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Ab initio insight into the physical properties of new ferroelectric
perovskite oxide materials XGeO3 (X= Sr, Ca)
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The investigation of structural stability, electronic, mechanical, spontanous polarization, and thermodynamic properties of simple cubic
perovskite oxides XGeO3 (X =Sr, Ca) has been performed through density functional theory as introduced in Wien2K code. The tolerence
factor, Born criteria, and phonon dispersion confirm the stability and the formation of both materials in the ideal cubic structure. Additionally,
the application of nmBJ approach in electronic properties shows an exceptional semiconducting aspect. The strain effect on spontaneous
polarization of XGeO3 (X =Sr, Ca) perovskites presents an excellent ferroelectric behavior. The thermodynamic parameters such as volume,
bulk modulus, thermal expansion coefficient, Debye temperature, Gibbs free energy, enthalpy, heat capacities, and Grüneisen, have been
calculated and discussed with a wide range of pressures (0−20 GPa) and temperatures (0−1000 K). Based on the exceptional semiconducting
nature and significant spontaneous polarization, the studied materials can be considered as ferroelectric materials, which make them as a
suitable candidates in ferroelctric devices.
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1. Introduction

The simple perovskite oxides family encompasses a diverse
range of materials, ranging from insulator to superconduc-
tor aspect. It is characterized by the general chemical for-
mulaABO3, and the variety ofA andB cations can exhibit
different properties, based on the valence electrons of each
atom [1, 2]. Additionally, these materials hold significant in-
terest in material science owing to their involving material
characteristics and adjustable physical properties [3–5]. The
simple perovskite oxides are considered as multifunctional,
and present different characteristics such as ferroelectricity,
high thermoelectric efficiency, and spin polarization [6, 7].
All these rich characteristics are behind a number of appli-
cations, including solar cells, spintronic, ferroelectric mem-
ories, and optoelectronic applications [8, 9]. Among the
perovskites, ferroelectric perovskite oxides are of great in-
terest in photovoltaic applications owing to their significant
band gap energy and also their important spontaneous po-
larization values [10]. Several simple perovskite oxide ma-
terials BaTiO3, PbTiO3, BiZn1/2Ti1/2O3, BiFeO3, PbZrO3,
LiNbO3, BaZrO3, CaTiO3, BiXO3 (X=Co, Mn, Fe, V, Zn),
and BaHfO3 are reported to show a semiconductor behav-
ior and have ferroelectric aspects [11–20]. For example,
the BaTiO3 perovskite is considered a ferroelectric material,
which is polarized spontaneously. Indeed, the negative and
positive charge centers within the crystal do not coincide each
other, which is the cause of its electric dipole moment.

Ge-based simple perovskites have been studied for their
interesting characteristics. They are also investigated as an

alternative material in renewable energy and ferroelectric de-
vices [21]. In addition, many theoretical and experimental
studies have been widely carried out on these type of mate-
rials. They have several industrial applications in the manu-
facture of electronic, optoelectronic, thermoelectric, and fer-
roelectric devices [22,23]. Simple perovskite oxide PbGeO3

has been experimentally and theoretically reported, that it is
crystallized in the ideal cubic structure and also emerged an
exceptional semiconducting characteristics [24, 25]. Addi-
tionally, N. A. Noor and co-workers [26] theoretically inves-
tigated the pressure effect on electronic, optical and thermo-
electric properties of cubic perovskite oxide BaGeO3. An
indirect to direct band gap transition with a p-type aspect is
demonstrated.

Simple perovskite oxides XGeO3 (X=Sr, Ca) are widely
studied which can be applied in various devices. Some ex-
perimental works lately published affirm that these materials
are crystallized in the ideal cubic structure through the high-
resolution X-ray diffraction (HR-XRD) [27, 28]. The atomic
positions in the elementary cell are X: 1a(0, 0, 0); Ge: 1b(1/2,
1/2, 1/2) and O: 3d(1/2, 1/2, 0). At low temperature, Y. Wang,
et al. [29] reported that the SrGeO3 has a good conductiv-
ity and excellent stability. Additionally, its optoelectronic
properties show applicability in the field of photovoltaic and
photocatalysis [30]. Furthermore, based on X-ray diffraction
study, A. Nakatsuka,et al. reported experimentally the excel-
lent stability of the SrGeO3 perovskite phase under high pres-
sure at various temperatures ranging from 100 to 323 K [31].
CaGeO3 has been theoretically investigated through DFT cal-
culation, where the authors have reported that it has a semi-
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conductor nature and high thermoelectric performance [32].
All exceptional characteristics observed in Ge-based per-

ovskite oxides can be proposed to goal their application for
photovoltaic and ferroelectric devices. For this reason, we in-
vestigate the structural, dynamic, and mechanic stabilities, in
addition to, electronic, spontaneous polarization, and thermo-
dynamic properties of the proposed cubic perovskite oxides
XGeO3 (X=Sr, Ca) by using the Full-Potential Linearized
Augmented Plane Wave (FP-LAPW) method implemented in
the Wien2k code.

2. Computational details

Studies on the structural stability, mechanical, electronic,
spontaneous polarization, and thermodynamic properties of
simple perovskite oxides XGeO3 (X= Sr, Ca) have been
performed by using the density functional theory (DFT)
based on full-potential linearized augmented plane wave (FP-
LAPW) implemented in WIEN2K [33–35]. Perdew-Burke-
Ernzehof functional for solids within the generalized gradient
approximation (GGA-PBEsol) is used for the structural prop-
erties [36], while the electronic properties were determined
by applying the new modified Becke-Johnson approximation
(nmBJ), which is given by [37,38]:

ϑnmBJ
x (r) = cϑBR

x (r) + (3c− 2)
1
π
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whereE(r) is the Kohn-Sham kinetic energy density, and
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x (r) repre-
sents the Becke-Roussel (BR) exchange potential. The new
parameterization ofc is suggested from the density, and it
reads:

c = µ

+ν

√
1

Vcell

∫

cell

1
2

( | ∇ρ↑(r′) |
ρ↑

+
| ∇ρ↓(r′) |

ρ↓

)
dr′3, (2)

whereµ andν have been chosen according to the experimen-
tal band gap fits. Moreover,RMT ∗ Kmax = 7 is chosen
as the number of plane waves in the interstitial region such
that RMT is the smallest Muffin-tin radius in the unit cell,

andKmax is the maximum of the reciprocal lattice vector.
The (10×10×10) k−points and the tetrahedral method [39]
have been used for the Brillouin Zone integration, and the
total energies converged below10−5 Ry. The total energies
are computed as a function of volume and fitted to the Birch-
Murnagan equation of state [40] to get the ground state prop-
erties like zero-pressure equilibrium volume. The dynamic
stability of the studied materials is checked by calculating
the phonon dispersion curve using the Phonopy package [41],
embedded in the Wien2k code. The mechanical properties
are predicted by investigating their elestic constants, which
are calculated throuth ElaStic-1.1 package [42]. Moreover,
we focus also on the study of strain effect on spontaneous
polarization, based on the Berry phase approach using the
BerryPI package [43] which is introduced in the Wien2k
code. Based on the results fitted from the BM equation of
state, the thermodynamic parameters have been determined
using quasi-harmonic Debye model [44,45], as introduced in
the Gibbs2 package [46].

3. Results and discussions

3.1. Structural stability

In this paper, simple perovskite oxides XGeO3 (X= Sr, Ca)
have been studied in the cubic model (Pm3m) as shown in
Fig. 1.

The optimization of structural parameters through the
unit cell volume is made to obtain the lattice constants, pres-
sure derivative and bulk modulus. The extracted volume de-
pending on the calculated energies is presented by exploita-
tion of Birch-Murnaghan’s equation as follows [48]:
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whereV0 denotes the volume of the unit cell.E0 is taken as
the minimum energy which is the ground state energy corre-
sponding to the equilibrium volume.B andB′ are succes-
sively the bulk modulus and its pressure derivative, and they

TABLE I. Computed lattice constanta, volumeV0, Bulk modulusB, its primitiveB′ and the total ground state energyE0 of cubic perovskite
oxides XGeO3 (X= Sr, Ca), comparing with other works.

Materials Methods a(Å) V0(Å3) B(GPa) B′(GPa) E0(Ry)

SrGeO3 GGA 3.8082 55.2279 186.44 4.6567 -11001.50

[49] Exp 3.7980 54.785 – – –

[50] Exp 3.7968 54.733 194 – –

CaGeO3 GGA 3.7934 54.5865 233.0158 5 -6010.86

[51] GGA 3.807 55.175 180.31 . -11001.44
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FIGURE 1. Cubic structure of perovskite oxideXGeO3 (X =

Sr, Ca) [47].

are related to the equilibrium volume of the unit cell.
Table I summarizes the obtained structural parameters of
XGeO3 (X= Sr, Ca) materials, and also lists some other the-
oretical and experimental studies, comparing with our results.

To manufacture these materials, it is necessary to vali-
date their formation and their stability. Generally, the sta-
bility and formation of perovskite oxides family are widely
checked from a theoretical parameter called tolerance factor
(T ), which is determined by the standard formula [52]:

T =
RX + RO√
2(RGe + RO)

, (4)

whereR(i=X, Ge, O) presents the ionic radii of each ion. The
calculated tolerence factor of SrGeO3 and CaGeO3 materials
is equal to 1.04 and 0.911, respectively. Therefore, the ob-
tained tolerance factor values are in the range of0.9 to 1.1,
which fulfil the formation and stability of all proposed mate-
rials in the ideal cubic structure [53]. To verify the dynamic
stability of our materials, we have computed the phonon dis-
persions of XGeO3 (X = Sr, Ca) compounds using the fi-
nite displacement method implemented in the phonopy pack-
age [41]. Figure 2 presents the phonon dispersion curves of

both materials. From this figure, we observe that there are no
imaginary frequencies in the phonon spectra, confirming the
dynamical stability of our materials in a cubic phase. Further-
more, our findings align with those of other studies [54,55].

In terms of theoretical stability, which encompasses
Goldsmith’s tolerance factor and phonon dispersion, simple
perovskite oxide materials XGeO3 (X = Sr, Ca) demonstrate
notable stability in their ideal cubic phase. A study conducted
by A. Nakatsukaet al. utilized X-ray diffraction to exper-
imentally confirm the structural stability of these materials
across temperatures ranging from 100 to 323 K. Addition-
ally, they observed excellent crystal stability, with the mate-
rials maintaining high cubic symmetry even at low tempera-
tures. These theoretical insights, corroborated by experimen-
tal findings, indicate that perovskites XGeO3 (X = Sr, Ca)
hold promise for maintaining stability in their ideal cubic
structure [31,56].

3.2. Elastic and mechanical properties

To understand the mechanical behavior of a material, we
should calculate its elastic properties. They are important
features that play a key role in material sciences and novel
technology. Moreover, these elastic properties enable us to
know the capability of a material to be distorted during the
strain effects (stress, force...), and they also help in the es-
timation of the stability of a material. To explore these ma-
terials stability, such as strength, hardness or softness, etc,
we have calculated the elastic constants of XGeO3 (X= Sr,
Ca) materials using the ElaStic1.1 package performed in the
WIEN2k code. These elastic constants have been described
by three independent elastic parameters which are denoted by
C11, C12, andC44. The mechanical stability is checked by
using Born criteria that are given by [57,58]:

C11 + 2C12 > 0 , C11 − C12 > 0 ,

C44 > 0, and C12 < B < C11. (5)

FIGURE 2. Phonon dispersions of cubic perovskite oxides SrGeO3 a) and CaGeO3 b) compounds.
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TABLE II. The calculated elastic constants of cubic XGeO3 (X=Sr, Ca) perovskite oxides, comparing with other perovskite elements.

Parameters SrGeO3 CaGeO3 [49] [51]

C11(GPa) 328.5 291.3 305.39 243.39

C12(GPa) 121.1 114.6 114.68 112.78

C44(GPa) 156.5 128.0 145.99 130.12

From these constants, we can derive the mechanical pa-
rameters such as bulks modulus(B), Young’s modulus(Y ),
anisotropic factor(A), Poisson’s ratio(ν) and Hill’s shear
modulus(G), which is an arithmetic average of the(GR)
Reuss and(GV ) Voigt approximation, by using the equa-
tions [59–61]:

B =
C11 + 2C12

3
, (6)

Y =
9GB

G + 3B
, (7)

G =
GV + GR

2
, (8)

GV =
C11 − C12 + 3C44

5
, (9)

GR =
5C44(C11 − C12)

4C44 + 3(C11 + C12)
, (10)

ν =
3B − 2G

2(3B + G)
, (11)

A =
2C44

C11 − C12
, (12)

whereGV andGR are the shear modulus of the Voight and
Reuss approaches, respectively.

The elastic constants of cubic XGeO3 (X= Sr, Ca) ma-
terials are presented in Table II. According to this table, the
calculated elastic constants of XGeO3 (X= Sr, Ca) respect
the Born’s criteria, and this result proves that our materials
are mechanically stable in the cubic structure. In addition, it
is shown that the computed value ofC11 is higher thanC12,
indicating the incompressibility along the crystallographic a-
axis is larger than that along the b-axis.

Table III presentes the calculated values of bulk modu-
lus B, shear modulusG, Pugh’s ratioB/G, Young’s mod-
ulus Y , Cauchy pressureC

′′
, Poisson’s ratioν and elas-

tic anisotropic factorA of the cubic XGeO3 (X=Sr, Ca) per-
ovskite oxides. The obtained results show that the bulk mod-
ulus of XGeO3 (X=Sr, Ca) materials are large which sig-
nifies that the materials withstand the changes in volume
from all sides whenever they are compressed. In addition,
the bulk modulus values of CaGeO3 and SrGeO3 indicate
the low compressibility of our materials. The mechanical
parameters like Young’s modulus(Y ) are associated with
the physical hardness or stillness behavior of any material.
From the Table III, we can observe a high Young’s modu-
lus value of SrGeO3 and CaGeO3 equal to322.98 GPa and

273.13 GPa, respectively. This result proves the rigidity of
our materials. The examination of ductility and brittleness of
XGeO3 (X=Sr, Ca) materials have been made by evaluating
Pugh’s ratio(B/G), Poisson’s ratio (ν), and Cauchy pres-
sure (C ′′). The critical value of theB/G ratio which distin-
guishes between ductility and brittleness is1.75. Any value
of B/G lower than1.75 is associated with a brittleness as-
pect, while a higher one is related to the ductility nature [62].
The computed value ofB/G is found to be 1.43 for SrGeO3
and 1.57 for CaGeO3 material, which means that our com-
pounds have a brittle nature. This has further been examined
also by Cauchy’s pressure (C12 − C44) value, which classi-
fies the material with a ductile or brittle aspect if it is positive
or negative, respectively. The computed values of Cauchy
pressure are negative for SrGeO3 (−35 GPa) and for CaGeO3
(−13.4 GPa), hence verifying the brittle nature of both ma-
terials as shown previously by theB/G ratio. The Poisson’s
ratio (ν) is also another interesting parameter that can help
to confirm the ductile and brittle behavior of a material. In
line with the Frantsevich rule, a material will possess brit-
tle nature if the value ofν is lower than 0.26, and ductile
nature if the value ofν is larger than 0.26 [63]. According
to Table III, the computed values ofν in our case are equal
to 0.22 for SrGeO3 and equal to0.24 for CaGeO3 material,
which is inferior to0.26. This result ensures again that the
XGeO3 (X=Sr, Ca) materials have brittle characteristics. As
a consequence, all the computed parameters, which are Pugh
ratioB/G, Cauchy pressureC ′′, and Poisson’s ratioν, show
that our compounds have brittle aspects.

To estimate the elastic nature of the cubic
XGeO3 (X=Sr, Ca) perovskite oxides, the elastic anisotropy
factor (A) has been studied as it gives the elasticity of the ma-
terial in different directions. According to this, a material is
isotropic, if the anisotropy factor (A) is equal to unity, and the
deviation from unity indicates directly an anisotropic mate-
rial aspect. Thus, the computed values ofA are equal to0.75
and 0.72 for SrGeO3 and CaGeO3, respectively. This result
reveals the anisotropic nature of the studied materials [64].

3.3. Electronic properties

It is well known that the nature of materials can typically be
determined based on their electronic band gap. In addition,
the desirable applications of these materials in technology are
induced by their experimentally or theoretically measured
characteristic energy gap values. Therefore, we have ana-
lyzed the electronic properties of the XGeO3 (X= Sr, Ca)

Rev. Mex. Fis.70051603
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FIGURE 3. The Band structure of cubic perovskite oxides XGeO3 (X= Sr, Ca).

TABLE III. Calculated values of bulk modulusB, shear modulusG, Pugh’s ratioB/G, Young’s modulusY , Cauchy pressureC
′′

, Poisson’s
ratioν and elastic anisotropic factorA of the cubic XGeO3 (X=Sr, Ca) perovskite oxides, comparing with other theoretical works.

Parameters SrGeO3 CaGeO3 [49] [51]

B(GPa) 190.21 173.54 178 156.32

G(GPa) 132.69 110.34 123.07 98.67

B/G 1.43 1.57 1.448 1.58

Y (GPa) 322.98 273.13 112.54 244.56

C
′′

(GPa) -35 -13.4 -31 -17.34

ν 0.22 0.24 0.219 0.239

A 0.75 0.72 1.531 0.967

materials based on band structure, the total density of state
(TDOS), and partial density of state (PDOS) using nmBJ ap-
proximation.

According to Fig. 2, which illustrates the band structure
of XGeO3 (X= Sr, Ca) perovskite oxides, it is obvious that
the highest point of the valence band (VB) is placed at the
M symmetric point, while the lower point of the conduc-
tion band (CB) is onΓ symmetric point for both materials.
As a consequence, this result indicates that our compounds
have a semiconductor nature with indirect band gap(Γ−M).
For the first material SrGeO3, the band gap value is equal to
2.9 eV, while CaGeO3 element has a band gap value equal to
3.18 eV, according to other theoretical works [4,51,65].

To comprehend and clarify the obtained results about
the band structure of our materials XGeO3 (X= Sr, Ca),
we have studied and determined their total density of state
(TDOS) and their partial density of state (PDOS), as pre-
sented in Fig. 3. From this figure, we remark that thes and
p orbitals of Germanium are dominant for the energies below
−4 eV in the valence band (VB) for the two materials. For the
SrGeO3 material, we observe various states with small fac-
tors coming from(p, d) states of Strontium andd − states
of Germanium. For the CaGeO3 material, we have also a
small contribution coming from thed state of Calcium and
Germanium in the region−4 eV to the Fermi level. How-

ever, thep orbitals of oxygen show a strong effect in this re-
gion as compared to the other states for both materials. In the
conduction band (CB), it is clear that the orbital responsible
for the band gap energy in the two materials is thes orbital
corresponding to the Germanium atom. This result confirms
the semiconductor nature of our compounds XGeO3 (X= Sr,
Ca).

3.4. Spontaneous polarization properties

In this part, we investigated the ferroelectric properties of the
studied materials. The spontaneous polarization (Ps) is re-
garded as a fundamental characteristic of ferroelectric mate-
rials, defined as the change in polarization that occurs when
the crystal undergoes a phase transition from a centrosym-
metric structure to a structure without inversion symmetry.
For a given state, the polarization of materials consists of two
components, the first depends on the spatial distribution of
the electron density, and the second part is ionic, based on
the displacement of ion or atom immigrations.

Based on Berry phase BI approach introduced in the
Wien2k code, we computed the spontaneous polarization of
both cubic perovskite oxides XGeO3 (X=Sr, Ca). Our study
of the Ps involves two distinct calculations: one for the
centro symmetric structure (unperturbed) and the other for
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TABLE IV. Calculated values of the spontaneous polarizationPs in
various strains for the cubic XGeO3 (X=Sr, Ca) perovskites oxides,
comparing with other works.

Compounds c/a Ps(C/m2)

1 6.707453 10−15

SrGeO3 1.006 2.469515 10−1

1.013 2.479767 10−1

1.020 2.493217 10−1

1 7.331402 10−15

CaGeO3 1.013 2.463986 10−1

1.026 2.486206 10−1

1.039 2.507034 10−1

BaTiO3 1.011 0.320

PbTiO3 1.0635 0.8844

BaHfO3 - 0.40

the non-centrocymmetric structure (perturbed). For the per-
turbed structure, we introduced various displacements in the
c-parameter of our study materials to investigate their ef-
fect on the spontaneous polarization. Table IV displays
the spontaneous polarization of XGeO3 (X=Sr, Ca) mate-
rials for three different displacements on the c-parameter.
For both materials, we observe that the (Ps) is nearly
zero in the unperturbed structure. However, the displace-
ment in the c-parameter changes the cell volume of cubic
XGeO3 (X=Sr, Ca) perovskites. Consequently, the charge
density increases, indicating the emergence of spontaneous
polarization, as shown in Table IV. According to this table,
the (Ps) increases by increasing the external effect. We notice
that, the obtained value forPs is in good agreement compared
to other perovskite oxides family, such as BaTiO3, PbTiO3

and BaHfO3 [66–68].

Finally, our proposed perovskite materials present impor-
tant values of spontaneous polarization, indicating their ex-
cellent ferroelectric behavior. This characteristic makes these
materials strong and good candidates for the development of
ferroelectric devices.

3.5. Thermodynamic properties

In this part, we have investigated the thermodynamic prop-
erties of the cubic SrGeO3 and CaGeO3 compounds using
the Gibbs2 program within the quasi-harmonic approxima-
tion. As it is well-known, the Gibbs function, in the Debye
approach, is expressed as follows [69,70]:

G(V, P, T ) = E(V ) + PV + Fv(θD, T ), (13)

whereE(V ) is the energy per unit cell, andFv(θD, T ) is the
vibration function which is given by:

Fv(θD, T ) = NKBT

(
9θD

8T

+ 3 ln
[
1− e(−θD/T )

]
−D

[
θD

T

])
. (14)

For a solid material,θD is the Debye temperature, and it is
expressed as follows:

θD =
h

KB
(6π2V 1/2N)1/3f(ν)

√
B

M
, (15)

whereM is the atoms mass, andB is the bulk modulus per
unit cell such that:

B = V

(
d2E(V )

dV 2

)
. (16)

In addition, there are also other interesting thermodynamic
quantities such as heat capacities (CV andCP ), expansion
coefficientα, Grüneisen parameterγ, and entropyS. Math-
ematically, these quantities are successively expressed by the
following equations:

CV = 3NKB

(
4D

[
θD

T

]
− 3 θD

T

exp θD

T − 1

)
, (17)

CP = CV (1 + γαT ), (18)

α =
γCV

BV
, (19)

γ = −d ln(θD(V ))
ln(V )

, (20)

S = NKB

(
4D

[
θD

T

]
− 3 ln

[
1− exp

−θD

T

])
, (21)

whereD(θD/T ) is the Debye integral.
Here, we report the thermodynamic properties of the

SrGeO3 and CaGeO3 compounds. These properties are eval-
uated for temperatures ranging from 0 K to 1000 K and
for pressures between 0 GPa and 20 GPa. The choice of
both ranges of temperature and pressure is based on the fact
that the quasi-harmonic Debye approximation theory remains
valid in these ranges. In addition, the lattice constant, bulk
modulus, heat capacities, volume expansion coefficient, ther-
mal expansion coefficient, Debye temperature, Gibbs free en-
ergy, enthalpy, and the Grüneisen parameter are investigated
using the Gibbs2 program within the wien2k code. Figure 4
shows the direct dependence of unit cell volume of simple cu-
bic perovskite oxides SrGeO3 and CaGeO3 on pressure and
temperature. From this figure, we observe an increasing unit
cell volume versus temperature at different pressures. This
result is logical and generally common in solid materials, be-
cause when the temperature increases, the volume also in-
creases immediately.
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FIGURE 4. Total density of states (TDOS) and partial density of states (PDOS) of cubic XGeO3 (X=Sr, Ca) perovskite oxides.

FIGURE 5. The dependence of unit cell volume of cubic perovskites oxides SrGeO3 et CaGeO3 on pressure and temperature.

The bulk modulusB is one of the critical properties that
describes the deformation of a solid under pressure. The
study of bulk modulusB of compression provides informa-
tion about the dilatation of solid materials. It is also a mea-
sure of the capacity of a material to tolerate the changes in
volume under compression. Figure 5 presents the depen-
dence of bulk modulusB on pressure and temperature. From
this figure, it is clear that bulk modulusB is changes due
to the temperature and pressure effects. In addition, the bulk
modulus is almost constant at low temperatures (T < 120 K),
but when temperature increases (T > 120 K), the bulk modu-
lus changes regardless of the considered pressure. Therefore,
the bulk modulusB decreases with increasing temperature
and decreasing pressure. Moreover, the inter-atomic distance

in the crystal increases with increasing temperature, which
leads to increasing crystal volume. Thereby, the bulk mod-
ulusB decreases with increasing volume. As a result, when
the bulk modulusB increases, the compressibility of our ma-
terials decrease, which means that the resistance of both ma-
terials to deformation increase. From the analysis of theB
parameter, it is clear that our compounds are hard and rigid
under high pressure.

In general terms, both heat capacities at constant volume
CV and constant pressureCP are significant features of a
substance. They are interpreted as the amount of energy re-
quired to raise the temperature of a substance by one Kelvin
(or degree Celsius). Figure 6 presents the dependence of heat
capacitie (CV ) of both SrGeO3 and CaGeO3 compounds on

Rev. Mex. Fis.70051603
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FIGURE 6. The dependence of the bulk modulusB of cubic perovskites oxides SrGeO3 et CaGeO3 compounds on pressure and temperature.

FIGURE 7. Variations of the heat capacitieCV of cubic perovskites oxides SrGeO3 and CaGeO3 as a function of pressure and temperature.

temperature (form 0 K to 1000 K) and pressure (from 0 GPa
to 20 GPa). At low temperatures below 300 K, both mate-
rials have an increasingCV when the temperature increases,
which means that the specific heat capacities present a robust
dependence on temperature due to the Debye model. In addi-
tion, the temperature has a strong effect on the heat capacities
as compared to that of the pressure. However, at high temper-
atures, theCV curves approach the Dulong-Petit limit [71],
and it is clear from the figure that all the curves of heat capac-
ities become approximately aligned in this temperature re-
gion. Therefore, the effect of both pressure and temperature
becomes negligible above the Dulong-Petit limit.

Figure 7 illustrates the variation of the thermal expansion
coefficient(α) as a function of temperature at different pres-
sures. It can be seen that the thermal expansion(α) increases
exponentially with temperature less than 300 K. However, for
temperatures higher than 300 K, we observe a slow and lin-
ear increase of the thermal expansion, corresponding to the
quasi-harmonic approximation at high-temperature limit. At
the same time, the thermal expansion coefficient values(α)

of SrGeO3 and CaGeO3 at high pressures are smaller than
those at low pressures. These results indicate the deficiency
of the quasi-harmonic approximation at high temperatures
and low pressures. Besides, the thermal expansion(α) is in-
terpreted as the tendency of the matter phase to be modified
under the variation of temperature and pressure, and it has
also an effect on the melting point of solids. Therefore, high
melting point materials are more likely to have a lower ther-
mal expansion coefficient(α) [72]. Based on these results,
our materials have small values of thermal expansion coeffi-
cient, which indicates that our materials have a high melting
point, meaning a good hardness.

In solid state physics, the Debye temperature is a crucial
quantity that describes the collective vibrational behaviour of
atoms in a crystal lattice. It effectively describes the contin-
uum of vibrational modes in a solid. A limited number of
low-frequency vibrational modes are active at temperatures
well below the Debye temperature. Increasing the Debye
temperature leads to the excitation of additional vibrational
modes. In addition, the Debye temperature(ΘD) of materi-
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FIGURE 8. Thermal expansion coefficient(α) of cubic perovskites oxides SrGeO3 and CaGeO3 versus pressure and temperature.

FIGURE 9. The dependence of the Debye temperature(ΘD) of cubic perovskites oxides SrGeO3 et CaGeO3 on pressure and temperature.

als has played an important role in many physical properties
of solids. The variation of the Debye temperature with re-
spect to temperature and pressure is presented in Fig. 8. From
this figure, it can be seen that the Debye temperature(ΘD)
decreases slowly with increasing temperature and increases
strongly with pressure. Thus, the effect of pressure is greater
than that of temperature. As a result, high values of the De-
bye temperature indicate a strong bond between atoms in the
crystal, meaning our materials SrGeO3 and CaGeO3 have
high melting temperature and hardness behavior. Whenever
the pressure increases, theΘD of our compound increases,
and this leads to a decrease in the inter-atomic distance [73].
In general, the Debye temperature is an essential quantity that
helps us to understand the thermal and vibrational properties
of crystalline materials.

The Gr̈uneisen parameter is a key parameter in condensed
matter physics that characterizes the thermal expansion and
compressibility of a material. It is denoted by the symbol (γ)
and is defined as the ratio of the relative change in volume
of the relative change in temperature at each pressure. Phys-

ically, the Gr̈uneisen parameter provides insights into how a
material’s lattice structure responds to changes in tempera-
ture, indicating whether it expands or contracts under heat-
ing. From Fig. 9, it is clear that when the temperature and
pressure increase the Grüneisen parameter decreases, espe-
cially for the pressure above 5 GPa. However, it became ap-
proximately constant for 5 GPa, and it increases with tem-
perature in 0 GPa. This result confirms the rigid nature and
hardness behavior of our materials in a small pressure. In
terms of vibrational modes, it is related to the anharmonicity
of the crystal lattice. Generally, a positive Grüneisen param-
eter suggests that the material expands upon heating, while
a negative value implies contraction. All this information
is useful in understanding the thermodynamic properties of
materials, especially in the context of phase transitions and
thermal transport phenomena [74].

Entropy is one of the most important parameters in ther-
modynamics. It is used to describe the equilibrium state of
thermodynamic systems (systems disorder). In Fig. 10, the
entropyS of our compounds SrGeO3 and CaGeO3 is also
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FIGURE 10. The dependence of the Grüneisen parameter(γ) of cubic perovskites oxides XGeO3 (X= Sr, Ca) compound on pressure and
temperature

FIGURE 11. Variation of the entropyS of cubic perovskites oxides XGeO3 (X= Sr, Ca) as a function of pressure and temperature.

FIGURE 12. The dependence of the Gibbs free energy (G) of cubic perovskites oxides SrGeO3 and CaGeO3 compounds on pressure and
temperature.
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computed at different pressures from 0.0 to 20 GPa (with a
step 5.0 GPa) and at different temperatures from 0 to 1000 K
(with a step of 100 K). It is also interesting to note that the
entropyS increases with increasing temperature and slowly
decreases with pressure. These can be explained qualitatively
by considering the fact that at high temperatures, the entropy
increases at any given pressure. Which means, the number of
phonon modes is increased and the vibrational contribution
to the entropy increases when the temperature increases. As
a result, the pressure causes that our materials SrGeO3 and
CaGeO3 become more ordered, while the temperature makes
them disordered [54].

In thermodynamics, Gibbs free energy which is known as
a free enthalpy is utilized to compute the maximum quantity
of work done in a thermodynamic system when the tempera-
ture and pressure are constant. It can be explained also as the
quantity of useful energy present in a thermodynamic system.
In Fig. 11, we have treated the dependence of the Gibbs free
energy for the simples cubic perovskite oxides SrGeO3 and
CaGeO3 on the temperature and pressure. One can see that
the Gibbs free energy is approximately constant for tempera-
tures below 400 K. However, when the temperature increases
above 400 K, the Gibbs energy begins to decrease for differ-
ent pressures. Moreover, the Gibbs free energy of our mate-
rials increases significantly whenever the pressure increases.
Therefore, the Gibbs free energy of these compounds results
more strongly affected by pressure than temperature.

4. Conclusion

Structural, dynamic, mechanical, electronic, spontaneous
poarization, and thermodynamic properties of XGeO3 (X =

Sr, Ca) perovskites have been calculated with density func-
tional theory as incorporated in WIEN2K. The tolerance fac-
tor is equal to 0.945 and 0.911 for SrGeO3 and CaGeO3,
respectively, indicating that both materials have a stable cu-
bic structure. In addition, the no imaginary frequencies in
the phonon disperation curve show the dynamical stability
of the compounds in a cubic phase. Moreover, the calcu-
lated elastic constants show the mechanical stability of the
studied perovskites which respect to Born criteria. A britle
and anisotropic aspects have been proved through the ob-
tained mechanical parameters. Furthermore, the computed
electronic properties prove that the SrGeO3 and CaGeO3 ma-
terials display a p-type semiconductor nature with an indi-
rect band gap value equal to 2.9 eV and 3.18 eV , respec-
tively. Additionally, the high values 0.249 and 0.251 C/m2

of the spontaneous polarization show a ferroelctric behavior,
respectively, for SrGeO3 and CaGeO3. Finally, the applied
temperature (0 to 1000 K) and pressure (0 to 20 GPa) have
been found to make great changes in the thermodynamic pa-
rameters such as volume cell, bulk modulus, thermal expan-
sion coefficient, Debye temperature, Gibbs free energy, en-
thalpy, heat capacities, and Grüneisen parameter. All treated
properties of XGeO3 (X = Sr, Ca) highlighted that these stud-
ied materials have a wide range of application in ferroelec-
truic devices, such as sensors, radio frequency filters, and
non-volatile memories.
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