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ATOMISTIC COMPUTER SIMULATION OF ABO3 
(A = Ca; B = Zr, Ti, Sn) PEROVSKITES: CRYSTAL STRUCTURE, 
INTRINSIC POINT DEFECTS AND DOPANT FORMATION 

The modeling of structural and thermodynamic properties of complex oxides with orthorhombic perovskite structure 

CaZrO
3
, CaTiO

3
 and CaSnO

3
 was performed by means of atomistic computer pair potentials method in ionic approxima-

tion. The results of calculations for the structural properties are in a good agreement with experimental data and previous 

calculations, while the calculated values of bulk modules are overestimated. The calculated entropy values for the room 

temperature are in a good agreement with available experimental data for CaTiO
3
 and CaZrO

3
.
 
For the first time the en-

tropy was calculated in the temperature range 300 —1800 K for all three perovskites and the results are in a satisfactory 

agreement with experimental data for CaTiO
3
. The formation energies of isolated intrinsic point defects in these crystals 

were calculated by using Mott-Littleton approximation. For all three perovskite structures the most energetically favorable 

appears to be a Ca—O Schottky defect. The solution energies of the isovalent tetravalent substitutions (Zr4+, Ti4+, Sn4+, 

Hf 4+, U4+, Th4+) in CaZrO
3
, CaTiO

3
, CaSnO

3
 were also found in the approximation of infinite dilution. The enthalpies 

of mixing of the continuous binary solid solutions CaZrO
3
 — CaTiO

3
, CaTiO

3
 — CaSnO

3
, CaSnO

3
 — CaZrO

3
 were ob-

tained by using of simple mixture model. The solution of the isolated trivalent dopants (Sc3+, Y3+, Cr3+, Fe3+, La3+) and 

the tetravalent (Hf4+, U4+, Th4+) dopants were considered both in A and B (A = Ca, B = Zr, Ti, Sn) sites of all three 

perov skites. According to these calculations, the most energetically favorable mechanism of incorporation of the trivalent 

dopants is the self-compensation at simultaneous substitutions on A and B sites. The most favorable way of incorporation 

of the tetravalent ions M 4+ is an isovalent substitution of B 4+ ion.
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1. Introduction

1.1. The aim of present study. The new mineral la-

kargiite [8] from perovskite family belongs to the ter-

nary solid solution CaZrO
3 

— CaTiO
3 

— CaSnO
3
 

with a maximum CaZrO
3 

content of 93 mole %, 

maximum CaTiO
3
 content of 22 mole %, and 

maximum CaSnO
3
 content of 20 mole %. Besides 

these three main components, the significant im-

purities in lakargiite are Sc, Cr, Fe, Ce, La, Hf, 

Nb, U, and Th. The main component of solid so-

lution CaZrO
3
 has a broad range of applications, 

from proton conductors to ceramics used for im-

mobilization of long-lived radionuclides. Perov-

skite CaTiO
3
 is widely used in electronics as a ce-

ramic dielectric material and in immobilization of 

radioactive waste. CaSnO
3
 is a potentially impor-

tant material for application as a capacitor com-

ponent. The solid solutions of these materials are 

attractive candidates for use in many electronic 

ap plications. The structure of CaZr
1—x

Ti
x
O

3
 solid 

solution was studied earlier [11, 14], CaZr
1—x 

× 
×  Sn

x
O

3
 and CaSn

1—x
Ti

x
O

3
 solid solutions are not 

so well examined. The electronic properties of 

perovskite materials and their solid solutions de-

pend on type and concentration of point defects 

in them. The aim of this work is a study of the 

defect structure of pure and doped materials 

CaZrO
3
, CaTiO

3
, CaSnO

3
 by means of computer 

modeling. Calculations of structure, properties 

and formation energy of intrinsic point defects 

and isolated dopants in CaZrO
3
, CaTiO

3
, CaSnO

3 

were performed by means of an atomistic pair 

potentials method. On the basis of the obtained 

data the mixing enthalpies of the binary solid 

solutions CaZrO
3
 — CaTiO

3
, CaTiO

3
 — CaSnO

3
, 

CaSnO
3
 — CaZrO

3
 were estimated with the help 

of a subregular mixing model.
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1.2. Crystallography of orthorhombic perovskites. 

The ideal oxide perovskite structure ABO
3
 consists 

of small B cations within the oxygen octahedra 

and large A cations which are 12-fold coordinated 

by oxygen. The ideal atomic packing of the pe-

rovskite lattice results in a cubic structure with 

space group Pm3m, but as the ionic radii of the A 

and B cations move away from the values that give 

a tolerance factor τ = 1.0 the BO
6
 octahedra tilt to 

yield lower symmetry arrangements.

All materials considered here (CaTiO
3
, CaSnO

3
 

and CaZrO
3
) display a distorted orthorhombic 

structure with the space group Pnma. The struc-

ture of perovskite CaTiO
3
 is less distorted (τ = 

= 0.97), than CaSnO
3 

(τ = 0.93) and CaZrO
3
 (τ = 

= 0.92) [26]. This sequence is in agreement with 

the range of octahedral ionic radii of Ti4+, Sn4+ 

and Zr4+ (0.61, 0.69 and 0.72 Å, respectively).

2. Methodology and interatomic potentials

The calculations presented here are based on a clas-

sical description of an ionic crystal lattice. The for-

ces acting between ions consist of two main terms: 

long-range coulombic, which are summed via the 

Ewald method, and short-range pair terms, which 

are modeled using Buckingham type potentials [2]. 

The lattice energy can be expressed as follows:

 

( ) /ij ij i j ij

j i i

V R Z Z R

>

= +∑∑
 

 
exp ( / ) / ,6

ij ij ij ij ijR C R+ λ − ρ −
 (1)

where λ
ij
, ρ

ij
 and C

ij
 are short-range adjustable pa-

rameters, R
ij
 is the distance between i- and j-ions 

and Z
i
, Z

j
 are the formal charges on ions i and j, 

respectively. The parameters of the short-range 

potentials for pair atomic interactions were taken 

first from the database of interatomic potential 

parameters [15] and previous simulation studies of 

CaZrO
3
 [5], and after that were optimized to fit 

the structural properties of the investigated crys-

tals (Table 1). An agreement with the experimen-

tal data for these properties is rather good (Table 2).

The electronic polarizability of ions is included 

via the shell model developed by Dick and Over-

hauser [6, 18] and is an empirical means of cou-

pling the electronic polarization to the ionic dis-

tortion in a given structural environment. This 

model describes such effects by treating each ion i 

in terms of a core with an effective charge W
i 
con-

Table 2. Unit cell volume V and parameters a, b, c, static 
dielectric constant <εS > and dynamic dielectric constant 
<ε∞>, bulk modulus K, lattice energy E and standard 
entropy S300 of the investigated perovskites

CaTiO
3

Experimental 

data [3, 20]

This 

calculation

Calculation 

[17]

V, Å3 223.682 224.754 226.3

a, Å 5.388 5.385 5.411

b, Å 5.447 5.440 5.439

c, Å 7.654 7.672 7.689

<εS> 180 17.6 —

<ε∞> — 1.25 —

K, GPa 171(1) 215 —

E, kJ/mole — –14586.22 —

S
300

 , J/mole · K 93.64 94.34 —

CaSnO
3

Experimental 

data [20, 25]
This calculation

V, Å3 248.4642 248.6584

a, Å 5.5320 5.5398

b, Å 5.6810 5.6406

c, Å 7.9060 7.9575

<εS> — 21.1

<ε∞> — 2.17

K, GPa 163(1) 198

E, kJ/mole — –14240.69

S
300

 , J/mole · K — 95.02

CaZrO
3

Experimental 

data [10, 20]

This 

calculation

Calculation

[5]

V, Å3 258.265 258.269 253.678

a, Å 5.5912 5.6011 5.608

b, Å 5.7616 5.7085 5.665

c, Å 8.0171 8.0775 7.985

<εS> — 73.1 16.39

<ε∞> — 1.81 2.54

K, GPa 154(1) 184 —

E, kJ/mole —  –13981.11 —

S
300

 , J/mole · K 96.4 96.3 —

Table 1. Parameters of short-range Buckingham 
potentials for CaZrO3, CaTiO3 and CaSnO3

Interaction λ, eV ρ, Å C, eV·Å6

Ca2+—O2– 1340.18 0.321 0.0
 Zr4+—O2– 1150.869 0.3750 0.0
 Ti4+—O2– 840.2 0.3810 0.0

Sn4+—O2– 1285.2 0.3611 0.0
  O2–—O2– 22764.0 0.1490 43.0

Species W (e) Y (e) k, eV/Å2

Shell model parameters

Ca2+ +3.135 –1.135 110.2

Zr4+ +4.05 –0.05 160.6

Ti4+ +1.11 +2.89 140.0

Sn4+ +0.01 +3.99 220.0

O2– –2.077 +0.077 65.3
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nected via a harmonic spring to a massless shell 

with charge Y
i
, so that the sum W

i
 + Y

i
 = Z

i
. The 

harmonic spring constant k describes a rigidity of 

a connection between core and shell:

 ( / ) ,2
2shV k r=  (2)

where r is the distance between the centers of out-

er electronic shell and the core of the atom. The 

core and shell charges were taken from the data-

bases of interatomic potential parameters [15, 18], 

and the constants k were altered to achieve as 

good as possible agreement of the calculated en-

tropy at room temperature S
300

 of these materials 

with experimental data (Tables 1 and 2). All cal-

culations of structural and thermodynamic pro-

perties were performed for orthorhombic unit cell 

consisting of 20 atoms (Z = 4).

Modeling of charged lattice defects was per-

formed using the two-region Mott-Littleton ap-

proach [19], which divides the crystal lattice into 

two spherical regions, I and IIa, b. Ions in the 

central inner region I are relaxed explicitly using a 

Newton-Raphson procedure subject to the forces 

described by the interatomic potentials. Region 

IIa is an interfacial region in which the ions are 

relaxed in a single step, while the interaction ener-

gies between the ions in the region IIa and the re-

gion I are calculated explicitly. The outer region 

IIb is effectively a point charge array that provides 

the Madelung field of the remaining crystal. The 

region I was taken with a radius of 6.4 Å consis-

ting of 162 ions, and the region IIa of radius 

16.2 Å involved 2652 ions into calculation.

All calculations were carried out by means of 

the GULP program [7].

3. Results
3.1. Structural, elastic and thermodynamic proper-

ties. The structural properties (unit cell parameters 

a, b, c and volume V ) of CaTiO
3
, CaSnO

3
 and 

CaZrO
3
 were equilibrated under the constant 

pressure conditions. The mean differences be-

tween the observed [3, 10, 25] and calculated lat-

tice parameters are about ± 0.5 % (Table 2).

The calculated bulk moduli K of these crystals 

are higher than those observed experimentally 

[20]; the mean discrepancy is 19 %. This fact can 

be explained, as usual, by the relative rigidity of a 

theoretical crystal lattice in the purely ionic model.

The entropies S
T
 of the perovskites under in-

vestigation were calculated on the basis of the 

phonon spectra by means of GULP program in 

the temperature interval 300—1500 K. An average 

difference between calculated and available ob-

served data is 0.3 % at 300 K (Table 1). The dis-

crepancy increases with temperature (Fig. 1), ne-

ver theless, the maximal difference of the calcula-

ted and observed values for CaTiO
3
 is 5.9 % at T = 

=  1500 K. Recently [27] it was established by 

means of the high-temperature neutron diffrac-

tion method that at 1512 ± 13 K the ortho rhom-

bic Pnma — tetragonal I4/mcm reversible phase 

transition and at 1635 ± 2 K the tetragonal 

I4/mcm — cubic Pm3m transformation happen in 

this perov skite.

3.2. Intrinsic atomic defects. The energies of iso-

lated point defects (vacancies and interstitials) 

were calculated by the Mott-Littleton approach 

using the potentials listed in Table 1. To calculate 

the energy of a vacancy, an ion was removed from 

its lattice site and placed at infinite distance. An 

interstitial ion was modeled in the same way by 

taking an ion from infinity and placing it on an 

interstitial site. The isolated defect energies were 

then combined to give the energies of formation 

of Frenkel and Schottky-type defects (Appendix). 

The lattice energies used in the calculation of 

Schottky type defects were obtained from the ato-

mistic simulations of oxides in ionic approxima-

tion for TiO
2
 [1, 17, 28] and SnO

2
 [13], ZrO

2
 [9], 

and from the Born-Haber cycle for CaO [16].

Examination of Appendix reveals that creation 

of Frenkel defects is associated with substantial 

amounts of energy, confirming that the dense pe-

rovskite structure is highly unlikely to accommo-

date ion interstitials. According to these calcula-

tions, for all of these materials Schottky defects 

are more likely to form, and for all three pe-

rovskite structures the most energetically favorable 

is Ca—O Schottky defect. The calculated values 

are in a good correlation with previous atomistic 

calculations of a cubic modification of CaZrO
3
 [4].

3.3. Evaluation of the mixing enthalpies in the 

case of isovalent substitutions. The energies of for-

Fig. 1Fig. 1. . Temperature dependences of entropies S
T
 of CaTiO

3
, 

CaSnO
3
 and CaZrO

3
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mation of tetravalent isolated dopant defects M 4+ 

(M = Zr4+, Ti4+, Sn4+) on the octahedral B-site of 

the investigated perovskite materials ABO
3
, i. e. 

incorporation of Sn and Ti into CaZrO
3
, and Sn 

and Zr into CaTiO
3
, and Ti and Zr into CaSnO

3
, 

were calculated using the Mott-Littleton approach 

(Table 3). The incorporation can be described by 

the following quasi-chemical reaction in Kröger-

Vink notations:

 
( ),Ca 3 Ca 3O OB B BA M B M A B E M× ×+ → + +

 (3)

where 
×
BB  denotes a host metal ion on its own site, 

M ×
B
 — a neutral dopant defect on B si te, E(M

B
) is 

the energy of isovalent substitution B 4+ → M 4+.

On the basis of these data the energies of infi-

nite dilution of the isovalent impurities Q (Mar-

gules parameters) were calculated by the following 

equation:

 
,

3 3O O( )X B AB AMQ E M U U= + −
 (4)

where U
ABO3

 and U
AMO3

 are the lattice energies of 

the corresponding crystals. The Margules para-

meters were used in evaluation of the mixing ent-

halpies of the CaZr
1—x

Ti
x
O

3
, CaZr

1—x
Sn

x
O

3
 and 

CaSn
1—x

Ti
x
O

3
 solid solutions using the model of a 

subregular mixture:

 
( ),1 2 2 1 1 2H x x x Q x QΔ = +

 (5)

where x
1
 and x

2
 are the molar fractions of the 

components of the solid solutions, Q
1
 and Q

2
 are 

the corresponding Margules parameters for the 

end-members of the solid solution. The results are 

shown in the Fig. 2. The values of the mixing en-

thalpies were compared with those calculated in 

the framework of phenomenological model based 

on the crystal-chemical principles with regard to 

the lattice relaxation [22—24] by equation:

 niUΔ = (1/4) ,2
1 2 Vx x VK δ

 (6)

where V and K are the molar volume and bulk 

modulus, the average value of the product VK = 

= 5930 (110) kJ/mole without regard to composi-

tions of all three solid solutions, δ
V
 is a volume 

mismatch parameter: ΔV/V(x) = (V
1
 – V

2
) /V(x), 

where V(x) = x
1
V

1
 + x

2
V

2
 is molar volume of a 

solid solution by using Retgers’ volume additivity 

rule. Fig. 2 shows rather good agreement of the 

results of atomistic modeling with calculations 

based on the phenomenological model. This data 

allow us to estimate approximately a stability of 

the considered solid solutions [22—24]. Thus, the 

estimated critical temperature of decomposition 

T
cr

 for CaZrO
3 

— CaTiO
3
 system could be no more 

than 1850 K (without considering such additional 

factors as vibrational entropy), for CaSnO
3
 — 

CaTiO
3
 system T

cr
 < 850 K and for CaZrO

3
 — 

CaSnO
3
 system T

cr
 < 200 K. This means that only 

the last system forms continuous solid solutions at 

all temperatures above room temperature, two 

others can decompose at elevated temperatures. 

However, the mutual solubility limits can be suffi-

ciently expanded in the ternary or more compli-

cated system to which the mineral lakargiite [8] in 

fact belongs.

3.4. Incorporation of aliovalent dopant elements. 

Incorporation of the aliovalent cations on the A 

and B sites (A = Ca, B = Zr, Ti, Sn) of the pe-

rovskite crystals requires charge compensation by 

another lattice defect. The trivalent dopants L3+ 

(Sc3+, Y3+, Cr3+, Fe3+, La3+) and tetravalent do-

pants M 4+ (Hf4+, U4+, Th4+) enter in the ABO
3
 

perovskite by the process of the substitution at ei-

ther A2+ or B 4+ positions. The compensation of an 

excess negative charge on the B-site substituted by 

L3+ ion is accomplished by formation of half the 

amount of oxygen vacancies V
O
˝ (see equation 

7 below). In the case of formation of the excess 

Fig. 2Fig. 2. . Mixing enthalpies of solid solutions CaZr
1—x

Ti
x
O

3
, 

CaSn
1—x

Ti
x
O

3
, CaZr

1—x
Sn

x
O

3
. Solid lines represent ato-

mis tic modeling, dashed lines represent the calculations 

based on the phenomenological model

Table 3. Energy of formation of the dopant defects 
and calculation of the Margules parameters, eV

Property CaZrO
3

CaTiO
3

CaSnO
3

Lattice energy U –144.904 –151.176 –147.595

Solution ener-

gies E

Zr4+ — 6.668 2.720

Ti4+ –5.928 — –3.372

Sn4+ –2.660 3.791 —

Margules para-

meters Q

Zr4+ — 0.397 0.030

Ti4+ 0.343 — 0.209

Sn4+ 0.031 0.210 —



7ISSN 0204-3548. Мінерал. журн. 2012. 34, № 1

ATOMISTIC COMPUTER SIMULATION OF ABO3 (A = Ca; B = Zr, Ti, Sn) PEROVSKITES

Fig. 3Fig. 3. . Trivalent (squares) and tetravalent (triangles) do-

pant solution energies for CaTiO
3
 (a), CaSnO

3
 (b) and 

CaZrO
3
 (c) host lattices as a function of size mismatch 

parameter δ2

positive charge on A-site the compensations by 

cationic V
A
'' (8, 10) and V

B
'''' (11, 12) vacancies 

should be taken into account in appropriate pro-

portions. The tetravalent impurities incorporate 

into the B positions without any charge compen-

sation (2 and 9). Simultaneous incorporation of 

Na+ and the trivalent ion on the A-sites (13) and a 

self-compensation mechanism for trivalent ions 

(14) were also considered. These processes are de-

scribed in the conventional Kröger-Vink notations 

(see Appendix) by the following reactions: 

 
( / ) ( / )2 3 O1 2 O 1 2 OBL B× ×+ + →

 

 
( / ) ,O 21 2 OBL V B••′→ + +

 (7)

 
( / ) ( / )2 31 2 O 3 2 Ca AL ×+ →

 

 
( / ) ( / )1 2 3 2 CaO,A AL V• ′′→ + +

 (8)

 ,2 2O OB BM B M B×+ → +  (9)

 2O 2Ca 2CaO,A A AM M V× •• ′′+ → + +  (10)

 2 3O Ca 2A B AL B L× × •+ + → +
 

 
( / ) ,21 2 CaO OBV B′′′′+ + +

 (11)

 2O 2Ca 2A B AM B M× × ••+ + → +
 

 
,22CaO OBV B′′′′+ + +
 (12)

 
/2 3 21/2 O 1 2Na O 2Ca AL ×+ + →

 

 
Na 2CaO,A AL• ′→ + +

 (13)

 
.2 3 2O Ca CaO OA B A BL B L L B× × • ′+ + → + + +
 (14)

The energies of these reactions were evaluated 

by combining the appropriate defect and lattice 

energy terms. Such an approach provides useful 

systematic guide to the relative energies for diffe-

rent dopant species on the same site. For the cal-

culations the pair ionic potentials of simple oxides 

from [15] were used and the defect energies were 

calculated by the Mott-Littleton approach. The 

lattice energies of oxides were calculated by the 

atomistic method, besides Na
2
O, which lattice 

energy was calculated from Born-Haber cycle 

[16]. The resulting solution energies are presented 

in Table 4.

On Fig. 3 the dopant solution energies are pre-

sented as linear functions of the squared size mis-

match parameter δ2

R
 calculated by the following 

equation [22—24]:

 

( / ) ,
2

2 2 h d
R

r r
R R

R

−⎛ ⎞δ = Δ = ⎜ ⎟⎝ ⎠  

(15)

where r
h
 is a radius of a cation in the host lattice 

(B 4+ and Ca2+), r
d
 is a dopant ionic radius, R is a 

mean distance between host ion and oxygen, i. e. 

sum of their ionic radii. The values of ionic radii 

were taken from [21], in the case of incorporation 

into B position the dopant ionic radii correspond 

to 6-fold coordination, and into A position — to 

8-fold coordination.
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4. Discussion and conclusions

Examination of the results reveals several key 

points. The ionic model used in present work re-

produces the structural properties of CaTiO
3
, 

CaSnO
3
 and CaZrO

3
 well. Nevertheless, the cal-

culated bulk moduli of these crystals are higher 

than the observed ones. This fact can be explained 

by rigidity of the interatomic potentials in the ion-

ic model. The good agreement of calculated en-

tropies of the investigated perovskites with avail-

able experimental data has been achieved by em-

Table 4. Dopant solution energies for CaSnO3, CaTiO3, CaZrO3, eV

L'
B
 + (1/2) V

O
••  L•

A
 + (1/2) V

A
' ' L•

A
 + (1/4) V

B
' ' ' ' L•

A
 + L '

B
L•

A
 + Na '

A

CaSnO3
Sc3+ 1.50 4.55 4.05 0.43 3.51

Y3+ 1.99 4.07 3.57 0.44 3.03

Cr3+ 1.46 5.08 4.57 0.68 4.04

Fe3+ 1.38 4.91 4.40 0.55 3.86

La3+ 2.79 3.97 3.47 0.79 2.93

M
B

M
A

•• + V
A

' ' 2M
A

•• + V
B

' '' '' '

Hf 4+ –1.92 7.14 6.13 — —
U4+ –1.03 7.45 6.44 — —
Th4+ –0.39 7.72 6.71 — —

L'
B
 + (1/2) V

O
••  L•

A
 + (1/2) V

A
' ' L•

A
 + (1/4) V

B
' ' ' ' L•

A
 + L '

B
L•

A
 + Na '

A

CaTiO
3

Sc3+ 3.67 4.53 3.84 1.89 3.53

Y3+ 1.45 4.10 3.41 0.57 3.10

Cr3+ 0.06 5.02 4.33 0.33 4.02

Fe3+ 0.05 4.91 4.22 0.27 3.91

La3+ 2.78 4.07 3.39 1.22 3.07

M
B

M
A

•• + V
A

' ' 2M
A

•• + V
B

' '' '' '

Hf 4+ –1.84 7.04 5.67 — —

U4+ –0.38 7.59 6.21 — —

Th4+   0.45 7.85 6.47 — —

L'
B
 + (1/2) V

O
••  L•

A
 + (1/2) V

A
' ' L•

A
 + (1/4) V

B
' ' ' ' L•

A
 + L '

B
L•

A
 + Na '

A

CaZrO
3

Sc3+ 0.79 4.13 3.90 0.48 3.31

Y3+ 0.80 3.65 3.43 0.24 2.84

Cr3+ 0.89 4.57 4.35 0.75 3.76

Fe3+ 0.77 4.39 4.16 0.60 3.57

La3+ 1.56 3.43 3.20 0.51 2.61

M
B

M
A

•• + V
A

' ' 2M
A

•• + V
B

' '' '' '

Hf 4+ –2.46 6.03 5.57 — —

U4+ –1.81 6.22 5.77 — —

Th4+ –1.26 6.47 6.02 — —

ployment of the shell model for all types of ions in 

the host lattice. This result displays that such a 

model can be used in further calculation of ther-

modynamic properties of solid solutions of these 

components.

The calculated properties of pure crystals are 

quite similar to the results of recent theoretical in-

vestigations for CaTiO
3
 [1, 17] and CaZrO

3
 [5]. 

The convergence of the calculated cell volumes of 

CaTiO
3
 and CaZrO

3
 with experimental data is bet-

ter than for previous investigations [1, 5]. However, 



9ISSN 0204-3548. Мінерал. журн. 2012. 34, № 1

ATOMISTIC COMPUTER SIMULATION OF ABO3 (A = Ca; B = Zr, Ti, Sn) PEROVSKITES

the overestimation of the bulk modulus of CaTiO
3
 

is much lower in [1], than in our calculation.

The calculated energies of intrinsic atomic de-

fects indicate that Schottky-type defects are much 

more favorable than Frenkel-type defects in this 

type of crystals. This result is in agreement with 

previous calculations. The prediction of the enthal-

pies of mixing of the CaZr
1—x

Ti
x
O

3
, CaZr

1—x
  ×

× Sn
x
O

3
 and CaSn

1—x
Ti

x
O

3
 solid solutions fully 

correlates with the mismatch of sizes of substi-

tuting ions.

According to our calculation (Table 4 and 

Fig. 3), the lowest solution energies of the triva-

lent dopants correspond to cases of their incorpo-

ration on the B sites of the host crystal lattice and 

of their self-compensation by simultaneous incor-

poration on A- and B-sites. Thus, these processes 

are supposed to be the most energetically favor-

able. The most likely way of incorporation of the 

trivalent impurities on the Ca site is achieved by 

simultaneous substitution of another A2+ site by 

Na+ ion. Such compensation mechanism occurs 

widely in natural processes. The compensation of an 

excess positive charge on the A-site by formation 

of V
B

' ' ' ' and V
A

' '  vacancies is not so favorable. As 

seen from Table 4 and Fig. 3, the solution energies 

are closely correlated with the size mismatch be-

tween a dopant ion and the host Ca2+ or B 4+ ions.

The most favorable way of incorporation of the 

tetravalent ions M 4+ is an isovalent substitution of 

B 4+ ion. Their incorporation into the A positions 

accomplished by charge compensation with V
B

' ' ' '  

and V
A

' '  vacancies is much less preferable. Accord-

ing to our calculations, the solution energies of 

M → B substitutions are in direct relation with the 

size mismatch of the corresponding ions. Howe-

ver, the energies of Ca substitution by M 4+ have a 

negative relation with their radii values. As can be 

seen from Fig. 3, the dependencies of E (δ2) for 

the isovalnt M 4+  → B 4+ substitutions do not come 

to 0 at δ = 0, but the value of E (δ = 0) equals ap-

proximately from –0.5 to –1.0 eV. The latter is 

likely an estimate of an energy expense at the 

transition of fluorite-type oxides HfO
2
, UO

2
 and 

ThO
2
 with 8-fold coordination to 6-fold coordi-

nation in the final perovskite structure. Challen-

ging future tasks of our investigations are attempts 

1) to estimate dopant concentrations in depen-

dence on the charge compensation way, 2) to cal-

culate pair associates and more complicated 

clasters formation, 3) to predict temperature and 

pressure phase transitions, etc.
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В.С. Урусов, Е.В. Леоненко

АТОМИСТИЧЕСКОЕ КОМПЬЮТЕРНОЕ 

МОДЕЛИРОВАНИЕ ПЕРОВСКИТОВ ABO
3
 

(A = Ca; B = Zr, Ti, Sn): КРИСТАЛЛИЧЕСКАЯ 

СТРУКТУРА, СОБСТВЕННЫЕ ДЕФЕКТЫ 

И ОБРАЗОВАНИЕ ПРИМЕСЕЙ

Проведено моделирование структурных и термодина-

мических свойств сложных оксидов с ромбической 

перовскитовой структурой CaZrO
3
, CaTiO

3
 и CaSnO

3
. 

Для расчетов использовали метод атомистических 

парных потенциалов в ионном приближении. Резуль-

таты моделирования структурных свойств хорошо со-

гласуются с экспериментальными данными и преды-

дущими вычислениями, в то время как вычисленные 

значения модулей упругости завышены относительно 

экспериментальных. Вычисленные значения энтро-

пии для комнатной температуры хорошо согласуют-

ся с экспериментальными данными для CaTiO
3
 и 

CaZrO
3
. Впервые для этих трех оксидов проведены 

расчеты энтропии в температурном диапазоне 300—

1800 K. Результаты согласуются с экспериментальны-

ми данными для CaTiO
3
. С помощью метода Мотта-

Литтлтона вычислены значения энергии образования 

изолированных собственных точечных дефектов в 

этих кристаллах. Для всех трех перовскитовых струк-

тур наиболее энергетически выгодным является Ca—

 O дефект Шоттки. Значения энергии смешения при 

изовалентном вхождении четырехвалентных ионов 

(Zr 4+, Ti4+, Sn4+, Hf 4+, U4+, Th4+) в CaZrO
3
, CaTiO

3
, 
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CaSnO
3
 получены в приближении бесконечного раз-

бавления. На основе этих данных были вычислены 

значения энтальпии смешения протяженных бинар-

ных твердых растворов CaZrO
3
 — CaTiO

3
, CaTiO

3
 — 

CaSnO
3
, CaSnO

3
 — CaZrO

3
. Проведено моделирова-

ние вхождения изолированных трехвалентных (Sc3+, 

Y 3+, Cr3+, Fe3+, La3+) и четырехвалентных (Hf 4+, U4+, 

Th4+) примесей в позиции A и B (A = Ca, B = Zr, Ti, 

Sn) для всех трех перовскитов. Согласно расчетам, 

наиболее энергетически выгодным механизмом вхож-

дения трехвалентных примесей М 3+ является одно-

временное замещение ионов в позициях A и B перов-

скитовой структуры. Наиболее выгодный путь вхож-

дения четырехвалентных ионов М 4+ — изовалентное 

замещение иона B 4+.

В.С. Урусов, Є.В. Леоненко

АТОМІСТИЧНЕ КОМП’ЮТЕРНЕ 

МОДЕЛЮВАННЯ ПЕРОВСЬКІТІВ ABO
3
 

(A = Ca; B = Zr, Ti, Sn): КРИСТАЛІЧНА 

СТРУКТУРА, ВЛАСНІ ДЕФЕКТИ 

І УТВОРЕННЯ ДОМІШОК

Проведено моделювання структурних і термо дина-

мічних властивостей складних оксидів з ромбічною 

перовськітовою структурою CaZrO
3
, CaTiO

3
 і CaSnO

3 
. 

Для розрахунків використовували метод атомістич-

них парних потенціалів у іонному наближенні. Ре-

зультати моделювання структурних властивостей доб-

ре узгод жуються з експериментальними даними і 

попередніми обчисленнями, тоді як обчисленні зна-

чення модулів пружності завишені щодо експе ри-

ментальних. Обчис ленні значення ентропії для кім-

натної температури добре узгоджуються з експе ри-

ментальними даними для CaTiO
3
 і CaZrO

3
. Вперше 

для цих трьох оксидів проведені розрахунки ентропії 

в температурному діа пазоні 300—1800 K. Результати 

узгоджуються з екс пе риментальними даними для 

CaTiO
3
. За допомогою методу Мотта-Літтлтона були 

обчислені значення енер гії утворення ізольованих 

власних точкових де фектів в цих кристалах. Для всіх 

трьох перовськітових структур найбільш енергетично 

вигідним є Ca—O де фект Шоттки. Значення енергії 

змішення за ізо ва лен тного входження чотири ва-

лентних іонів (Zr4+, Ti4+, Sn4+, Hf 4+, U4+, Th4+) у 

CaZrO
3
, CaTiO

3
, CaSnO

3
 от римані в наближенні нес-

кін ченного розбавлення. На основі цих даних були 

об числені значення ен тальпії змішення протяжних бі-

нарних твердих роз чинів CaZrO
3
 — CaTiO

3
, CaTiO

3
 — 

CaSnO
3
, CaSnO

3
 — CaZrO

3
. Проведено моделювання 

входження ізо льо ваних три валентних (Sc3+, Y3+, Cr3+, 

Fe3+, La3+) і чо тири ва лент них (Hf 4+, U4+, Th4+) до-

мішок в позиції А і B (А = Ca, B = Zr, Ti, Sn) для всіх 

трьох перовськітів. Згідно розрахункам, найбільш 

енер гетично вигідним меха ніз мом входження три ва-

лентних домішок М 3+ є одночасне заміщення іонів в 

позиціях А і B перов ськітової структури. Найви гід ні-

ший шлях входження чотиривалентних іонів М 4+ — 

ізовалентне заміщення іона B 4+.
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