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The aim of this work is a theoretical study of structural, elastic, electronic and thermal properties of CoGe compound in
B20 structure using All-electron self-consistent Full Potential Augmented Plane Waves plus local orbital “FP(L)APW + lo”
within the framework of Density Functional Theory DFT. GGA-PBEsol is the exchange-correlation potential selected in this
work. This choice is motivated by the success of this functional in predicting structural and mechanical properties of solids.
The values obtained by the study of structural properties are in very good agreement with those found previously. In this work,
the elastic constants have been predicted for the first time and the obtained values confirm the mechanical stability of the CoGe
compound in its B20 structure. The electronic part of this work shows that CoGe has metallic behavior with a mixed bonding
between cobalt and germanium of covalent-metallic type. The effect of temperature and hydrostatic pressure on the lattice
parameter — ag, heat capacity at constant volume — Cy, thermal expansion coefficient — « and entropy — S of the CoGe have

been studied using Debye model.
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1. Introduction

For over half a century, B20-type compounds
have been the subject of intensive research due to
their important physical properties [1, 2]. Because
of their interesting magnetic properties, these ma-
terials have been recognized to be of strategic im-
portance for spintronics applications [3]. Quite nat-
urally, B20-type compounds are designed to be in-
trinsically compatible with the established silicon
technologies. They have been proven to be effec-
tive and also innovative for spin injection into sili-
con devices [4].

Co-Ge compounds are ready to master the chal-
lenges of advanced thin films and may become
a key factor for the development of all spin-
tronics devices and products that are especially
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influential in local magnetization of semiconductor
matrix, redistribution of electron density in alloys
and so on [5].

Because of its high crystalline anisotropy and
low recording noise there are many relevant ar-
eas of CoGe applications with no interference with
the consumers’ interest in environmentally friendly
products as well as with the respective regula-
tions [1]. These areas include the biological impact
of electromagnetic emission, electromagnetic inter-
ference, energy conservation and emission as well
as public health, especially prevention of hazards
caused by electromagnetic emission systems [6].
Certain B20 often display interesting magnetic,
thermal and transport properties despite the fact
that the possibility of their corresponding phase
transformation is problematic [7-9].

A thermoelectric material capable of converting
waste heat into electricity or pump heat, such as
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a Peltier cooler is a candidate for a sustainable en-
ergy solution. In our daily lives, we use high effi-
ciency materials. Developing thermoelectric highly
effective materials is one of the most demanding
goals in material science [10].

CoGe belongs to the most promising thermo-
electric materials due to its low resistivity and high
thermal power. Concerning the properties of such
compounds, research is still needed [10].

A recent study presenting magnetization, spe-
cific heat, resistivity, and Hall effect measurements
on the cubic B20 phase of CoGe has shown that
this is a low carrier density metal with a very small,
nearly temperature-independent diamagnetic sus-
ceptibility [4]. Several Co-Ge compounds have
been the subject of a reasonable description by first
principle calculations before optimization to deter-
mine their enthalpies of formation [5]. Experimen-
tally, X-ray diffraction technique has been used to
investigate the crystalline structures of some Co-Ge
alloys (CoxGejoo—x) [6].

It is however interesting to note that for Co
some researchers have reported first phase for-
mation of CoGe [11]. In germanides, incongruent
phases with more negative effective heat of forma-
tion have been found occasionally as first phases;
well-known examples include CoGe in the Co-Ge
system [12].

The aim of this study is to confirm theoretically
the results already achieved in other works, includ-
ing the experimental ones, to highlight the perfor-
mance and efficiency of the method used in this
work (FP-(L)APW + lo) [13, 14]. A further study
is also done to predict some properties which are
still unknown for CoGe in its B20 structure, es-
pecially the elastic constants and the related pa-
rameters. This study also includes the analysis of
electron density by the theory of atom in molecule
QTAIM [15-18].

The crystal structure of CoGe compound is cu-
bic, of space group P2;3 where cobalt and germa-
nium atoms are located according to the following
coordinates: (u, u, u), (0.5 +u, 0.5 —u, —u), (—u,
05+ u, 05~-u)and (0.5 —u, —u, 0.5 + u) [4]

as shown in Fig. 1 obtained using XCrySDen
package [19].

Fig. 1. Representation of CoGe B20 crystal structure.

This paper can be divided into three basic parts:
Section 2 paves the way to the next part, it is a com-
plete overview and detailed description of the com-
putational method designed for the study. Section 3
includes the most relevant results. The last section
contains conclusions that reflect the objectives and
the challenges of the future.

2. Computational method

FP-(L)APW + lo method is one of the most
important powerful tools that aroused great inter-
est in the field of theoretical prediction of phys-
ical properties of solid materials including struc-
tural, mechanical and electronic [20]. This success
is mainly due to the theoretical advancement in-
cluding new functional and potential [21, 22] (e.g.
GGA-PBEsol to predict structural and mechanical
properties of solid materials). Thanks to these func-
tional, solving Kohn and Sham equations became
possible in the frame of DFT [23]. The obtained
results are generally satisfactory within acceptable
accuracies with the experimental values [24].

This theoretical model is implemented in a large
number of codes but from the point of view of per-
formance and efficiency, WIEN2k code [25, 26]
has been proven the most efficient in the field of
physics.
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Fig. 2. Variation of total energy versus volume curve for nonmagnetic (NM), antiferromagnetic (AFM) and ferro-
magnetic (FM) states of CoGe in B20 crystal structure.

Regarding the basic function, we have selected
Rymr-Kmax = 8.5, where Ryt represents the small-
est radius of an atomic sphere within which the
wave functions are a basic set spherical harmonics
around the nuclei and Kyax represents the magni-
tude of the largest K vector in the plane wave ex-
pansion. Similarly, we have adopted an optimum
value of In,x = 10 for partial waves inside the
atomic spheres, while the Fourier charge density
has been increased to Gpgx = 12 bohr~!. We de-
veloped k mesh integration points of the Brillouin
zone [27] in height of (12, 12, 12) grid produc-
ing 84 k-points in the irreducible Brillouin zone
(IBZ). In our calculations, we have chosen for the
CoGe compound the muffin-tin radii equal to 2.1
and 2.0 bohr for Co and Ge, respectively. When the
total energy converges to a value less than the cho-
sen value of 1074 eV, the self-consistent calcula-
tions also converge.

3. Results and discussions

3.1. Structural properties

To study the mechanical stability as well as
electronic and thermodynamic properties of CoGe
using the FP-(L)APW + lo method, structural prop-
erties must be first predicted in order to confirm
that the non-magnetic phase is the most stable. In
addition, different structural parameters necessary
for calculation of other properties should be also

obtained. For this purpose, we studied the varia-
tion of total energy of the unit cell volume of dif-
ferent magnetic phases (non-magnetic, ferromag-
netic and antiferromagnetic) in the vicinity of the
equilibrium lattice parameter ag whose energy cor-
responds to that of the ground state (Fig. 2). Dif-
ferent structural results can be obtained by fitting
different curves E(V) using the well-known Mur-
naghan equation of state [28] given by:
BV | (%)
B |B -1

B ByVoy
B —1

)

where By and B’ are the bulk modulus at equilib-
rium and its pressure derivative, respectively, Vy is
the volume of the unit cell at equilibrium. The lat-
tice parameter ag corresponding to the ground state
is deduced from the minimum of the curve E (V).

E(V)=EVo)+ +1

The obtained results are summarized in Ta-
ble 1. It is noted that the lowest total energy is
that of the non-magnetic phase which confirms
the information already obtained for this com-
pound [4]. For the lattice parameter ag, it is to be
noted that the calculated values are very close to
those found experimentally and theoretically. The
same applies to the calculated internal parame-
ters (Uc, and Uge); the obtained results are al-
most similar to other available works which con-
firms the success of the GGA-PBEsol functional
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in predicting structural properties of solid materi-
als. The results for the bulk modulus are similar to
those found, however, there is a lack of theoretical
and experimental results for the ground state en-
ergy and the cohesive energy of this compound.

3.2. Mechanical properties

The study of elastic properties of a solid ma-
terial is very important, because it allows predict-
ing its mechanical stability in a given structure,
and deducing several physical quantities related
to mechanical properties of materials, in partic-
ular Young’s modulus, Poisson ratio and Debye
temperature.

For a cubic material, due to its high symmetry,
there are only three elastic constants, denoted as
Ci11, C12 and C44. Knowledge of the values of these
constants allows us to predict the mechanical sta-
bility of any cubic material through the following
relationship [29]:

Ci1 —C12>0,Cy1 >0,C44 >0,

Ci1+2C12>0,Co <B<Cyy ()

Note that, so far, no results have been avail-
able for the elastic constants of CoGe-compound
in its B20 structure, which gave us the opportunity
to contribute in the scientific literature by the first
prediction of elastic properties for this compound.

Several theoretical models can be used to pre-
dict the elastic constants by evaluating the total
energy of a unit cell under slight strain effect. In
this work, to provide maximum information on the
elasticity of CoGe compound, we have used two
models that are implemented in the IRelast package
provided by Jamal et al. [30, 31] which is compati-
ble with the Wien2k package and that of Mehl [32].
These models have been proven to be effective
because they have already been tested in many
previous works.

In IRelast package method, three strains are ap-
plied: D; (orthorhombic distortion with preserved
volume), D, (the same constraint is applied to the
three directions while preserving cubic symmetry
of material but without conservation of volume)
and D3 (a monoclinic distortion with preserved

volume) to calculate respectively (C;; — Cia),
(C114+2Cy2) and Cygy.

Different values of elastic constants may
be obtained by a second order polynomial fit
of the curves obtained from variation of the total
energy under the effect of different strains as is
shown in Fig. 3 and by the following relationships:

Epi(8) = E(0) + W[(Ci1 — C12)82 +0(8%)]
3)

Epy(8) = E(0)+ Vod[t) + 12 + 73]

+ Vo[(2/3)(C1y +2C12)82 +0(8%)]
&)

Ep3(8) = E(0) + Vo[(2C14)8* +0(8%)] (5)

where: Vj is the volume of the unconstrained unit
cell, E(0) its corresponding energy and T; are pa-
rameters related to the strain of the crystal.
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Fig. 3. Total energy as a function of orthorhombic D,
cubic D, and monoclinic D3 strains of CoGe ob-
tained using the implemented model in the IRe-
last package.

In Mehl method, elastic constants calculation
is based on the application of two strains: one or-
thorhombic to calculate C;; Ci, and another mono-
clinic to calculate Cy4 by linear fitting of two vari-
ation curves in the total energy of the unit cell
according to the squares of the strain (Fig. 4)
w hich are respectively given by the following
relationships:

E(8) = E(0) + (Ci1 — Cio)Vo8*>  (6)
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Table 1. Calculated lattice parameter ag [A], bulk modulus By [GPa] and its pressure derivative B’, total unit
cell energy Eg [eV/cell], cohesive energy E.q, [eV/cell], cobalt internal parameter Uc, and germanium
internal parameter Uge of CoGe compound, compared to some experimental and other theoretical works.

CoGe a0 By B’ Eo Econ Uco Uge

NM 4.5717 200.2981 4.5443 —27918.826049 —44.3580 0.1374 0.8393

M 5.5718 200.1073 4.6566 —27918.825971 —44.3569 0.1371 0.8392

AFM 4.5716 200.6011 4.9790 —27918.825520 —44.3508 0.1370 0.8394
Experiment 4-637 [2], 0.140 [4] 0.841 [4]

4.631 [3]
Other 3L 133506 191 49973 19 0.140[10]  0.845[10
studies 44680 [8], . o1 4 [9] -140 [10] .845 [10]
4.4395 [9]
E (6) =E (0) + 1/ 2(C44)V0 62 (7) R —o— Orthorhombic strain o
—o— Monoclinic strain S
-379695,80 |
These two strains cause a change in the lattice /
parameter in three directions but they preserve the = SR /‘,/
equilibrium volume. % ol 7
Table 2 contains different values of elastic con- - — o
stants calculated by both models. To our knowl- . / N .
edge, the values of elastic constants for the CoGe- 37969600 - g 7 e ° (CoGe)
compound in the B20 structure are unknown to the e s . y s s
0,0000 0,0005 0,0010 0,0015 0,0020 0,0025

scientific community.

Taking into account the values of elastic con-
stants calculated by the two models according to
the stability criteria of a cubic material at zero pres-
sure (equation 2), we can conclude that CoGe com-
pound is stable mechanically in its B20 structure.
Moreover, we can note that the values obtained by
both models are similar.

The knowledge of elastic constants allows
us to deduce several important mechanical
quantities, such as Young’s modulus E, shear mod-
ulus G and Poisson’s ratio v, using the following
equations [33-35]:

9BG
= 8
3B+G ®)
Ci—-C 3C.
G— 11 12+ 3C44 )
5
3B—FE
= 1
% B (10)
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Fig. 4. Total energy as a function of squared orthorhom-
bic and monoclinic strains of CoGe obtained us-
ing Mehl method.

The results obtained by the theoretical model
implemented in IRelast package and that of Mehl
concerning Young’s modulus E, shear modulus G
and the Poisson’s ratio v for CoGe compound are
similar to each other. These results are original
because of their lack in the literature. The calcu-
lated values for Poisson’s ratio are close to 0.3 [36]
which indicates that CoGe has a metallic behavior.

Pugh [37] proposed a way to study the ductility
and brittleness of a solid material by calculating the
B/G ratio. According to them, a material is brittle
if the B/G ratio is less than a limit value of 1.75
and is ductile if it is greater than this limit value.
The B/G ratio for CoGe was calculated on the basis
of the results obtained by both models (Table 2)
indicating that CoGe material is ductile in the B20
structure.
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Anisotropic solid material is characterized
by invariance of physical properties along three
directions. The elastic constants allow us to
study this property with the anisotropy factor A.
If the value of this factor is close to 1, it indicates
that the material is isotropic while it is anisotropic
for a value different than 1. The relationship char-
acterizing these two properties, for a cubic mate-
rial, is given by [38]:

A =2Cy/(C11 —C12) (11)

For the anisotropy factor, the values calculated
by the two models are similar and close to unity
indicating that CoGe compound in its B20 structure
is isotropic (Table 2).

The knowledge of elastic constants allows pre-
dicting a very important physical property that is
Debye temperature 8p which represents the abil-
ity to capture thermal energy from a solid material.
It also gives an idea about hardness of the material.
Using the elastic model, it is possible to predict this
property by using the following equation [38]:

_ h[3n (Np\]"?
"D—k[m(Mﬂ i

where h represents Planck constant, k — Boltzmann
constant, n — number of atoms per formula unit, N,
— Avogadro number, M — molecular mass per for-
mula unit, p — density and Vy, — average wave ve-
locity. The later can be established using the rela-

tion [39]:
1/2 1\
V== =+ —
[3 <w3+V,3)]

where V) stands for velocity of longitudinal elas-
tic wave, while V, represents velocity of transverse
elastic wave. The relationships used to determine
these velocities are given by [40]:

(12)

(13)

3B+4G\ /2
u=(*57) o
and:
1/2
@) e

Using the Debye model, the calculation of the
Debye temperature value gives us the ability to
calculate other vibrational quantities, especially
the Debye temperature for acoustic phonons
0, [41] and the maximum frequency of vibration
of solid atoms upon thermal transfer called Debye
frequency wp [42] which can be determined by the
following relationships:

h
wp = 79Dn71/3 (16)
kp
and:
0, = Opn~ '/ A7)

Unfortunately, the values of the Debye tem-
perature, Debye frequency and Debye temperature
for acoustic phonons are unknown to the scientific
community. On the other hand, the values of these
quantities calculated by the two models used in this
work (Table 3) are similar to each other, which in-
dicates their authenticity, and we hope will be con-
firmed by additional future work.

3.3. Electronic properties

The study of electronic properties provides in-
formation on the electronic behavior of a material,
on the type of bonds between the atoms that form it
as well as different electronic states constituting the
valence band responsible for most of optical and
electrical properties.

According to the band structure presented in
Fig. 5 for CoGe compound in B20 structure, we
notice a slight band overlapping between the top
of the valence band and the bottom of conduction
band which allows stating that this material has a
semimetallic behavior, confirming the results al-
ready obtained by other published work [8].

To investigate the contribution of different
states forming the valence and conduction bands,
we traced the curves of calculated partial and to-
tal density of states of the top of valence band
and those of the bottom of conduction band. From
Fig. 5, we can clearly see that the top of valence
band is formed essentially by d states of cobalt
with low contributions of d states of germanium
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Table 2. Calculated elastic constants C1; [GPa], Cy [GPa], C44 [GPa], Young modulus E [GPa], shear modulus G
[GPa], Zener anisotropy factor A, Poisson ratio v and B/G ratio for CoGe.

Cyi Ciz Cyy E G A v B/G
Mehl method 315993  142.451 86.679  227.340 86.715 0.999 0.3108 2.3098
IRelast package method 320473 142420 107.144 257.238 99.897 1.204 0.2875 2.0198
Other results - - - - - - - -

Table 3. Calculated longitudinal, transverse, average sound velocity vy, v¢, vy [m-s—!], Debye temperature 6p[K],
Debye temperature for an acoustic phonon 6, [K] and Debye frequency wp [Hz] for CoGe.

Vi Vi Vi Op 0, WD
Mehl method 5877.1461  3079.12599 3444.07488 448.4503 2242251  4.67209 10!2
IRelast package method  6051.7274 3304.87140 3685.68798 479.9105 239.9552  4.99985 10!2
Other results - - - - -
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Fig. 5. Calculated band structure, partial and total den-
sity of states of CoGe-compound.

and p states of cobalt and germanium. This indi-
cates hybridization between the states of cobalt and
germanium which indicates the existence of a cova-
lent bond between the two atoms of this compound.

To qualitatively analyze the type of bonding be-
tween the cobalt and germanium, we have plot-
ted the charge density plots along [1 1 O] direc-
tion of the CoGe compound (Fig. 6). The non-
spherical shape of the germanium contours and
the presence of charges in the interstitial region
indicate a mixed metal-covalent behavior for the
bond between the atoms of this compound. To con-
firm this conclusion qualitatively, the ionicity fac-
tor and topological analysis of charge density us-
ing QTAIM (Bader’s quantum theory of atoms in

Fig. 6. Calculated charge density along the [110] direc-

tion of CoGe-compound; (a) Germanium-basin,
(b) Cobalt-basin

molecules) can be used as an efficient way for this
kind of study.

According to Pauling rule [43], the calculation
of the iconicity factor F; for a solid material is
based on electronegativity of the elements forming
this compound. The iconicity factor for the bond
between two atoms A and B can be calculated by:

2
F, = l—exp{—(%A _4XB) } (18)

where xp and xa represent the electronegativities
of A and B atoms, respectively.

A F; value close to 1 indicates that the bond
is ionic and a value close to 0.5 indicates that the
bond is polar, while a value close to 0 indicates that
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the bond is covalent. According to Table 4, the cal-
culated value of the iconicity factor for the bond
between cobalt and germanium is about ~0.0042
which is a very small value, close to zero, which
confirms the existence of strong covalent bonding
between these two atoms.

Topological analysis of charge density using
Bader’s quantum theory of atoms in molecules
(QTAIM) also allows the prediction of the predom-
inant bond in a solid material or a molecule. This is
done by calculating the degree of ionicity o« which
is based on the topological charge of Q atomic
basin Q(€2) and the nominal oxidation state of
atom — Op(Q) (the shapes of the atomic basin for
cobalt and germanium are presented in Fig. 7). Its
expression is given by [17, 18]:

1 S 0(9Q)
a_N;‘loD(Q) (19)

According to the (QTAIM) theory and the re-
lationship mentioned above, a factor « close to 1
means that the bonding of a studied compound is in
a large part ionic while a factor near zero indicates
the predominance of covalent bond. If the value of
this factor is between 0.3 and 0.6, it means that we
have a polar bonding.

According to Table 4, the degree of ionicity o
calculated by Bader quantum theory of atoms in
molecules (QTAIM) is very close to zero indicat-
ing the predominance of the covalent bond between
cobalt and germanium, which confirms the previ-
ous conclusions.

It remains to confirm the semimetallic behav-
ior of this compound by calculating the degree
of metallicity called electron density flatness ex-
pressed as [44]:

pmin
fa= p;,c"“x (20)
where p™" represents the absolute minimum of

electron density in the interstitial region (called a
cage critical point of p), and py™* represents the
maximum value of electron density found among
the bond critical points. We know that a fg value

close to one indicates a strong metallic character

(a) Germanium-basin

(b) Cobalt-basin

Fig. 7. 3D representations of atomic basins for cobalt
and germanium.

while a value close to zero indicates no-metallicity
of studied material. The found value for the CoGe
indicates the metallic behavior for this compound
with a rate/value of ~0.31, which means that CoGe
compound has not a fully metallic behavior. This
absolutely confirms the previous findings and al-
lows us to say that the bonding between the atoms
of the CoGe compound in B20 structure is mixed,
it is metallic-covalent and CoGe is a semimetal
material.

3.4. Thermal properties

Thermodynamic properties of a material char-
acterize the behavior of the material and vibrations
of atomic lattice under the effect of heat energy
it absorbs. The Debye model [45] is well known
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Table 4. Calculated atomic basin volume (Vg), topological charge (Qgq), degree of ionicity (), iconicity factor
(F) and factor of electron density flatness (fg) for CoGe compound.

Vo [ A%] Qa o8 F; fo
CoGe 0.000056975 0.004216087 0.310676
Co 11.193757 —0.1760862
Ge 12.693875 0.1763141

and suitable to calculate several thermodynamic
quantities such as variation of the lattice parameter
— ap, heat capacity at a constant volume — Cy, ther-
mal expansion — & and entropy — S under the effect
of temperature and hydrostatic pressure. This can
be achieved by minimization of the Gibbs energy
given by [46-50]:

where P is the applied hydrostatic pressure, V is
the unit cell volume at a given pressure and tem-
perature, E(V) is the unit volume energy, A, is
the vibrational Helmholtz free energy and 8p(V) is
the Debye temperature at a given unit cell volume.

The relationship of the minimization of the
Gibbs energy is given at a constant volume and
temperature, its expression is given by:

*(\/. D-
[8G (V,P,T)} . )
av T
E )
b o O
F o ° .
o o—° —9—0GPa
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Fig. 8. Variation of the lattice parameter ag as a function
of temperature for CoGe at different pressures.

By solving equation 22, we can directly get
the heat equation (EOS) that allows us to deduce

the effect of hydrostatic pressure and temperature
on the volume of the solid — V, its thermal capacity
—Cy, the isotropy — S and the coefficient of thermal
expansion — « which are given by the following
relationships [51]:

o(%)

39D/T

Cy =3nk )
e T —1

] (23)
and:

S = nk [4D <9D> —3In(1 — e_eD/T)} (24)

T
and:
a= v (25)
BrV
where the Griineisen parameter y is given by:
dln 6p(V)
= - 26
dinVv (26)

The main purpose of this paper is to study the
effect of hydrostatic pressure and temperature on
the lattice parameter — ag, the heat capacity — Cy,
isotropy — S and the thermal expansion coefficient
— o and their values at room temperature for CoGe
compound in its B20 structure.

The effect of temperature and hydrostatic pres-
sure on the unit cell volume and, hence, the lattice
parameter of CoGe compound was investigated in
the temperature range of 0 K to 800 K under a
hydrostatic pressure between 0 GPa and 20 GPa
(Fig. 8).

We note that the lattice parameter ag tends to in-
crease with temperature. This is due to the increase
in lattice vibration because of the absorbed thermal
energy. We also note that the hydrostatic pressure
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reduces the lattice parameter because it reduces vi- 120 .
brations of atomic lattice. The curve V = {(T) in- mor = 3

creases moderately between 0 K and 100 K and is
almost linear between 100 K and 800 K.

The results of a study of heat capacity at a con-
stant volume — Cy, the isotropy — S and the ther-
mal expansion coefficient — & of CoGe compound
under the effect of temperature between 0 K and
1200 K and under a hydrostatic pressure between
0 GPa and 20 GPa is presented in Fig. 9, Fig. 10
and Fig. 11.
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Fig. 11. Variation of the entropy S as a function of tem-
perature for CoGe at different pressures.

the effect of temperature (heating). From Fig. 9,
it is seen that at low temperature, the thermal ex-
pansion is proportional to temperature changes and
varies almost linearly while it increases moderately
at high temperatures. For CoGe, the value of the co-
efficient of thermal expansion at room temperature
for zero pressure is ~3.47 x 1075-K~1.

Fig. 10 presents the variation of heat capacity
at a constant unit cell volume - Cy under the
effect of temperature and hydrostatic pressure for
the CoGe compound. Note that at low tempera-
ture, heat capacity varies proportionally to ~T> and
at high temperature it tends to the Dulong-Petit
limit [52] (~3NR = 49.51 J-mol~!-K™"). The cal-
culated value of the heat capacity at room temper-
ature for zero pressure is ~43.345 J-mol ~1.K~!.

From Fig. 11, it is seen that the entropy in-
creases with temperature which is due to the in-
crease of the energy gained in the form of heat
by CoGe compound. Its value at room temperature
and zero pressure is ~43,414 J-mol!.K~!.

We also noted that hydrostatic pressure tends to
decrease the vibration of atomic lattice of solid ma-
terials; this can be reflected in a loss of energy. For
a given temperature, when the pressure increases,
the heat capacity at a constant volume — Cy, ther-
mal expansion coefficient — o and entropy — S
decrease.
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4. Conclusions

The work presented in this paper presents a
complementary and comparative theoretical study
with the works already done on the CoGe material
in its B20 structure. This work focuses on the study
of structural, elastic, electronic and thermal prop-
erties of CoGe compound. The results obtained in
the structural part by the functional GGA-PBEsol
are in a very good agreement with those previously
found. Elastic constants have been predicted us-
ing two theoretical models: the Mehl’s model and
the model implemented in the IRelast package by
Jamel. For this property, this work is the first that
provides the values of elastic constants obtained by
the two models which are similar to each other and
confirm the mechanical stability of the compound
in the CoGe B20 structure. According to the elec-
tronic part of this work, the CoGe compound has a
semimetallic behavior. By the analysis of the elec-
tronic density, we have found that the nature of the
bond between cobalt and germanium is of metal-
covalent type. The effect of temperature and pres-
sure on the behavior of the CoGe compound was
also studied in this work by using the Debye model.
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