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Thin films of ABO; perovskite ferroelectrics are important for many industrial applications, i.e., high-capacity memory
cells, catalysis, optical waveguides, and integrated optics. The use of BaTiOs for these industries and products is due to
the variety of its surface structure and, accordingly, its electronic and chemical properties. Calculations of the surface
characteristics of BaTiO3 from the first principles are useful for understanding processes that play a crucial role, such as
surface reaction chemistry, surface phenomena, and adsorption surfaces. This study examined theoretical calculations
related to the relaxed atomic structures of the surface of BaTiO; (111).
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INTRODUCTION

BaTiO; is a popular classic electrician with a wide
range of applications, from dielectric capacitors to non-
linear optical devices. BaTiO3 cubic-structured lattice is
paraelectric at high temperatures [1].

The effect of deformation on phase transitions and
domain structures in thin BaTiOs films is mainly deter-
mined by elastic constants and electrostriction coeffi-
cients [2-3].

At temperatures from 0 °C to 120 °C, the structure
enters the tetragonal phase (P4mm spatial group), where
the Ti atom leaves the center along the Ti-O bond, polar-
ized along [111], and has a value of 26 pl/cm?. The initial
cubic symmetry is as follows: there is an increase in the
distorted lattice parameter, and the coordinates at the OII
position are 1.011.5. The displacement for atoms Ba2+
and Ti4+ along the c axis will have the values +0.06,
+0.12, and —0.03 A, respectively [4].

When the temperature drops below 0 °C, the ortho-
rhombic phase (spatial group C> mm) is stable. It is also
a self-polarized ferroelectric parallel to the direction of
the pseudocube edge (111). At—90 °C, a third phase tran-
sition occurs, and the symmetry of the lattice changes
rhombohedral (spatial group Rm3): a=b=c and
o = 89.87°. The electric polarity axis lies in one of the
diagonal directions of the pseudocube (111).

In low-temperature ferroelectric phases, self-polari-
zation has ferroelectric, dielectric, piezoelectric, pyroe-
lectric, electro-optical, and nonlinear optical properties
[5-6]. Given the transition temperature, the transition
from the cubic phase to the tetragonal phase is of partic-
ular interest, and a corresponding comparison with cubic
perovskites shows that the phase transition behavior in
BaTi0; is not universal but must depend on the details of
the chemistry and structural thermodynamics of that
compound [9, 10].

c) d)

Figure 1. Phase transition of BaTiOs: a) cubic phase,
b) tetragonal phase, c) orthorhombic phase,
d) rhombohedral phase

Given this technological importance, it is not surpris-
ing that the surface of BaTiOs (111) has theoretically
been widely studied using ab initio methods and the shell
model [3-9]. Unlike the widely studied BaTiOs(111) sur-
faces, only a small part of the work is devoted to calcu-
lating the atomic and electronic structure of the BaTiO;
(111) surface [11]. For example, Eglitis and Vanderbilt
[12] recently conducted a study of BaTiOs (111) surfaces
using the Hartree-Fock hybrid correlation function (HF)
and density functionality theory (DFT), in which the ex-
change-correlation function HF is mixed with the three-
parameter exchange DPF and combined with the non-lo-
cal correlation function Purdue and Wang (B3pw) [13].
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There are no data on experimental studies related to
BaTiO; (111), but there are several experimental studies
for surfaces related to SrTiOsz (111). Tanaka and Kawai
[10] got clean surfaces on the recovered SrTiO3(111)
crystals and used high-energy reflective diffraction to
look at them through a scanning tunneling microscope.
They observed two different surface structures, one with
the SRO crustal layer obtained by annealing at 1180 °C
and the Ti outer layer obtained by annealing at 1220 °C
[14, 15].

As for the theory, [16], based on the results obtained
by the Hartree-Fock full-energy semi-empirical method,
(111) and (111) discussed the effect of polarity on the
SrTiO; surfaces. For these areas, they consider some pro-
totypical (1,1) configurations that differ in surface com-
position and the coordination number of surface atoms.
They believe that the compensation of these polar direc-
tions is mainly achieved by the abnormal filling of sur-
face states, which must be determined by surface
spectroscopy [17].

METHOD FOR SURFACE CALCULATIONS

Calculations were made based on the first principles
within the framework of the DFT. Unlike the flat wave
codes used in many previous studies, Gaussian-type lo-
calized BSS is used. In the calculations of Eglitis and his
colleagues, BSS was developed for SrTi0s, BaTiO3, and
PbTiOs. Many calculations for O atoms used a new BS,
which differs in the addition of d orbitals that polarize in
O ions. Crystalline BS is generally considered transport-
able, and therefore, since it is defined for some chemical
component, it can be successfully used in calculations for
various chemicals such as Srf;, BaF,, and CaF, Most of
the calculations in this review were performed using the
b3pw hybrid exchange-correlation functor, including
non-local focal precision exchange, local density approx-
imation (LDA), and Becke gradient-adjusted exchange
functor, combined with Purdue and Wang's non-local
correlation potential [18]. For many studies of the ABO;
perovskite surface, b3pw was chosen as a hybrid func-
tional because it provides excellent results for the SrTiOs,
BaTiOs, and PbTiO; constant volume lattice and volume
module [19].

The inverse space integration was accomplished by
sampling the Brilluen area, in most cases using the 8x8x§
Monkhorst—Pack grid, which provides a balanced sum in
the forward and reverse spaces. To achieve high accu-
racy, a sufficiently large tolerance of 7, 8, 7, 7, and 14
was selected for the parameters of dimensionless Cou-
lomb penetration, exchange, first false overlap, and sec-
ond false overlap, respectively.

SURFACE ENERGY OF ABO3 PEROVSKITE

Consequently, the Eq(BaOs + Ti) cleavage energy is
the same for both terminations. The cleavage energy of
the complementary BaTiOs surface E¢(BaO;+ Ti) can be
obtained via the following equation:

E,(BaO, +Ti)=%[ES“,Zf’ (BaO,) + 0
+E.:{122d (Ti) -nk,, :|

where El" (BaO,) is the total energy of unrelaxed

BaO; terminated BaTiOs (111) surface. El" (Ti) is the

total energy of unrelaxed Ti-terminated BaTiOs (111)
surface. Epu 18 the bulk energy per formula unit contain-
ing 5 atoms in the rhombohedral BaTiO; structure. nEpux
energy of the corresponding number of BaTiOs units in
the bulk. Factor ¥4 means that totally four surfaces are
created upon the crystal cleavage. When both sides of the
slab are allowed to relax, the relaxation energies for each
of the surfaces can be obtained from the equation:

E.)-[EL0-ER @] @

where y = Ti or BaOs specifies the actual BaTiOs (111)
surface. E’, (y) is the Ti or BaOs-terminated BaTiOs

(111) slab energy after relaxation. E“" (y) is the Ti or

BaOs-terminated BaTiO; (111) slab total energy without
the geometry relaxation. Factor 2 means that two sur-
faces are created upon the crystal cleavage. Finally, the
BatiOs (111) surface energy is a sum of the cleavage and
relaxation energies:

Eszt)j'(Y):Ec'l (Ba03 +Ti)+Ere'l (y) N (3)

One of these slabs is terminated by Ti planes (so-
called Ti-terminated BaTiOs (111) surface) and consists
of a supercell containing 124 atoms (Ti-BaO3-Ti-BaOs—
Ti-BaOs—Ti-BaOs—T1i). The second slab is terminated by
BaO; planes (so-called BaOs-terminated BaTiOs (111)
surface) and consists of a supercell containing 136 atoms
(BaOs—Ti—BaOs—Ti—BaOs—Ti—BaOs) (see Figure 3). As
it is known from previous computational studies dealing
with polar SrTiOs, BaTiOs, CaTiOs, BaZrOs, and SrZrO;
(111) surfaces a huge electron redistribution takes place
for such terminations in order to cancel the polarity, but
the Ti or BaOs-terminated BaTiOs (111) surface keeps its
insulating character, and therefore such calculations are
feasible. Their calculation results demonstrated that
charge neutralization and polarity compensation could be
achieved by charge redistributions of surface atoms.
BaO; and Ti-crystallographic planes have different
charges. As a result, when considering an asymmetric,
stoichiometric plate in which one side is terminated by
the Ti-terminated surface, an uncompensated dipole mo-
ment arises, giving a total charge g = 2.36. Due to the
periodic boundary conditions used, a lattice of artificial
dipole moments effectively arises, the interaction be-
tween which contributes to the total energy of the system.
Excluding this contribution is a difficult task. Therefore,
we consider a non-stoichiometric Ti-terminated surface
to have a compensated dipole moment. On the other
hand, a BaOs-crystallographic plane-compensated dipole
moment arises. Next, the BaTiO; cleavage and surface
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energies were calculated. It is obvious that BaTiOs per-
ovskite Ti and BaOs-terminated (111) surfaces are mutu-
ally complementary. Surfaces with both terminations
arise simultaneously under the cleavage of the crystal,
and therefore the relevant cleavage energy is distributed
equally between the created surfaces.

RESULTS

Initially, we performed the first-principle calculations
of rhombohedral symmetry BTO bulk structure. In Table
1, we compare BTO rhombohedral phase properties ob-
tained using the different functional. Calculated values
are also compared with existing experimental and theo-
retical dates. Theoretical bulk lattice constants and other
characteristics are corresponds to theoretical and experi-
mental values. As it is seen from Table 1, use of the hy-
brid PBE functional generally allows predicting the
considered rhombohedral BTO properties consistent to
experimental dates taken with various PBEy, LDA func-
tionals. Shown that basis set change does not affect the
results considerably. Especially, the superior agreement
between PBE and experimental results can be seen for
lattice constant a, axial angle o, fractional displacements
Zti, Xo, Zo (respect to the ideal cubic location) of Ti, O at-
oms. We know only two theoretical works [21, 22] where
three BTO ferroelectric phases have been treated by the
same DFT method. Reproduced rhombohedral phase
bulk band gap 2,5 eV that in good agreement with results
of other theoretical works. However, in these two works
mainly the structural properties of the ferroelectric
phases have been considered.

color coding: Ba — green; Ti - blue; O - red

Figure 2. Top view of the (111) rhombohedral BaTiO3

We modeled the BaTiO; (111) surfaces using sym-
metric (with respect to the mirror plane) slabs made up of
13 layers of BaOs and Ti that alternated with each other.
One of these slabs had a supercell with 20 atoms and
BaO; planes terminating it for the BaTiO; crystal. The
second slab had a supercell with 20 atoms and Ti planes
terminating it. These slabs are both stoichiometric, with
unit cell formulas of BayTi4O1».

b
a
a) b)
Figure 3. Side view of the BaOs (a) and Ti (b) terminations
of (111) BaTiOs surface

For this reason, a simple cut creates polar surfaces
with BaOs ends and Ti ends (111), with nominal surface
charges of —2e and +2e per surface cell, this way. If un-
compensated, the surface charge would lead to infinite
electrostatic cleavage energy. In reality, the polar sur-
faces would probably become metallic in order to remain
neutral, but in view of the large electronic gaps in the per-
ovskites, such metallic surfaces would presumably be un-
favorable. Thus, we may expect rather generally that such
polar crystal terminations are relatively unstable in this
class of materials.

As anext step, the perovskite (111) surfaces were lay-
ered with graphene atoms, as shown in Figure 4.

Table 1. Calculated bulk properties of rhombohedral phase of BaTiOs

This Other theoretical works Experiment
Parameters’
work [20] [20]° [20]0 [21]2 [22]9 [20]
Cell

a(A) 4.074 4.073 4.029 3.966 4.073 4.001 4.004
a (deg) 89.754 89.710 89.727 89.958 89.74 89.87 89.8
i -0.0070 -0.0150 -0.0151 -0.0080 -0.0150 -0.011 -0.01128
Xo 0.0116 0.0143 0.0129 0.0069 0.0141 0.0133 0.0109
Z 0.0071 0.0249 0.0242 0.0109 0.0245 0.0192 0.0193
Band gap, Eqep(€V) 25 2.7 4.9 2.2 — 2.3 —
Total energy, AEq (eV) -0.005 -0.061 -0.061 -0.005 -0.060 -0.040 —

Notes:  * Lattice parameter, a; Axial angel of lattice, a; Fractional displacements zr, xo, zo of atoms (Ti, O) are given in respect to the ideal cubic location;
Total energy, AEy, is calculated relative to the cubic phase; 2 PBE, ® PBEO, ¢ LDA.
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color coding: Ba — green; Ti - blue; O - red; graphene — brown

a)

b)

Figure 4. Top view of the BaOs (a) and Ti-terminated (b) graphene modified (111) surfaces of BaTiOs

After optimization the Ti-terminated (b) graphene mod-
ified (111) surface was unstable, in contrast on the BaO;-
terminated surface shows good adsorption (Figure 5).

&

a)

oo“o °°Oo°°

b)

Figure 5. Side view of the initial (a) and optimized (b)
BaOs-terminated graphene modified surface

Figure 6. Charge distribution on BaOjs-terminated graphene
modified surface

This study used the GGA method to find the theoret-
ical bulk lattice constants for rhombohedral BaTiO;
(4.07 A). The theoretical value of the lattice constant
1,6% is larger than the corresponding experimental value
of 4.00 A. implemented the Bader method to analyze
charge redistribution.

BaO; and Ti-crystallographic planes have different
charges. As a result, when considering an asymmetric,
stoichiometric plate in which one side is terminated by the
Ti-terminated surface, an uncompensated dipole moment
arises, giving a total charge qwl = 2.36. Due to the peri-
odic boundary conditions used, a lattice of artificial dipole
moments effectively arises, the interaction between which

contributes to the total energy of the system. Excluding
this contribution is a difficult task. Therefore, we consider
a non-stoichiometric Ti-terminated surface to have a non-
compensated dipole moment. On the other hand, a BaOs-
crystallographic plane-compensated dipole moment ari-
ses. Table 2 shows two types of terminations.

Table 2. Sequence of atomic layers in model plates
of (a) BaOs- and (b) Ti-terminated surfaces

a) BaOs-terminated BaTiO; (111) b) Ti-terminated BaTiOs (111)
BaOs3 Ti
Ti BaOs
BaOs3 Ti
Ti BaOs
BaOs Ti
Ti BaOs
BaOs3 Ti

The calculated surface cleavage energy is 8.73 eV.
Surface relaxation energy for BaO;-terminated BaTiO3
(111) surface (—0.87 eV) is more than two times larger
than the corresponding surface relaxation energy for Ti-
terminated BaTiOs; (111) surface (—0.30 eV). Conse-
quently, the calculated surface energy for BaOs;-termi-
nated surfaces is equal to 7.86 eV and is 8.44 eV for Ti-
terminated surfaces. Calculated cleavage, relaxation, and
surface energies for two terminated (111) surfaces of Ba-
TiOs are in good agreement with other theoretical works.

To describe the electron density distribution, we
found the topological (Bader) charges on the atoms in the
top and bottom atomic layers and compared them to the
values for the bulk crystal BaTiOs. The calculation re-
sults are shown in Table 3.

Table 3. Effective topological charge on atoms for a 7-layer
plate model with a BaOs surface atomic layer compared
with a similar value for volumetric BaTiOs

Plane Atoms Bulk Surface Increment
1 Ba 1.91 1.58 -0.33
0 -1.29 -1.33 0.04
2 Ti 1.96 2.07 0.11
3 Ba 1.91 1.58 -0.33
0 -1.29 -1.31 0.02
4 Ti 1.96 2.08 0.12
5 Ba 1.91 1.65 -0.26
0 -1.29 -1.13 0.16
6 Ti 1.96 2.09 0.13
7 Ba 1.91 1.64 -0.27
0 -1.29 -1.14 0.15
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In a BaTiO; bulk crystal, the values of the topological
charge on the ions are significantly less than the nominal
charge due to their valences: Ba3+, Ti3+, and O,. This
fact is due to the fact that part of the electron density is
located between ions and gives a covalent contribution to
the chemical bond between Ba and O ions. BaOs- and Ti-
terminated surfaces exhibit different behavior: the values
of the effective charges on the Ti layers bordering the
vacuum remain very close to the values in the bulk sam-
ple, while the effective charges on the Ti surface layers
decrease significantly compared to the same value for the
bulk sample. The effective charges of the remaining at-
oms inside the plate are close to the corresponding values
in volumetric BaTiOs.

Calculated charge redistribution of BaTiO;3 Ti-termi-
nated graphene layered surface. The charge density dif-
ference of BaTiO; Ti-terminated graphene-layered
surfaces is presented.

In the diagram of the density of state of the BaOs-ter-
minated BaTiOs (111) surface (see Figure 7) it is clear
that the reproduced band gap is 1.9 eV. In the work for
cubic phase BTO (111), the theoretical band gap equals
3.6 eV, while the experimentally defined value equals
3.3 eV. Thus, the disperance of the value of the band gap
is explained in our research from experiential and theo-
retical values explained with the difference of phases of
BTO.

140
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Figure 7. Total density of states for a BaOs-terminated
BaTiOs (111) surface. The Fermi level is taken equal to zero
2.2, 24and 2.7 eV

As seen from Figure 7, the band gap of the BaOs-ter-
minated BaTiOs (111) surface amounts to 1,9 eV, which
is close to values of 2.2, 2.4 and 2.7 eV. And plotted the
total density of states for a BaOs-terminated BaTiO;
(111) surface (Figure 8).

According to the performed calculation results for
BaOs-terminated BaTiO; (111) surfaces relaxation small
ranging from 0.02 till 0.24 (see Table 4). BaOs-termi-
nated and Ti-terminated BaTiO; (111) surfaces displace-
ments similar, upper layer Ba atoms relax inwards and O
atoms relax outwards. Surface upper layer Ba atom

relaxes inward by 0.16%, but O atom moves outward by
0.17%. The second layer Ti atom for both termination re-
laxes inward by 0.1% and 0,24% for unipolar and polar
terminations, respectively. Next layer ions of surfaces
move like as upper layer Next inner layer Ba atom relaxes
outward by 0.09%, but O atom preserve initial state. Ti-
terminated surface inner layer Ti ion moves inward very
small value 0,18% and 0,02%, respectively. These results
are in good agreement with similar data from the work
[24].

140

——TDOS

03 0
Energy-E(eV)
Figure 8. Total density of states for a graphene layered BaOs-

terminated BaTiOs (111) surface. The Fermi level is taken
equal to zero 2.2, 2.4 and 2.7 eV

Table 4. Calculated relaxation of BaOs and Ti-terminated
BaTiOs (111) surfaces upper three layer atoms (as a percen-
tage of the bulk crystal lattice constant a = 4.074 A). Positive

(negative) values refer to displacements in the direction
outwards (inwards) of the surface

Displ. (Az) Displ. (Az)
Layer lon Polar
BaOs-term. BaOs-term.
1 Ba -0.02 -0.16
0 +0.24 +0.17
2 Ti -0.10 -0.24
3 Ba -0.12 -0.14
0 +0.10 +0.14

Surface rumpling s (the displacement of oxygen with
respect to the metal in the upper surface layer) and
changes in interlayer distances Adi» and Ad»3 (1, 2 and 3
are the number of surface layers). Performed calculation
results for this properties are given in Table 3. The calcu-
lations of the interlayer distances are based on the posi-
tions of relaxed metal ions. As seen from Table 5, that the
BaOs-terminated surface demonstrates the other behav-
ior, with expansion of interlayer distance Ad12 and re-
duction of Ad23. In the case of Ti-terminated (111)
surface shows small increase of interlayer distances Ad12
and Ad23. Calculated some values of surface rumpling
and interlayer distances of surfaces in consistent with
amounts from work [23].

95



AB-INITIO CALCULATIONS OF RHOMBOHEDRAL BaTiOs (111) SURFACE COMBINED WITH GRAPHENE FILMS

Table 5. Calculated surface rumpling s and relative displa-

cements Adij between the three near-surface planes, for the

BaOs- and Ti-terminated BaTiOs (111) surfaces. Units are
per cent of the bulk lattice constant

Termination | Ads2 Adas
Ti-term 1.86 1.12

Termination s Adi2 | Adzs
BaOs-term | -0.1 076 | -7.71

CONCLUSION

It is seen from the that at a graphene-layered BaOs-
terminated BaTiOs (111) surface, the band gap strongly
reduced and vanished. The obtained results of research
show a high sensitivity of the electronic properties of the
BaTiO; (111) surface to a combination of low-dimen-
sional systems. The main source of energetic diversity is
most likely caused by charge redistribution between ions
on the surface and graphene.

The calculations performed created a large amount of
data for future interpretation and comparison. Designed
configurations can also be used as a solid platform for
OER modeling on perovskite-layered hybrid materials.

In addition, the introduction of graphene leads to the
polarization of neighboring ions. The analysis of electron
redistribution on the surface by introducing graphene do-
pants will be described in our forthcoming paper.

These studies were funded by the Ministry of Science
and higher education of the Republic of Kazakhstan as
part of the grant funding “Development and Research of
New Multifunctional vdW Structures of 2D Films Based
on Transition Metal Oxides” (IRN-AR14972694).
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POMBOJ/IPJIIK BaTiOs (111) BETIHIH AB- INITIO ECEIITEYJIEPI

B. M. Caranosa'’, I. 9. Kanraraii?, A. I1. KapkbimGekoBa!, ®@. Y. AGyoBal,
A.Y. AGyosal, P. H. Acbui6aes’, H. O. Koiabik?, K. T. Tyren6aesa?

! JI.H. I'ymunee amvinodazvr Eypaszus ynmmolx ynusepcumemi, Acmana, Kazaxcman
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3 9. Mapzynan amvinoazet Ilasnodap nedazozuxanvix ynusepcumeni, Iaenooap, Kazaxcman
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ABOj3; miepoBCKHUT (GeppodTIeKTPUKTEPiHIH KYKA TUICHKATAPhl KONTEreH OHEPKOCINTIK KOMAAHBICTAD, SFHHU CHIABIMIIBI-
JIBIFBI JKOFAphl JKaJ| YAIMBIKTAphl, KaTali3, ONTHKAIBIK TOJKBIH OTKI3TIIITEp, MHTETPaIbl ONTHKA YINIH MaHBI3BL.
Ararran cananap MeH OyiisiMaap ymid BaTiOs KongaHy, OHBIH O€TKi KYpBUTBIMBIHBIH JKOHE COMKECIHIIIE SIEKTPOHIBIK
JKOHE XMMUSUIBIK KACHUETTEPIiHIH caH ajyaH OoiyblHa OaiyaHbpIcThl OoJbin TaObuiansl. BaTiO; OetiHiH cunaTramana-
PBIHBIH aJFAIIKbl KaFuAaiapliaH ecenreyyiepi OeTTIK peakiusuiap XUMUCHI, OeTKI KYObUIbICTAp YKOHE aICOPOIMSLIBIK
OerTep CHSKTHI WICIIYII pej aTKapaThlH MPOIeCTepAl TYCiHy YuniH naiganel. Bym 3eprrey BaTiO; (111) Oerinig
peraKcalsIaHFaH aTOM/BIK KYPhUIBIMAAPBIHA KATBICTHI TEOPHSUIBIK €CeNTeyIep i KapacThIPhIIIBL.

Tyitin co30ep.: cemepoKypoLIbiMOap, eKi oaumemMoi Mamepuaioap, Kiui onuemMol KYpolLivblM, Omneii Memall OKcuomepi,
Xapmpu-@ok cubpuomi KOppersyusiiblk, (yHKYUACHL.

PACYETBI AB-INITIO POMBO3JIPUYECKOM MOBEPXHOCTH BaTiOs (111),
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ToHKkHe NIIEHKH NEPOBCKUTHBIX (eppodneKTpUKoB ABO3 BakHBI [JI1 MHOTHX HMPOMBIIUICHHBIX IPUMEHEHHH, TO eCTh
JUISL STYEEK MaMsTH OOJIBILION EMKOCTH, KaTaji3a, ONTHYECKUX BOJIHOBOJIOB, MHTErpalibHOM onTuku. [Ipumenenue BaTiOs
JUI yKa3aHHBIX OTpacyieil U m3zenuit oOycioBJIEHO OOJBLIMM pa3HOOOpa3HMEeM €ro NMOBEPXHOCTHOW CTPYKTYpBI H,
COOTBETCTBEHHO, DJIEKTPOHHBIX W XUMHUYECKUX CBOMCTB. Pacuerbl xapakrepuctuk noBepxHocTH BaTiO; u3 mepBbix
MPUHIUIIOB MOJIE3HBI JJ1 IOHUMaHMA MPOLIECCOB, KOTOPBIE UTPAIOT PEIIAIOIIYIO POJIb, TAKUX KAK XMMHUS TIOBEPXHOCTHBIX
peakuuii, MOBEPXHOCTHBIE SIBJICHUS M aiCOPOLMOHHBIE MOBEPXHOCTH. B 3TOM HCClieOBaHMM paccMaTpUBAINCH
TEOPETHYECKHE PacYeThl OTHOCUTEIHHO PEIAKCHPOBAHHBIX aTOMHBIX CTPYKTYp moBepxHocty BaTiOs (111).

Kntouesvle cnosa: cemepocmpykmypwl, 08yMepHvle MAMepUanvl, MHOZOMEPHAS CMPYKMypd, OKCUObl NepexoOHblX
Memannos, cubpudHas Koppenayuounas gyuxyus Xapmpu-Doxa.
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