ and
evaluated through the Berry phase approach IR intensities
for these modes in BTO crystal. Table 3 reveals the same
information for STO crystal as well as experimental data
for STO phonon frequencies (to the best of our knowledge,
no experimental phonon frequencies have been reported

Table 2. Pure BTO (SG 221, bulk), calculated TO frequencies
(cm ") and integrated IR intensities 7,y (km/mol)

Mode Calculation L
Fi, -207 —
F, 199 464
Fy, 313 —
F., 487 189

Note: F;, is a silent mode. Negative frequency indicates a soft
mode; IR intensity is not reported for this mode with imaginary
frequency.
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Table 3. Pure STO (SG 221, bulk), calculated and experi-
mental TO frequencies (cm™) and calculated integral IR intensi-
ties I 41 (km/mol)

Mode Calculation | Experiment [25] Lot
Fi, 69 93 8568
F, 175 176 118
F,, 259 266 —
Fi, 559 548 1748

Note: F,, is a silent mode.

for the BTO cubic phase). The vibrational features of these
two crystals in a cubic phase are in many respects similar.
The TO vibrational representation of BTO or STO contains
four triply degenerate modes (3F,, + F,,); one more F\,
mode is an acoustic mode. Three TO F), modes are IR-
active (there are corresponding calculated IR intensities in
the tables), while F>, mode is silent. Due to symmetry, the
first-order Raman scattering is forbidden in Pm-3m centro-
symmetric cubic systems. At the same time, IR-active modes
are induced by all 5 atom displacements, but the silent mode
is connected with the displacements of the O atoms only.

Now we discuss the vibrational contribution &, to the
total static dielectric tensor (see Table 1). In STO &, is
quite large; TO; mode with the lowest frequency (69 cm ',
see Table 3) gives the main contribution. It is expected,
because the vibrational contribution &, is inversely pro-
portional to the second power of phonon frequency [30].
We observe even an overestimate of the calculated value
with respect to the experimental one. On the contrary, in
BTO the calculated vibrational contribution is small —
more than two orders of magnitude less than the calculated
&yip in STO. This is due to the presence of a soft mode at
the I'-point in BTO, unlike STO. In the real crystal fre-
quency of this mode is small and positive, and it decreases
down to zero with temperature decrease till the phase tran-
sition point. In the computer simulations (performed at 0 K)
this soft mode reveals an imaginary frequency (Table 2).
During &3, calculation, the contribution of such an imagi-
nary mode was neglected. Actually, only low-frequency soft
modes give the largest contribution to &4, but since in our
calculations such phonon frequencies are imaginary they are
not taken into account. In the same way, modes with imag-
inary frequencies are not taken into account also in the
Raman and IR spectra calculations.

The soft mode (imaginary phonon modes at the I'-point
in our calculations) in a cubic phase of BTO indicates at
the structural instability in the system. It is a ferroelectric
phase transition to the tetragonal phase (SG 99) connected
with the displacement of Ti atoms from the centers of
octahedra and destruction of the centrosymmetric structure.
As this phase transition is connected with the soft mode at
the T"-point, it takes place without an increase of the num-
ber of atoms in the primitive cell [29]. Therefore, the total
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number of normal lattice vibrations in the tetragonal phase
remains 15, as in a cubic phase. The calculated basic bulk
properties of BTO in the tetragonal phase (SG 99) are pre-
sented in Table 4 along with the available experimental
data; calculated and experimental TO phonon frequencies
as well as calculated IR intensities are seen in Table 5.

Let us note several moments concerning BTO proper-
ties in Table 4. Our calculations give the indirect band gap
for the tetragonal phase of BTO, similar to the cubic phase.
Due to symmetry reason, the dielectric tensor of BTO in a
tetragonal phase contains two independent components.
The elements of optical dielectric tensor €*, obtained in
our calculations, are devoid of significant overestimate,
mentioned in Ref. 61, and reveal not only the correct ratio
€n. >¢., but also values close to experimental ones. The
vibrational contribution to the static dielectric tensor is
small again (as in a cubic phase); this is related to a soft
mode at the I'-point of the tetragonal phase of BTO (see
Table 5), corresponding to the structural instability and the
next phase transition from the tetragonal to the orthorhom-
bic phase.

Let us consider phonon modes at the I'-point of the
BTO tetragonal phase (Table 5). In the tetragonal phase,
each of the three F';, modes of the cubic phase (Table 2) is
split into the A4, (nondegenerate) and E (with the degenera-
cy 2) modes, but a silent F,, mode is split into the B,
(nondegenerate) and £ modes. Thus, the vibrational repre-
sentation of TO modes at the I'-point for the tetragonal
BTO phase is 34; + B; + 4E. At the same time, one of the
E modes is the soft mode. In the ferroelectric phase, with-
out the center of inversion, the vibrations may be active
both in the IR and in the Raman spectra. Our calculations
reveal that all 4, and £ modes are both Raman- and IR-
active, whereas B| mode is Raman-active only. It is inter-

Table 4. Lattice constants a and c, band gap E,, the electronic
(high frequency) € and vibrational & contributions to the total
static dielectric tensor for the tetragonal structures of BTO (SG 99)
and STO (SG 140)

Table 5. Pure BTO (SG 99, bulk), calculated and experi-
mental TO frequencies (cm™), and calculated integral IR intensi-
ties (km/mol)

Mode Calculation Experiment [62] L1
E -130 soft —
A 186 170 230
E 193 180 303
B, 307 305 —
E 315 305 18
A 330 270 1704
E 487 486 197
A 539 520 557

BTO STO
Parameter | Calcu- , Calcu- ,
lation Experiment lation Experiment

a, A 3.962 3.992 [54] 5.488 5.507°

¢, A 4.048 4.036 [54] 7.777 7.796°

E?, eV 326 | 3.38(3.27)[56] | 3.39 3.43 [60]

el 5.28 5.19° 5.1

er 4.81 5.05° 5.1

gl 3.6 1131.7

gl 19.2 886.8

Note: *Taken from [28]. *For BTO calculated indirect band gap,
experimental values [56] at room temperature for light polarized
parallel (and perpendicular) to the ferroelectric ¢ axis; for STO
calculated direct band gap. “Taken from [61].
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Note: All vibrational modes are Raman-active, B; mode is IR-inac-
tive. Negative frequency indicates soft mode; IR intensity is not
reported for this mode with imaginary frequency.

esting that all 4, modes are connected with displacements
of all five atoms along the z axis (tetragonal axis), all £
modes are induced by displacements of all atoms in the
plane xy, but B; mode (IR-inactive) is connected with dis-
placements of equatorial oxygen atoms (located in the
TiO, plane) only and only along the z axis. Table 5 reveals
that calculated phonon frequencies agree well with the
experimental data, maybe except for one 4; mode (calcu-
lated 330 cm™' vs. experimental 270 cm ).

Now we return to the structural cubic-tetragonal phase
transition in STO. As it is seen in Table 3, the soft mode is
absent at the I'-point of STO cubic phase; however, it ex-
ists at the R-point [28] (phonon calculations at the R-point
are beyond the scope of the present study). Antiferro-
distortive structural instability (static rotations of the oxy-
gen octahedra around the tetragonal axis) in STO, which
leads to the second-order phase transition to the tetragonal
structure of /4/mem symmetry (SG 140), is connected with
this soft mode. Note that Ti atoms are symmetry-const-
rained to move along the tetragonal axis in such a struc-
ture. Meanwhile, the splitting of the threefold degenerate
cubic phonon modes and appearance in the tetragonal
phase of IR- and Raman-active modes occurs in a much
more complex way [27].

The calculated basic bulk properties of the STO in te-
tragonal phase (SG 140) are presented in Table 4 along
with the available experimental data. We have obtained
3.2° for the angle of octahedra rotation (experimental value
of 2.1° at 4.2 K [63]); the calculated band gap is changed
from the indirect in the cubic phase to direct in the tetrago-
nal phase and is very close to the experimental one.

There are 30 normal lattice vibrations (3 acoustic and
27 optical) at the I'-point of the tetragonal STO with 10
atoms per a primitive unit cell. The calculated and experi-
mental TO phonon frequencies at the I'-point and evaluat-
ed through the Berry phase IR intensities for these modes
are presented in Tables 6.1-6.3. Additionally, data are clas-
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Table 6.1. Pure STO (SG 140, bulk), calculated and experi-
mental IR-active TO frequencies (cm™), and calculated integral
IR intensities (km/mol)

Mode Calculation | Experiment [25] L
E, 47 15 11441
Az 53 5812
E, 173 172 217
A, 175 63
E, 260 0.3
E, 453.64 436 20
E, 554 548 2222
A, 556 1107

sified into IR-active (Table 6.1), Raman-active (Table 6.2)
and silent (Table 6.3) modes. Note that Raman- and IR-
active modes are strictly separated in this phase. Eight
modes are IR-active (34,, + 5E,), seven are Raman-active
(A1g + Big + 2By, + 3E,) and four are silent (A4, + 245, + By,).
This analysis completely coincides with results [28]. Let us
add that IR-active mode E, with the lowest frequency
(47 cm™") and the highest IR intensity gives the main con-
tribution to €' component of vibrational dielectric ten-
sor, while 4,, IR-active mode (53 cm') gives the main
contribution to £'° component.

As the tetragonal phases of stoichiometric BTO and
STO reveal the Raman-active modes (Tables 5 and 6.2),
we calculated the relevant Raman spectra in Fig. 4 (BTO)
and Fig. 5 (STO). Analysis shows that the two most inten-
sive peaks of BTO are connected with two 4; TO phonon
modes (330 and 539 cm'). As was noted above, all 4,
modes arise due to displacements of all five atoms of the
primitive cell along the tetragonal axis. The analysis of the
displacements of each atom contributing to this mode re-
veals that in the case of a line of 330 cm ' the maximal
displacements show Ti atoms and equatorial oxygen atoms
(which lie in TiO, planes), meanwhile, Ti and oxygens
atoms oscillate in antiphase. In contrast, for the line of
539 cm' the axial oxygen atoms (in BaO planes) reveal

Table 6.2. Pure STO (SG 140, bulk), calculated and experi-
mental Raman-active TO frequencies (cm ')

Mode Calculation Experiment [21], [25]
E, 21 15,40
Ay, 75 48,52
E, 146 143, 144
By, 148 235,229
By, 453.62
E, 454.2 460, 447
B, 497
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Table 6.3. Pure STO (SG 140, bulk), calculated silent TO fre-
quencies (cm ™)

Mode Calculation
By, 263
Ay 453
Asg 495
Ay, 872

the maximal displacements. As for the STO calculated
Raman spectrum, it has four main peaks: at 75 cm™' (A1g),
148 cm™ (Byy), 453.62 cm ™' (By,) and 497 cm™' (B),). Two
latter peaks are the most intensive. Interestingly, the vibra-
tions of Ti atoms do not take part in the STO Raman spec-
trum formation. With respect to the above-mentioned four
main peaks in the spectrum, all of them are formed by ro-
tating (equatorial) oxygen atoms, which oscillate in the xy
plane. Additionally, Sr atoms vibrating along the tetragonal
axis give some contribution to both B,, lines, too, al-
though, actually, this contribution for the line 453.62 cm™'
is negligible.

A direct comparison of calculated and experimental
Raman spectra is not trivial because real sample may con-
tain some impurities, defects, grains, stresses, etc. In addi-
tion, it is necessary to take into account growth conditions
and post-growth treatments of the sample as well as exper-
imental conditions. Our calculated spectra are the first-
order Raman spectra and include TO vibrational modes
only. Therefore, in this paper, we focus mainly on a com-
parison of the calculated Raman spectra in pure and defec-
tive systems rather than a comparison of calculated and
experimental spectra. However, speaking on available ex-
periments, Perry and Hall [20] reported the BTO Raman
spectrum at 290 K, with two peaks due to TO phonon
modes. These peaks at 307 and 518 cm ' are quite close to
the main peaks in our calculated spectrum of tetragonal
BTO (330 and 539 cm™"). Moreover, additional calculation
of longitudinal optical (LO) phonons contributes into our
Raman spectrum one more line with significant intensity
at 762 cm ' (this mode corresponds to LO-TO splitting
for TO mode at 330 cm™"). Note experimental peak at
722 cm! related to the LO mode [20], which is also not
so far from our calculated frequency.

3.2. BTO and STO crystals with oxygen vacancies

3.2.1. Atomic and electronic structure

The oxygen vacancy (Vo) is a common defect in
perovskites. Most simulations concerning oxygen vacan-
cies in the Ti-containing ATiO; perovskites deal with the
cubic paraelectric phase of these crystals. It may be rea-
sonable for STO with its cubic structure at room tempera-
ture (RT), but BTO reveals the tetragonal structure at RT
and the cubic phase is its high-temperature phase. In this
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section, we discuss oxygen vacancies in the tetragonal
phases of bulk BTO and STO, including vibrational prop-
erties and the Raman spectra of these crystals.

When simulating an oxygen vacancy, it is important to
understand changes in structural and electronic properties
induced by the defect, which depend mainly on the Ti-O
chemical bonds [32]. Perfect BTO and STO crystals have a
mixed ionic-covalent nature of the chemical bonding, which
is characterized by the effective charges different from the
formal charges of Ba*", Sr*', Ti*', and O* ions. Thus, our
calculated Mulliken atomic charges are +1.8le| on Ba,
+2.31]e| on Ti, —1.35|¢|...—1.38|e| on O atoms in tetragonal
BTO and +1.87|e| on Sr, +2.32|e| on Ti, —1.39|e|...—1.4|e| on
O atoms in tetragonal STO. It is seen that Ba and Sr demon-
strate the most ionic bonding in crystals, while the Ti and O
reveal the considerable covalence of their chemical bonds.

When forming the neutral oxygen vacancy, the neutral
O atom is removed from the crystal lattice site. Its creation
markedly changes the electronic states of two the nearest to
the defect Ti atoms, which were connected with a removed
O atom. Each of these Ti atoms receives one unpaired elec-
tron and, therefore, it is necessary to use the unrestricted
(open-shell) calculations for the simulation of such a de-
fective system. The system with such defect may have two
different spin states: S, = 0, when two unpaired electrons
are oppositely directed, and S, = 1, when both spins have
the same direction. We performed calculations for both
specified spin states. In our calculations, we did not strive
to reach the limit of well-separated vacancies and com-
pletely eliminate the interaction of periodically repeated
defects, as it was done in [36], for example. Large super-
cells are required for this aim (270-320-atom supercell
[36]), but open-shell calculations are very demanding on
computing resources. We performed our calculations for
BaTiO;_; with & = 0.125, what correspond to 4.17 % of
vacancy concentration (relatively of the number of O at-
oms in the system); for the SrTiO; s structure 6 = 0.25,
corresponding to 8.33 % of defect concentration. These
concentrations correspond to the volume vacancy density
of 1.9:10%" and 4.1-10*' ecm for BTO and STO, respec-
tively. It is necessary to say that, in general, these are con-
siderable defect concentrations [41]. The minimal distance
between periodically repeated vacancies in these structures
is about 8 and 5.5 A for BTO and STO, respectively.

In general, the oxygen vacancy can be located in either
the TiO, plane or (Ba/Sr)O plane (the planes are perpen-
dicular to the tetragonal c axis). Both these cases are
shown in Fig. 1 to Fig. 3 for the BTO supercell. Perfect
tetragonal BTO structure is presented in Fig. 1, where two
oxygen atoms are marked, to be removed with the creation
of vacancy in either TiO, or BaO planes. In the Figs. 2
and 3, BTO structures are presented with oxygen vacancy
in the planes TiO, (between atoms Ti2 and Ti4) and BaO
(between atoms Til and Ti2), respectively. These figures
demonstrate the local lattice relaxation around the defects
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Fig. 1. BTO without vacancy (SG 99). The marked oxygen atoms
will be removed for creations of vacancies in the TiO, (see Fig. 2)
and BaO (Fig. 3) planes.

with S, = 0. For example, when the equatorial oxygen atom
was removed (in TiO, plane, Fig. 2), the distance between
the nearest to the vacancy Ti atoms (Ti2 and Ti4) increases
from 3.96 A in a perfect crystal to 4.34 A in a defective
crystal (9.6 %); whereas after removing the axial oxygen
atoms (BaO plane, Fig. 3), the distance between the nearest
to the vacancy Ti atoms (Til and Ti2) changes from
4.05 to 4.40 A (8.6 %).

The calculated basic properties of perfect (tetragonal)
and defective (systems with different spin states and oxy-
gen vacancy in different planes) BTO and STO supercells
are summarized in Tables 7 and 8, respectively. The lattice
parameters in the tables represent the length of the edges of
the supercell (a, b, c), the angles between the edges (o is
the angle between b and ¢ edges, B = a”c, y = a”b), and the

Fig. 2. BTO with the vacancy in plane TiO, (the equatorial oxygen
atom between atoms Ti2 and Ti4 was removed). The spin state of
system S, =0, SG 1. All Ti atoms in supercell are numbered.
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Fig. 3. BTO with the vacancy in plane BaO (the axial oxygen
atom between atoms Til and Ti2 was removed). The spin state of
system S, = 0, SG 8. All Ti atoms in supercell are numbered.

volume of supercell V. Additionally, we presented the band
gap for perfect crystals or the defect ionization energy (the
distance between the bottom of the conduction band and
the energy band corresponding to the vacancy) for defec-
tive system E ; and the vacancy formation energy E\,..

Let us note some common results concerning vacancy
calculations in BTO and STO. First, defective and perfect
crystals have substantially different symmetry. For the
BTO structures (see Table 7) with a vacancy in the BaO
plane, space group symmetry corresponds to SG 8, but for
a vacancy in the TiO, plane any symmetry is lost, SG 1.
For STO structures with defect (Table 8) symmetry corre-
sponds to SG 6. As it is seen from Tables 7 and 8, the vol-
ume of supercells increases upon the creation of vacancies.
Meanwhile, distortions of the crystallographic angles are
quite small: the deviation from 90° for BTO does not ex-
ceed 0.3°, but for STO (with 2 times higher concentration
of defects) — 1.6°. Thus, in general, there is no essential
changes in the average crystal structures, which confirms
we use acceptable defect concentrations.

To estimate the formation energy of oxygen vacancy in
the crystals, the following expression was used [36]:

E..=E(Vo) + E(O) — E(perfect), 2)

where E(Vo) and E(perfect) are the total energies of the
defective and perfect crystals, respectively, and E(O) is a
half of the energy of a gas-phase O, molecule in the triplet
state. The equilibrium bond length (1.23 A) and the bind-
ing energy (5.4 eV) of O,, calculated in the present study,
are in good agreement with the reported in Ref. 64 calculat-
ed and experimental data. Authors [36] noted that ab initio
calculations of formation energy for oxygen vacancies in
bulk STO give results within the range of 6.8-8.5 eV. Our
results are in the same range, too, and only slightly differ
for BTO and STO crystals.

Tables 7 and 8 demonstrate that the structural proper-
ties, as well as defect formation energy, weakly depend on
the spin state of a crystal. As a further confirmation of this
statement let us return to the mentioned above local lattice
distortions around the defect, e. g., the variation of the dis-
tances between the nearest to the vacancy Ti atoms. They
move away from the vacancy due to mutual repulsion.
Thus for the vacancy in the BaO plane (Fig. 3) the distance
between atoms Til and Ti2 increases from 4.050 A (per-
fect crystal) to 4.400 A (S.= 0) and 4.405 A (S.=1). For
the vacancy in the TiO, plane the corresponding distance
changes from 3.880 A (perfect crystal) to 4.297 A (S. = 0)
and 4.295 A (S.= 1). The latter total displacements of Ti
atoms outwards oxygen vacancy (~ 0.4 A) very well agree
with results obtained in Ref. 65 for the vacancy in tetrago-
nal STO. It should be also noted that the triplet state (with
S, = 1) is energetically slightly more favorable than the
singlet state (S, = 0) for both BTO and STO, in agreement
with conclusions [64]. We show below that vibrational (as
opposed to structural) properties of the defective solids
depend significantly on the spin state of the system. Before
this, however, we briefly discuss the electronic properties
of systems with oxygen vacancies.

There are two important points concerning the electro-
nic properties of defective systems. First, the conductivity

Table 7. Vacancy in BTO. Calculations with supercell 2x2x2 (40 atoms)

Parameter Perfect BTO SG 99 - BTO.With vacancy (4.17 %) —
in BaO, S,=0 in BaO, S.=1 in TiO,, S.=0
a, A 7.925 7.969 7.975 7.968
b, A 7.925 7.969 7.975 8.078
c, A 8.096 8.075 8.070 7.966
a, deg 90 89.995 89.972 90.002
B, deg 90 89.995 89.972 90.003
Yy, deg 90 90.317 89.962 90.051
v, A3 508.42 512.76 513.24 512.71
E., eV 3.26 0.27 0.43 0.20
E..., eV — 7.32 7.19 7.48
Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, vol. 46, No. 12 1401



L. L. Rusevich, E. A. Kotomin, G. Zvejnieks, and A. 1. Popov

Table 8. Vacancy in STO. Calculations with crystallographic

cell (20 atoms)

Perfect STO STO with vacancy
Parameter SG 140 (8.33 %) in TiO,
S.=0 S.=1
a, A 5.488 5.538 5.568
b, A 5.488 5.523 5.540
c, A 7.777 7.875 7.864
0, deg 90 90.000 90.000
B, deg 90 90.000 90.000
v, deg 90 89.029 88.429
v, A} 234.20 240.84 242.49
E/} eV 3.39 0.44 0.71
E\per €V — 7.56 7.43

of BTO and STO structures with oxygen vacancies and
second — distribution of spins and electron charges. The
electronic conductivity, as well as concentration of free
carriers, increase with increasing of vacancy concentration
[41]. In our calculations, concentration of oxygen vacan-
cies is quite high. As seen in Tables 7 and 8, ionization
energy for BTO structures with vacancy is 0.2-0.4 eV, for
STO — 0.4-0.7 V. In any case, defective structures are
not far from conducting state. Tables 7 and 8 do not con-
tain information about the vacancy in the TiO, plane with
S, =1 for BTO structure (Table 7) and vacancies in the SrO
plane for STO structure (Table 8) because our calculations
give for these configurations conducting states.

Let us discuss now distribution of spins and electron
charges in defective systems. At the beginning, we consid-
er oxygen vacancy in the TiO, plane in the BTO structure
(Fig. 2). Titanium atoms Ti2 and Ti4 are the nearest to the
vacancy. We suppose as the initial guess that in the system
with spin state S, = 0, Ti2 atom has spin +1 (i. e., it has
total spin “up” which is generated by spin of one unpaired
electron), but Ti4 atom has spin —1 (total spin “down”).
After self-consistent calculations, we find the final distri-
bution of spins remains very close to the initial assump-
tion: spins almost fully redistributed between these two
atoms: Ti2 has spin +0.79, Ti4 has —0.79. Absolute values
of spins of the other six titanium atoms do not exceed 0.1.
Charge distribution correlates with distributions of spins.
Thus, the Mulliken charge of Ti2 and Ti4 atoms decreases
from +2.31]e| down to +2.05|e], but charge on other Ti atoms
remains almost invariable. Thus, we can conclude that
spins of unpaired electrons are well localized at the nearest
to the vacancy two Ti atoms whose charges decrease due to
trapped electrons from a missing oxygen. Other Ti atoms
hardly change their spin and charge states. Meanwhile,
charges on Ba atoms remain nearly the same as in the per-
fect crystal, but charges of oxygen ions either decrease (to
compensate for the missing oxygen atom) or remain almost

the same, too. The spins of Ba and oxygen atoms are zero.
Under such relaxation conditions, we get an insulating
state of a system. On the other hand, the same BTO system
with a vacancy in the TiO, plane, but with S, = 1, demon-
strates the conducting state. The main difference stems
from the fact that in the latter case spins are not localized
on two Ti atoms but redistributed almost evenly between
four titanium atoms: +0.46 at Til and Ti3, +0.50 at Ti2 and
Ti4 (see Fig. 2; the small structural differences between
systems with S, = 0 and S, = 1 are not essential for under-
standing this discussion). The charges of mentioned Ti ions
decrease to +2.27le| (Til, Ti3) and +2.14|e| (Ti2, Ti4).
Other Ti atoms and all Ba atoms do not change their spin
and charge states; oxygen atoms behave like in a system
with S, = 0 (see above).

Consider now the oxygen vacancy in the BaO plane in
BTO (Fig. 3). The nearest Ti atoms to the vacancy, in this
case, are Til and Ti2, and these atoms lie on the tetragonal
axis. We got insulating state for both spin states, S, = 0 and
S, = 1. Our initial guess was that for S, = 0 the nearest to
the vacancy atoms Til and Ti2 have spins +1 and —1, re-
spectively. After full optimization of the system, spins re-
main to be localized on two atoms Ti2 (spin —0.76) and Ti8
(+0.81). Interestingly, the second from two the nearest to
the vacancy atoms, Til, has spin only —0.17. Charges of
these atoms decrease to +2.09e| (Ti2), +2.15e| (Ti8), and
+2.20le| (Til). Spins of other Ti atoms are close to zero,
but their charges are almost the same as in a perfect crys-
tal. In the case of S, = 1, none of the nearest to the vacancy
atoms shows visible spin. Spins are localized on Ti3 and
Ti5 atoms, each of which has spin +0.86 and charge
+2.15le|]. The Til and Ti2 atoms have spins +0.14 and
+0.05, respectively, and charges +2.22|e| and +2.23|e|, re-
spectively. Thus, we can conclude that, in case of a vacan-
cy in the BaO plane, the insulating state exists for both
spin states (S, = 0 and S, = 1), spins localize on two atoms,
but these atoms are not the nearest to the vacancy and they
lie on the lines, which are perpendicular to the tetragonal
axis. Spins of all Ba and oxygen atoms are close to zero
and charges of Ba atoms are almost the same as in a per-
fect crystal. Charges of oxygen ions either decrease or are
close to those in a perfect crystal.

Now a few words about STO structure with an oxygen
vacancy. We have insulating states for both spin projec-
tions (S, = 0 and S, = 1) of the system with a vacancy in the
TiO, plane and conducting states for a vacancy in the SrO
plane. In general, the situation is the same, as for vacancies
in the BTO. If two spins are well-localized on two Ti at-
oms, the system is insulating, otherwise the conducting
state occurs. For example, for a vacancy in the TiO, plane
(insulating state) with S, = 0, the distribution of spins
between four Ti atoms of a supercell is —0.93, +0.81,
+0.14, -0.01, for S, =1 it is 0.97, 0.89, 0.08, 0.06, but for a
vacancy in the SrO plane (conducting states) with S, = 1
such distribution is 0.73 for two Ti atoms and 0.32 for two
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other Ti atoms. At the same time, the charge on each Ti
atom in all cases reduced; the situation with Sr and oxygen
atoms is similar to that with Ba and oxygen atoms in BTO:
spins of all Sr and oxygen atoms are close to zero, charges
of Sr atoms are almost the same as in a perfect crystal,
whereas charges of practically all oxygen atoms decrease.

3.2.2. The vibrational spectra of defects

Finally, we consider vibrational properties and the Ra-
man spectra of BTO and STO with oxygen vacancies. We
used the option of isotopic substitution (change of atomic
masses of specific atoms) as implemented in the CRYSTAL
code [43], to define the contribution of individual atoms to
the vibrational mode.

A few general comments on the Raman spectra in BTO
with vacancies. Raman spectra of perfect BTO crystal and
that with vacancies in different planes (TiO, and BaO) and
in various spin states are compared in Fig. 4. In all cases
with vacancies, we have 114 nondegenerate TO modes (for
initial 40-atoms supercell), but for a vacancy in the BaO
plane with S, = 0 two from these modes have an imaginary
frequency. All vibrational modes in all cases are both IR-
and Raman-active, therefore we will discuss only the most
intensive Raman peaks in Fig. 4. In the spectra of the de-
fective crystals, we do not see the same peaks, as in perfect
crystals. Thus, all observed peaks arise due to the perturba-
tion of the crystal lattice by the vacancies. As is seen in

Vac in TiO,, S, =0

Vac in BaO, S_ =1

Intensity, arb. units

Vac in BaO, §,=0

Perfect

0 200 400 600 800
Raman shift, cm !

1000

Fig. 4. The Raman spectra for BTO with vacancies in the TiO,
and BaO planes.

Fig. 4, more or less intensive peaks in the spectra of defec-
tive BTO arise in high-frequency region (>500cm).
These peaks are almost entirely related to vibrations of
oxygen atoms. The contribution of Ba atom vibrations to
the spectra is negligible. The latter vibrations can have an
impact in region 50-200 cm ' of spectra. Also, Ti atoms
slightly contribute to the spectra in the region 200-600 cm
Finally, vibrations of the most lightweight oxygen atoms
affect the Raman spectra above ~ 500 cm .

The four neighboring consecutive peaks are the most
intensive in the BTO spectrum with the vacancy in TiO,
plane (S.= 0): at 584 cm ' (0.15), 592 cm ' (0.26), 618 cm'
(1.0), and 654 cm™' (0.39); intensities of the Raman lines
are shown in the parentheses, normalized to the line with
the highest intensity. The first three peaks arise mostly
from vibrations of 8 oxygen atoms nearest to the vacancy
(4 equatorial and 4 axial oxygen atoms, which are connect-
ed with Ti2 and Ti4; see Fig. 2). The last peak at 654 cm'
is related mainly to Ti—O stretching of four Ti atoms Ti5—
Ti8 (Fig. 2) with their axial oxygen atoms and, additional-
ly, Ti5-O stretching of the Ti5 atom and its distant equato-
rial oxygen atom, i. e., the nearest atoms around the vacan-
cy do not contribute to the formation of this peak.

Let’s consider now the Raman spectra for BTO with a
vacancy in the BaO plane (Fig. 4). For spin state S, = 0,
four the most intensive peaks are seen at 526 cm ' (0.16),
616 cm™ (1.0), 692 cm™ (0.13), and 710 cm™ (0.28). In
the first peak, the stretching of the Ti7 atom and its lower
axial oxygen atom (Fig. 3) give the largest contribution.
The maximal peak (616 cm™) is formed, mostly, by the
stretching of the Ti6 atom and its left and right (on the y
axis; Fig. 3) equatorial oxygen atoms, and the Ti4 atom
with its equatorial oxygen atoms on the x axis. At the same
time, the vibrational contribution of the nearest to the va-
cancy atoms to the formation of the maximal peak is negli-
gible. Unlike the first two peaks, the vibrations of the near-
est to the vacancy oxygen atoms, mainly, form peak at
692 cm’l; meanwhile, the largest contributions arise from
stretching of the Til atom with its left (on the y axis) and
distant (on the x axis) equatorial oxygen atoms. Lastly, the
peak at 710 cm ' also corresponds to Til—O stretching, but
only with the lower axial oxygen atom (Fig. 3).

For the spin state S,= 1 of the vacancy in the BaO
plane, the picture is a little “richer”, with more peaks in the
spectrum; the peaks are located in the wider region of
spectrum (Fig. 4). Four the most intensive peaks are ob-
served at 596 cm™' (0.38), 621 cm ' (0.32), 664 cm™' (1.0)
and 702 cm™' (0.17); the maximal peak (664 cm ) is shift-
ed to the high-frequency spectrum region by ~ 50 cm!
relatively to the maximal peak for the spin state S,= 0.
Vibrational analysis of corresponding modes reveals that
two the most high-frequency main peaks are related mostly
to the vibrations of the nearest oxygen atoms to the vacan-
cy; at the same time, two other main peaks show quite
small contribution of these atoms. For example, the main
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contribution to the peak at 596 cm™' is connected with the
stretching of the Ti8 atom and its upper axial oxygen atom.

The Raman spectra of perfect STO crystal and that with
a vacancy in the TiO, plane in the two different spin states
are presented in Fig. 5. In both cases with vacancy, we have
54 nondegenerate TO vibrational modes (three more modes
are acoustic), all are both IR- and Raman-active modes. The
spectra for different spin states differ considerably; the spec-
trum for S, = 0 reveals more peaks which are located in a
wider spectral region. Six the most intensive peaks for STO
with vacancy in the spin state S.= 0 are: 470 cm' (0.59),
506 cm™ (0.58), 532 cm ' (0.37), 552 cm (0.35), 606 cm™!
(0.87) and 742 cm (1.0). For S.= 1 there are five main
peaks in the spectrum: 528 cm ' (0.24), 597 cm' (0.15),
741 cm ™ (0.07), 797 cm ' (1.0), 896 cm™' (0.06).

We do not perform the vibrational analysis for STO as
it was done above for BTO crystal, but compare here the
calculated TO Raman frequencies for oxygen reduced STO
with those experimentally observed at 10 K [41]. These
authors reported [41] additional features in the Raman
spectra of reduced STO at 505, 630, and 700 cm™ with
concentrations of oxygen vacancies over 10" cm”, and
their intensities rapidly grow with the increase of vacancy
concentration. All relevant information is collected in Ta-
ble 9. We present there our calculated frequencies, which
are the closest to the corresponding experimental ones. The
calculated frequencies are classified on the spin states, and

Vac, S, =1

Vac, §,=0

-
|

0 200 4 60 800
Raman shift, cm’'

Intensity, arb. units

Perfect

1000

Fig. 5. The Raman spectra for STO with a vacancy in the TiO,
plane.

Table 9. Comparison of experimentally observed at 10 K and
calculated in present work TO Raman phonon frequencies (cm ™)
for STO with oxygen vacancies

Experiment [41] Calculation, S, =0 Calculation, S, =1
505 493, 506, 507 509, 528
630 606, 608 597, 616, 620
700 673, 728, 742 687,741, 797

Note: Calculated results are for a vacancy in the TiO, plane.

frequencies of the most intensive peaks (see above) are given
in bold. As it is seen from Table 9, the frequencies of our cal-
culated intensive peaks are close to experimental ones.

4. Conclusions

In this study, we performed for the first time the first-
principles (ab initio) calculations of the structural, electronic,
and phonon properties of BTO and STO crystals for stoichi-
ometric (cubic and tetragonal phases) and non-stoichiometric
(with neutral oxygen vacancies in tetragonal structure) cases.
The calculations for oxygen reduced crystals were performed
for several spin states of a defective system. It was shown that
the oxygen vacancies do not affect noticeably the macroscop-
ic crystal structure, but change its electronic and vibrational
properties. It was demonstrated that due to oxygen reduction
new local vibrational modes arise at the frequencies absent in
stoichiometric bulk crystals. We analyzed defect-induced
phonon modes and calculated the Raman spectra for defective
(with oxygen vacancies) BTO and STO crystals. The calcu-
lated well-separated and intensive new first-order Raman
peaks associated with oxygen vacancies allow detecting these
vacancies in experimental spectra. These new peaks arise in
the high-frequency region (> 500 cm ') of the Raman spectra,
outside the main Raman spectra of stoichiometric BTO and
STO crystals. New spectral features arise due to vibrations of
both the nearest atoms to the vacancy and more remote atoms
(this may depend on the vacancy concentration). Phonon
modes and shape of the Raman spectra significantly depend
on the spin state of the system with oxygen vacancy but less
on the location of the vacancy in different planes (TiO, or
Ba0). Our results may be useful for the analysis of experi-
mental studies of defective STO surfaces [66].
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Ab initio po3paxyHKU CTPYKTYPHUX, €NEKTPOHHNX
Ta KONMBanbHUX BIacTMBOCTEN KpUcTanis
nepoeckuTi BaTiO3; Ta SrTiO3 3 KNCHEBMMU
BaKaHCisiMK

L. L. Rusevich, E. A. Kotomin, G. Zvejnieks,
A. |. Popov

BukoHnaHo po3paxyHKH 3 Mepuux OpUHUMINB (ab initio)
CTPYKTYPHHX, EJICKTPOHHUX 1 (JOHOHHUX BJIACTUBOCTEH KyOIYHUX
Ta HU3bKOTEMIICPATYPHHUX TETPArOHAIBHUX (a3 KPUCTANB EPOB-
ckutiB BaTiO; i SrTiO; sik cTEeXiOMETPUYHHUX, TaK 1 HECTEXi0-
METPUYHHUX (3 HEHTpaJbHUMH KHCHEBUMHM BakaHcismu). [Jlns
po3paxyHKiB BHKOpHCTaHO komm 'torepHmii kogq CRYSTAL1L7 y
HaOJIOKeHHI JTiHIHHOT KOMOiHaLi aTOMHUX opOiTanei i3 3acrocy-
BaHHSM PO3LIMPEHOTO TiOPHAHOT0 0OMIHHO-KOPEIIIHHOTO (QyHK-
uionana BIWC 3 teopii ¢yukuionana minsHocti (DFT), a Takox
HiIXO/y 3 BUKOPHCTAHHSM IIepiOANIHOI CyIIepKOMipKu. Po3risHy-
TO PI3HI MOXKJIMBI CITIHOBI CTaHH AE(PEKTHOI CUCTEMH 3a JOIIOMO-
TOI0 HeoOMeXeHHX (3 BiIKpHuTor0 000i0HK0I0) DFT-po3paxyHKiB.
IToka3aHo, 110 3MEHIIEHHS KUCHIO NMPHU3BOIUTH [0 IOSBH HOBHX
JIOKQJIbHUX KOJMBAIBHHUX MOJI, IIOB’S3aHHUX 3 KHCHEBUMH BaKaHCi-
SIMH, @ TAaKO>K HOBHX MIKIiB MEPIIOro MOPSAKY B CHEKTpax KoMOiHa-
LIHOTO PO3CIIOBAHHS CBITJA, SIKI MOXYTh OYTH BHKOPHCTaHI IS
inenTudikarii medekriB. Po3paxoBani crekTpu KoMOiHALiHHOTO
PO3CIIOBAaHHS CBITJIA JUISl PI3HUX IOJIOXKEHb BAaKaHCIH 1 CIIiHIB cHc-
TEMH, a TaKOX IHIII BJIACTUBOCTI A€(EKTHUX KPUCTANIIB MOPiBHIO-
FOTBCS 3 BIAIIOBITHUMH EKCIICPUMCHTAIBHIMH JAHUMH.

KurouoBi cnosa: BaTiO;, SrTiO;, kucHeBa BakaHcisi, TiOpHaHi
obuncienns DFT, indpadepBoHi criekTpy, crek-
TP KOMOIHALIITHOTO PO3CiFOBaHHS CBITIIA.
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