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Elastic and electronic properties and stability of
SrThO3, SrZrO3 and ThO2 from first principles
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Abstract

First-principle calculations in the framework of the full-potential linearized-augmented-plane-wave method (FLAPW,
as implemented into the WIEN-2k code) have been performed to understand the structural, elastic, cohesive and electronic
properties of the meta-stable cubic strontium thorate SrThO3. The optimized lattice parameters, elastic parameters,
formation energies, densities of states, band structures and charge density distributions are obtained and discussed in
comparison with those of cubic SrZrO3 and ThO2.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Thorium-based nuclear fuels are of great interest
for the future nuclear industry. For example, it is
proposed to use a ThO2 matrix with admixtures of
uranium and plutonium oxides as advanced fuel
materials for the thermal breeder reactors and
high-temperature gas cooled reactors. In this con-
text, the presence of low-density phases such as
ternary oxides M2ThO3 or MThO3 forming due to
the interaction of the fission products (M = Rb,
Ba, Sr, etc.) with thoria, may critically affect the
properties of the fuel such as thermal expansion,
conductivity, and can be also responsible for the
swelling of the fuel pins, see [1–3].
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Since strontium is among the predominant fission
products, the properties of the perovskite-like stron-
tium thorate (SrThO3) caused a lot of interest
during the last decade [1–5]. Furthermore, the
perovskite-type multi-component oxides of actini-
des are interesting candidates for hydrogen sensors,
hydrogen gas separators, and are useful materials
for many other electrochemical applications because
of the unusual combination of their electronic and
transport properties [6].

For the first time the synthesis of SrThO3 by a
conventional solid state route was reported in
1947 by Mary-Szabo [7]. More recently, Subasri
et al. [5] noted the very limited solubility of SrO in
thoria, and the formation of the single ternary phase
is not achieved. On other hand, SrThO3 samples are
successfully prepared by a sol–gel method through
the gel combustion technique [2–4].

The stability of SrThO3 phase was discussed
[3,4], using experimentally derived and calculated
.

mailto:ivanovskii@ihim.uran.ru


70 I.R. Shein et al. / Journal of Nuclear Materials 361 (2007) 69–77
thermodynamic properties. The values of the Gibbs
energy formation of SrThO3 reveal that this com-
pound is meta-stable in comparison with its constit-
uent oxides (SrO and thoria), and as a consequence,
there are difficulties to synthesize single phase stron-
tium thorate. Among the other SrThO3 properties,
up to now only the structural data [1,2,8] and the
linear thermal expansion coefficients [1] are
reported. A qualitative explanation of the relative
stability of perovskites SrMO3 (in particular, for
M4+ ions) has been made [4] in terms of Goldsch-
midt’s tolerance factor t [9], which represents the
size effect by means of the packing of spherical ions.
It is based on ionic radii i.e. purely ionic bonding is
assumed. For the stable SrMO3 phases, the t-factor
lies between 1.0 and 0.8 (for example, for SrZrO3

t = 0.861), whereas for SrThO3 the tolerance factor
is about 0.780, i.e. this compound is placed on the
border of the area of structural stability of perovsk-
ites, see for example reviews [10,11].

However, today any data concerning the elec-
tronic and cohesion properties and chemical
bonding in SrThO3 are absent, and the available
attempts to explain the stability of this compound
at the atomistic level are based on oversimplified
models [4]. It is well known, that the first-principle
calculations based on the density-functional theory
(DFT) are an effective tool for the understanding
and predicting of the various properties of the fam-
ily of perovskites at the electronic level.

In this work to get better insight in the nature of
this material the first-principle density-functional
theory calculations using the full-potential linear-
ized-augmented-plane-wave (FLAPW) method
have been performed. Here we concentrate on the
peculiarities of the elastic, cohesive and elec-
tronic properties of SrThO3 (in assumption of cubic
phase) – in comparison with thoria and the isoelec-
tronic Sr zirconate SrZrO3 (Zr4+). Note that SrZrO3

is also suitable for use in high-temperature applica-
tions such as fuel cells, steam electrolysis, and
hydrogen gas sensors [12–14].

For SrThO3, in result, the elastic constants (Cij)
are predicted and analyzed in comparison with
those for ThO2 and SrZrO2. We employed the
Voigt–Reuss–Hill (VRH) method to evaluate elastic
parameters for these polycrystalline materials from
Cij of single crystals. In this way for the first time,
the main elastic parameters for polycrystalline
SrThO3, ThO2 and SrZrO2: bulk modulus (B0),
compressibility (b), shear modulus (G), Young mod-
ulus (Y), Poisson ratio (m), Lame constants (k,l) are
predicted and analyzed. Next, using total energy
calculations, the heats of formation of the men-
tioned Th, Zr-based perovskites (in assumption of
formal reactions: SrThO3 M SrO + ThO2 and
SrZrO3 M SrO + ZrO2) were estimated and dis-
cussed. The electronic bands and densities of states
for ThO2, SrThO2 and SrZrO2 have been obtained
by study of their electronic properties. Finally, we
assess the oxygen Ka X-ray emission spectra
(XES; O: 2p M s transitions) for ThO2 and SrThO3

– for discussion of the applicability of this method
for the characterizations of these systems.

2. Models and method

Perovskite SrThO3 is reported in JCPDS data [8]
to have a pseudo-monoclinic unit cell with a =
b = c = 0.884 nm and b = 90�, whereas according
to Purohit et al. [1] SrThO3 was monoclinic
with lattice parameters a = 0.6319; b = 0.3240;
c = 0.4928 nm and b = 117.38�.

On the first stage, the considered SrMO3 per-
ovskites (here M = Th and Zr) are assumed to have
ideal cubic structure (s.g. 221) where atomic posi-
tions in the elementary cell are M: 1a (0,0 0); I: 3d

(0, 0,1/2,); and Sr: 1b (1/2, 1/2,1/2). Thoria adopts
also cubic (fluorite-like) structure; the atomic posi-
tions in the elementary cell are Th: (0,0,0) and oxy-
gen: (1/4,1/4,1/4). The electronic configurations are
taken [Kr]4d25s2 for Zr, [Rn]6d27s2 for Th, [Kr]5s2

for Sr and [He]2s22p4 for O. Here, the noble gas
cores are distinguished from the sub-shells of
valence electrons.

The band-structure calculations of the all men-
tioned compounds were done in the framework of
the full potential all-electron method with the mixed
basis APW+lo (LAPW) method implemented in the
WIEN2k suite of programs [15]. The generalized
gradient correction (GGA) to exchange-correlation
potential of Perdew et al. [16] has been used. Con-
cerning the relativistic effects, core states are treated
fully relativistically in WIEN2k. For the valence
states, a scalar relativistic scheme is used which
describes the main contraction or expansion of var-
ious orbitals due to the mass-velocity correction and
a fully relativistic scheme with spin–orbit coupling
included in a second variational treatment using
the scalar-relativistic eigenfunctions as basis [15].
The sphere radii were chosen as 2.8 a.u. for Th,
1.8 a.u. for Zr, 2.5 a.u. for Sr and 1.55 a.u. for O.
The plane-wave cutoff Kcut is determined by
RmtKcut = 9.0. The Blöchl’s modified tetrahedron
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method [17] was employed for the DOS calcula-
tions. The oxygen Ka XES spectra were calculated
using Fermi’s golden rule and the matrix elements
between the core and valence states (following the
formalism of Neckel et al. [18]); as implemented in
the WIEN2k code. The calculated spectra include
broadening for the spectrometer and core and
valence lifetimes.
3. Results and discussion

3.1. Elastic properties

The calculated equilibrium lattice constants (a0)
for cubic SrThO3, SrZrO3 as well as for ThO2 are
given in Table 1, and are in a reasonable accordance
with the available data. For SrThO3 the predicted a0

is higher than a0 (SrZrO3) by�9.2 %. This result can
be easily explained by considering the radii of cations:
R(Zr4+) = 0.072 nm versus R(Th4+) = 0.092 nm.

Next, we have obtained the elastic constants (Cij)
for cubic SrThO3, SrZrO3 and ThO2. These three
independent elastic constants in a cubic symmetry
(C11, C12 and C44) are estimated by calculating the
stress tensors on applying strains to an equilibrium
structure. All these constants for cubic SrThO3,
SrZrO3 or ThO2 phases are positive and satisfy
the generalized criteria (see [28]) for mechanically
stable crystals: (C11 � C12) > 0; (C11 + 2C12) > 0;
C11 > 0; C44 > 0, see Table 2. Comparison of the
elastic constants computed for SrThO3 and SrZrO3

indicates that Sr thorate is less resistant to shear
deformation and especially to compression since
C11 and C44 are decreased at about 117.2 GPa and
43.7 GPa, respectively. For both materials C11 are
lower than for thoria.

In the following step, we have calculated the
main elastic parameters for cubic SrThO3, SrZrO3
Table 1
Equilibrium lattice parameters (a, in nm) for thoria and cubic
phases SrThO3, SrZrO3 according to our FLAPW calculations in
comparison with available data

Phase aa

SrThO3 0.45426 (0.443 [8]b)
SrZrO3 0.41578 (0.4154 [19]; 0.4109 [20]; 0.417 [21])
ThO2 0.56225 (0.55969 [22]; 0.56001 [23]; 0.55976 [24]; 0.5535

[25]; 0.5595 [26]; 0.561 [27])

a The available experimental and calculated data are presented
in parentheses.

b In assumption of pseudo-monoclinic unit cell with a = b = c

and b = 90�.
and ThO2 namely, bulk modulus (B), compressibil-
ity (b = 1/B), shear modulus (G), Young modulus
(Y), Poisson ratio (m) and Lame constants (k,l).
These elastic parameters are usually calculated by
two approximations: due to Voigt (V) [29] and
Reuss (R) [30], in the following forms: bulk
modulus:

BV;R ¼ ðC11 þ 2C12Þ=3; ð1Þ

shear modulus:

GV ¼ ðC11�C12þ 3C44Þ=5;

GR ¼ 5ðC11�C12ÞC44=f4C44þ 3ðC11� 3C12Þg; ð2Þ

Note that these elastic moduli are estimated from
first-principle calculations of SrThO3, SrZrO3 and
ThO2 monocrystals. However, these industrially
used materials are polycrystals, therefore it is useful
to estimate the corresponding parameters of the
polycrystalline species from the elastic constants of
the single crystals. To this aim we utilize the
Voigt–Reuss–Hill (VRH) approximation (see [31–
33]). In this approach, according to Hill [31], the
Voigt and Reuss averages are limits and the actual
effective moduli for polycrystals could be approxi-
mated by the arithmetic mean of these two bounds.
In this way, when a bulk modulus (BVRH) and a
shear modulus (GVRH) are obtained from the values
of BV,R, Eq. (1) and GV,R, Eq. (2) by the VRH
approach, one can calculate the averaged Young
modulus (YVRH) by the expression:

Y VRH ¼ 9BVRH=f1þ ð3BVRH=GVRHÞg:

Then, from the BVRH, GVRH and YVRH values the
Poisson’s ratio (m) and Lame’s constants (l,k) for
polycrystalline SrThO3, SrZrO3 and ThO2 were
obtained as

m ¼ ð3BVRH � 2GVRHÞ=2ð3BVRH þ GVRHÞ;
l ¼ Y VRH=2ð1þ mÞ; k ¼ mY VRH=fð1þ mÞð1� 2mÞg:

Table 2 gives our calculated values of the men-
tioned elastic parameters for SrThO3, SrZrO3 and
ThO2 in comparison with available experimental
and theoretical data.

As it can be seen, the bulk modulus decreases
going from SrZrO3 to SrThO3; this trend correlates
with changes in the lattice constants i.e. when the lat-
tice constant increases by replacing Zr4+ with the
larger Th4+ cation. This simple trend – when a larger
lattice constant leads to a smaller bulk modulus – has
been demonstrated also for different perovskites
ABO3 [42]. The compressibility (b) decreases (from



Table 2
Calculated elastic constants (Cij, in GPa), bulk modulus (B0, in GPa), compressibility (b = 1/B0, in GPa�1), shear modulus (G, in GPa),
Young’s modulus (Y, in GPa), Poisson’s ratio (m) and Lame’s constants (k,l) for cubic SrThO3, SrZrO3 and ThO2

Parametersa,b SrThO3 SrZrO3 ThO2

Elastic constants

C11 197.3 368.1 (355 [27]) 314.5 (338.6 [21])
C12 67.1 105.2 (106 [27]) 73.1 (71 [21])
C44 31.9 75.6 (54 [27]) 75.7 (77 [21])

Bulk modulus
(V,R,VRH)

110.5 153.6; (160 [21]; 171 [34]; 150 [35]) 192.8; (189 [27]; 223 [37]; 262 [26]; 195 [22]; 290 [25];
175 [38]; 221 [39]; 193 [36])

Compressibility
(VRH)

0.00905 0.00651 0.00519

Shear modulus 45.2 (V); 40.1 (R);
42.7 (VRH)

93.7 (V); 88.9 (R); 91.3 (VRH);
(100 [21]; 98.5 [41])

98.0 (V); 91.1 (R); 94.5 (VRH); (82 [27]; 106 [40])

Young’s modulus
(VRH)

113.4 226.6 (248 [21]; 269 [41]) 243.7 (215 [27]; 261 [40]c)

Poisson’s ratio
(VRH)

0.329 0.252 0.289 (0.284–0.297 [40])c

Lame’s constants (VRH)

k 82.1 129.8 92.7
l 42.7 94.5 91.3

a The available data are presented in parentheses.
b The single-crystal values of search modulus according to Voigt (V) and Reuss (R) approximations are included; for polycrystalline

materials according to Voigt–Reuss–Hill (VRH) approximation.
c For polycrystalline samples with various defects (impurities) and porosity.
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SrThO3 to SrZrO3) as the size of the cation decreases.
Since strong correlation between bulk modulus and
hardness of materials has been confirmed in several
papers (see, for example, review [43]), we expect from
our calculated data that SrThO3 should exhibit a
lower hardness than SrZrO3, whereas the material
with the highest hardness will be ThO2. This conclu-
sion coincides with the behavior of the shear modu-
lus G. Indeed, the hardness of a material is defined
as its resistance to another material penetrating its
surface, and this resistance is determined by the
mobility of dislocations. Thus, one of the determin-
ing factors of hardness is the response of interatomic
bonds to shear strain [44]. In our case, the shear mod-
ulus lowered in the sequence ThO2 > SrThO3 >
SrThO3, see Table 2, i.e. SrThO3 has a minimal
bond-restoring energy under elastic shear strain.

As shown in Table 2, Young modulus has the
minimum value for SrThO3. It is evident that in
the cubic symmetry the Young’s modulus is lowered
by making C11 � C12 and C44 smaller. These values
are 241.4 GPa and 75.7 GPa for SrZrO3 as com-
pared with 130.2 GPa and 31.9 GPa for SrThO3.
In other words, for the perovskite-type oxides a
rapid decrease of the Young modulus occurs with
growing of their lattice constant.

The values of the Poisson ratio (m) for covalent
materials are small (m = 0.1), whereas for ionic
materials a typical value of m is 0.25 [43]. In our case
the values of m for SrZrO3 and SrThO3 are at about
0.19 and 0.25, respectively, i.e. a higher covalent
contribution in intra-atomic bonding for SrZrO3

should be assumed, see also below. Besides, for
covalent and ionic materials, the typical relations
between bulk- and shear modulus are: G � 1.1B

and G � 0.6B, respectively. For our perovskites
the calculated values of GVRH/BVRH are
0.77(SrZrO3) > 0.60(SrThO3), indicating that the
covalent bonding is suitable for SrZrO3.
3.2. Phase stability

To define the comparative stability of the perov-
skite-like SrZrO3 and SrThO3 phases, we have
calculated the total energy difference DEtot between
SrMO3 (where M are Zr or Th) and a mixture of the
constituent oxides as

DEtot ¼ EtotðSrMO3Þ � fEtotðMO2Þ þ EtotðSrOÞg:
ð3Þ

In Eq. (3), Etot are the total energies at the opti-
mized geometries which correspond to the free
energies of cubic SrMO3, ThO2, the ground state
phase of zirconia (monoclinic ZrO2) and cubic
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SrO at p, T = 0 conditions, and we can consider DE-

tot as estimations of the stability of SrMO3 phases.

In this way, we have obtained DEtot values:
�0.507 eV/(formula unit) and +1.440 eV/(formula
unit) for cubic phases SrZrO3 and SrThO3, respec-
tively. Thus, our results show that at zero tempera-
ture and zero pressure SrZrO3 has the negative,
whereas SrThO3 – the positive energy, i.e. the
formation of SrZrO3 is favorable. Moreover, in
our calculations of the ground state phase of SrZrO3

with orthorhombic (s.g. 62) lattice we have obtained
DEtot = �0.735 eV/(formula unit) – in agreement
with the experimental [19] and theoretical [45]
sequence of the SrZrO3 phases: the most stable is
the orthorhombic phase, whereas the cubic phase
is the high-temperature polymorph.

On the contrary, cubic SrThO3 is unstable in
comparison with a mechanical mixture of the con-
stituent binary oxides. Naturally other thermody-
namic factors such as temperature and pressure
will also play a role. Additionally, the stabilizing
of Sr thorate may be caused by the distortion of
the simple cubic structure to the more complex
monoclinic phase.

3.3. Electronic properties

The electronic bands and densities of states
(DOS) for cubic SrThO3 in comparison with ThO2

and SrZrO3 are shown in Figs. 1 and 2 and some
band structure parameters are listed in Table 3.

For ThO2, the lower bands which are located
between �21.6 and �16.8 eV and between �14.9
and �8.3 eV below the Fermi level (EF), are pre-
Fig. 1. Electronic bands for ThO2 (1
dominantly of O 2s and Th 6p types, respectively.
The upper valence band (VB) with the width of
about 5.8 eV is derived mainly from O 2p orbitals
with some admixture of Th states. Note, that there
are appreciable contributions from Th 6d states in
this energy range due to Th–O hybridization indi-
cating the presence of a covalent bonding. Addition-
ally, the Th 5f states bring some contribution to the
occupied near-Fermi region, Fig. 2. The bottom of
the conduction band (CB) is composed mainly of
Th 6d,5f states, and at higher energies the antibond-
ing O 2p-like bands are placed. These results are in
reasonable agreement with other work devoted to
the ThO2 electronic structure [27,46].

Let us discuss the electronic properties of SrThO3.
Here, it can be clearly distinguished between three
separate valence bands. Two of them are located
between �18.1 and �16.1 eV and between �14.9
and �11.8 eV below the Fermi level and are of (O
2s + Sr 4p) and Th 6p type, respectively. The highest
valence band is placed from �3.85 eV up to the
Fermi level and is composed mainly of O 2p orbitals.
The band gap (BG) for SrThO3 is found at about
2.25 eV. This BG is approximately twice smaller,
as compared with ThO2 (BG � 4.60 eV). The bot-
tom of the conduction band for SrThO3 consists of
the Th 5f orbitals, followed by the bands with Th
6d character. From the DOS picture for SrThO3

appears that the covalent bonds in the crystal are
due to the mixing of oxygen 2p orbitals with thorium
6d and 5f orbitals, whereas in this energy region the
occupied Sr states are practically absent, i.e. stron-
tium atoms in SrThO3 lattice are presented as Sr2+

ions. We notice also the presence of Th 6p and O
), SrThO3 (2) and SrZrO3 (3).



Fig. 2. Total (upper panels) and l-projected DOS for ThO2, SrThO3 and SrZrO3. Fermi level EF = 0 eV.

Table 3
The calculated minimal gaps (direct and indirect transitions, in eV) and occupied O 2p-like bands widths (eV) for cubic ThO2, SrThO3 and
SrZrO3 according to our FLAPW calculations

Phase Minimal gapsa Transition Occupied O 2p bands width

SrThO3 2.25 Direct (C) 3.85

SrZrO3 3.20 (3.34d; 3.34e; 3.23f) Indirect (R! C) 3.45 (3.7d; 4.32e; �4f)
3.75 (3.62e; 3.50f) Direct (C)

ThO2 4.60 Direct (K–C) 5.82 (�4.1b; 4.9c)
4.92 (4.82b; �5c) Indirect (C–D!K–C)

a The available data are presented in parentheses.
b Calculated by FLAPW method, Ref. [27].
c Calculated by LMTO method, Ref. [46].
d Calculated by FLAPW method, Ref. [21].
e Calculated by pseudopotential method (ABINIT code) [34].
f Calculated by DFT LCAO method [45].
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2s contributions to the O 2s- and Th 6p bands,
respectively, and these orbitals may also participate
in chemical bonding.

In general, a similar picture for the electronic
spectrum and orbital hybridization effects were
obtained also for cubic SrZrO3, Figs. 1 and 2. For
SrZrO3 the lower bands of (O 2s + Sr 4p) types
are located between �16.5 and �14.8 eV below
EF. The upper VB with the width of about 3.45 eV
is derived mainly from the O 2p orbitals with some
admixture of Zr states. The bottom of the CB is
composed mainly of Zr 4d states, and at higher
energies the O 2p and Sr 4d-like bands are placed.
The valence total density of states (see Fig. 2) is
originated predominantly by O 2p states, which is
consistent with SrZrO3 being a formal d0 system
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with Zr4+ oxidation state. Nevertheless, there are
appreciable contributions from Zr 4d states in the
occupied energy range due to Zr–O hybridization
indicating the presence of a covalent bonding. These
features of the band structure agree well with the
previous calculations for SrZrO3 [21,34,45].

Looking at the charge density distribution (Fig. 3,
where the charge density (q) in the (110) plane of
SrThO3 and SrZrO3 is depicted) it is possible to
observe the bonding picture of both materials. Here
we see the increase of the charge density along the
(Zr, Th)–O bond direction indicating the formation
of covalent metal–oxygen bonds; in contrast, the
charge density contours of strontium preserve the
spherical-like form corresponding to ionic Sr2+

state. Note, that the q value between Zr–O is higher
than for Th–O; this fact demonstrates the weakening
of Th–O bonds in comparison with Zr–O bonds; it
seems plausible these factors are responsible for the
lowering of SrThO3 stability as compared to SrZrO3.

Finally, the band gap values are the most impor-
tant parameters for a number of applications of the
perovskite-like systems, which belong to the wide-
band-gap oxides. Meanwhile it is well known that
first principles band structure methods using the
local density approximation (LDA) and the related
generalized approximation (GGA) lead to a typical
underestimating of the band gap for insulating mate-
rials – at about 30–50%, see [47–50]. For example,
according to our present FLAPW-GGA data for
SrZrO3 a value of BG = 3.20 eV (indirect R! C
transition) agree well with results of other LDA
calculations (Table 3) but differ considerably from
the experimental gap which is about 5.9 eV [51].

An empirical standard correction requires a fit-
ting of the LDA gap to an experimental value
Fig. 3. Charge-density contour plots in (110) plane for SrThO3

(1) and SrZrO3 (2). The charge contours – in e/(a.u.)3.
[52]. In our case, for ThO2 a calculated BG is equal
to 4.6 eV while the experimental gap is about 6.0 eV
[53]. Thus, a multiplicative correction factor (1.3)
gets the calculated BG for ThO2 closer to the exper-
imentally measured gap. In this way, taking into
account this factor, it is possible to estimate the
‘experimental’ value of the cubic SrThO3 gap, which
is about 3 eV. Note that the estimated value from
our FLAPW-GGA BG for SrZrO3 is higher: 4.2 eV.

3.4. X-ray emission spectra

As it is known, the intensity (I) of the X-ray emis-
sion spectra in the dipole approximation is deter-
mined by the DOS and the matrix elements and
can be written as

IðE; eÞ � E3Rjhf je � rjiij2ðdEf þ E � EiÞ; ð4Þ

where hfj and jii refer to the final and initial one-
electron states, Ei and Ef are the corresponding
energy eigenvalues of the states involved in the tran-
sition. In our case, oxygen Ka (2p! 1s transition)
XES probe directly the distributions of the occupied
oxygen 2p DOS.

Fig. 4 shows the XES O Ka spectral shape of
SrThO3 in comparison with those for ThO2 as
obtained from FLAPW-GGA calculations. The
spectra are depicted by alignment to the Fermi level.
It can be seen that the spectrum of SrThO3 consists
of two subbands a and b separated by gap �11 eV;
where the subband b arises from the admixture of O
2p states into (O 2s + Th 6p) band. Going from
Fig. 4. Calculated O Ka X-ray emission spectra for ThO2 and
SrThO3.
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SrThO3 to ThO2, the O K spectral shapes change
considerably. The main peak A for ThO2 has broad-
ened (at about 2 eV) with a pronounced substruc-
ture (additional peaks A 0 and A00). The two
low-lying peaks B 0 and B00 appear in the region at
about �14 to �12 eV below the Fermi level, origi-
nates from the O 2p states contribution to broad
(O 2s + Th 6p) band. Thus, our data show that
the O Ka XES of SrThO3 differ drastically com-
pared to ThO2, i.e. the X-ray emission spectroscopy
near the O Ka edge may be very useful technique
for the phase analysis of complex ThO2-based fuel
materials.

4. Conclusions

In this work, the ab initio FLAPW-GGA method
has been used for study of structural, elastic, cohe-
sive and electronic properties of the meta-stable
strontium thorate SrThO3 in comparison with
ThO2 and SrZrO3.

We have predicted the elastic constants for
SrThO3 and have discussed them in comparison with
ThO2 and SrZrO3. We have utilized the Voigt–
Reuss–Hill approximation to estimate the main elas-
tic parameters (bulk modulus, compressibility, shear
modulus, Young modulus, Poisson ratio, Lame
constants) for polycrystalline SrThO3, ThO2 and
SrZrO3. We have found that cubic SrThO3 should
exhibit lower hardness than SrZrO3, whereas the
material with the highest hardness will be ThO2.

Our first-principle calculations show that SrThO3

has a positive energy of formation at zero tempera-
ture and zero pressure approximation – with respect
to ThO2 and SrO i.e. the cubic phase is unstable in
comparison with a mechanical mixture of the con-
stituent binary oxides. The calculated energies of
formation for SrZrO3 and SrThO3 predict a higher
lattice stability for SrZrO3; this fact can be
explained by considering the weakening of the cova-
lent Th–O bond strengths as compared with Zr–O
bonds. The Th–O bondings in SrThO3 are due to
the mixing of oxygen 2p orbitals with thorium 6d
and 5f orbitals. In addition, the Th 6p and O 2s
orbitals may also participate in chemical bonding.
The corrected LDA gap for SrThO3 has been esti-
mated at about 3 eV.

Our calculations show that the O K edge X-ray
emission spectra are very different for SrThO3 and
ThO2, i.e. the XES technique may be very useful
for detailed characterization of the stable and
meta-stable ThO2-based fuel materials.
Finally, the present discussion is focused on cubic
SrThO3 in comparison with SrZrO3 and ThO2. It
would be of a great interest to examine the temper-
ature effects on the comparative stability of SrThO3

cubic versus monoclinic polymorphs – for example
with using the recently developed thermodynamic
approach based on first principle calculations [54].
Also to have more insight on the nature of
the Th – containing ternary oxides, the further
calculations of the structural, cohesive, elastic and
electronic properties of the related compounds
(MThO3 and M2ThO3, where M = K, Na, Rb, Cs,
Ca and Ba, see [3]) will be very useful.
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