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ABSTRACT

The structural, vibrational, elastic and thermodynamic properties of the chalcopyrite structure
CdGeP2 under pressure have been investigated by first principles calculations in the frame of
the density functional theory (DFT). The obtained lattice parameter and bulk modulus under
zero pressure and zero temperature are in excellent agreement with the available experimental
data and other theoretical results. The phonon dispersion spectra and the obtained elastic
constants shows that the CdGeP> compound is mechanically and dynamically stable up to 10
GPa and no evidence of any phase transition. The pressure dependences of the elastic constants
Cij, bulk modulus B, shear modulus G, Young’s modulus E, Poisson ratio v and compressibility
K of CdGeP: are also successfully obtained and discussed. In addition, the thermodynamic
properties of CdGeP2, such as Helmholtz free energy F, internal energy E, entropy S and The
heat capacity Cv are predicted by the quasi-harmonic approximation.

Keywords: Elastic properties; vibrational properties; Thermodynamic properties; high
pressure; quasi-harmonic approximation.

1. INTRODUCTION

The ternary compounds 1I-1V—V2 chalcopyrite materials have attracted considerable scientific
attention in recent years due to their promising applications in the fields of optoelectronics, photovoltaic
and non-linear optic (NLO) [1-3]. One of this group of materials, CdGeP5, is widely used in solar cells,
optical parametric oscillators, infrared light emitting diodes and detectors [4, 5]. Moreover, its proper
direct band gap (1.44 eV), large absorption coefficient (>10° cm™), and low cost add to the advantages
for photovoltaic application [6, 7]. Very recently, Zhang et al. [8] have been successfully grown the
single crystals with the dimension of 40 mm in length and 8 mm in diameter using vertical Bridgman
technique. Nowadays, very few studies have been performed [9-13]. On the theoretical side, the elastic
properties of CdGeP, under pressure have been investigated for the first time by Gautam et al. by using
FP-LAPW method [14, 15] as implemented in the WIEN2K code [16]. Elastic constants are very
important quantities to describe the mechanical properties of materials. Values of elastic constants
provide valuable information on the structural stability and the anisotropic. Therefore, systematic
investigation on elastic, thermodynamic and dynamical properties of CdGeP; at different pressure could

be used to predict the basic parameters of material.
In this paper, we have used the density functional theory to calculate the structural, elastic,
dynamical, and thermodynamic properties of CdGeP- under different hydrostatic pressure. The dynamic
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stability was verified by analyzing the corresponding phonon spectrum under various pressures. The
thermodynamic properties were obtained by using a quasi-harmonic approximation method. The
obtained values of all parameters are in good agreement with the available theoretical values. This paper
is organized as follows: the theoretical method is introduced and the computation details are given in
section 2. In section 3, the results are presented and discussed. Finally, a summary of our main results
is given in Sect. 4.

2. COMPUTATIONAL DETAILS

The structural optimization and vibrational properties are conducted using the Vienna Ab-initio
Simulation Package (VASP) code [17-21] within the framework of the density-functional theory (DFT)
[22]. In this work, all calculations were performed within the generalized gradient approximation
(GGA) with the exchange-correlation functional proposed by Perdew-Burke-Ernzernhof prescription
for solids (GGA-PBEsol) [23]. The valence electronic configurations for Cd, Ge, and P were 4d%°5s?,
3d*s*p and 3s?2p?, respectively.

The plane-wave basis set of cutoff energy was set to 560 eV, and the Brillouin zone was sampled
over
8 x 8 x 8 points by the Monkhorst—Pack scheme [24]. The total energy was calculated with high
precision, converged to 108 eV/atom, and the atomic relaxation was stopped when the ionic Hellmann-
Feynaman forces become less than 102 eV/A.

The phonon calculations are performed by the linear response approach as implemented in the
PHONOPY code [25], in combination with VASP.

The 2 x 2 x 2 supercell (128 atoms) constructed from the conventional unit cell (16 atoms, six
coordination shells) and a 2 x 2 x 2 k-mesh were used to calculate the force constants, The vibrational
properties including the phonon dispersion curves and phonon density of states, as well as the phonon
frequencies at the Brillouin zone center are obtained in the framework of the density functional
perturbation theory (DFPT) [26].

3. RESULTS AND DISCUSSIONS
3.1. Structural optimisation

CdGeP- ternary compounds usually crystallize in the body-centered-tetragonal chalcopyrite
structure belonging to the 142d (No.122) space group, with the Cd, Ge, and P atoms occupying
the Wyckoff sites of 4a, 4b, and 8d, represented in Fig.1. The chalcopyrite structure is deduced
from that of the zinc-blende by the replacement of the cationic sublattice by two different
atomic species. Generally, the chalcopyrite structure is characterized by three structural
parameters: the lattice constants a and c, as well as the dimensionless anion displacement
parameter u defined by the following relation ship [27, 28]:

u=0,25+ (dznf\/ - dzwfv)/a2 Q)

where di-v and div-v are the bond lengths between the atoms of the corresponding groups. In an ideal
chalcopyrite structure, the equalities y = c/a = 2.0 and u = 0,25 holds true.
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Fig. 1 The total energy per formula unit as function of volume for CdGeP,. The inset is
the corresponding crystal structure.

The ground state structural properties are obtained by minimization of the total energy with respect to
the unit cell volume around the equilibrium cell volume Vo The calculated (E-V) data are fitted to the
Birch- Murnaghan EOS [29]. Fig.1 shows the total energy as a function of the conventional-cell volume
for CdGeP,, and the inset shows the crystal structure of CdGeP.. The calculated lattice constants a (c),
axial ratio c/a, internal parameter u, bulk modulus B and volume V are presented in table 1, together
with the available experimental and theoretical results.

Table 1. The equilibrium lattice constant a (c) (in unit A), axial ratio c/a, cell volume V(A3) ,internal parameter
u and bulk modulus B (GPa) for CdGeP; .

Method a c cla V u B
Present work (VASP-GGA-PBEsol) 5.722 10.843 1.895 355.01 0.277 73.15

WIEN2K-WC-GGA (Ref. [30]) 5.680 11.110 1.956 358.44  0.262 -
VASP-GGA (Ref. [31]) 5.815 11.007 1.893 372.23 0.278 72.0
VASP-GGA (Ref. [32]) 5.811 10.976 1.889 370.64 0.283 65.2

Exp. (Ref. [33]) 5.740 10.776 1.877 355.04 0.282 -

Exp. (Ref. [34]) 5.738 10.765 1.876 354.43 0.282 -

From the table, in our GGA-PBEsol calculations, the predicted lattice constants of CdGeP- are a
=5.722 A and ¢ = 10.843 A, which are very close to the experimental works [33]. Figure 2b shows the
dependence of the lattice constants on the pressure up to 10 GPa. It can be seen that the obtained lattice
constants gradually decrease with the pressure increase. The variation of the lattice constants (a and c)
presents anisotropic property when external pressure is applied. To display the anisotropic character
more clearly, the reduced lattice constants are plotted in Figure 1a, where ao and co are the lattice
constants at O pressure. We can observe that the (c/co) drops faster than the (a/ag) with pressure, which
demonstrates that chalcopyrite-type compound CdGeP; is easily compressed along the ¢ direction.
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Fig. 2 (a) Reduced lattice constants, (b) calculated lattice constants, and (c) bond lengths of Cd-P and
Ge-P for the chalcopyrite-type CdGeP; as a function of the hydrostatic pressure.

The bond length is one of the important structural parameters. To further clarify the effect of the
pressure on the structure, the hydrostatic pressure dependence on the bond length is shown in Figure
2c. It can be seen that the bond lengths of Cd-P and Ge-P for chalcopyrite type compound CdGeP,
under O pressure are 2.543 A, 2.336 A, respectively. It is worth noting that the bond lengths of Cd-P
and Ge-P for chalcopyrite-type compound CdGeP, decrease gradually with the increasing hydrostatic
pressure in the range of the pressure studied. Moreover, the bond length of Cd-P is more sensitive
than that of Ge-P with the increasing hydrostatic pressure.

3.2 Elastic Properties

The elastic constants are among the most fundamental parameters of materials that can be predicted
from the first-principles ground-state total-energy calculations. Most importantly, these constants can
provide valuable informations about the nature of the forces exerting on solids as well as the phase
stability and stiffness of materials. It is known that The elastic stiffness tensor of chalcopyrite
compounds has six independent components because of the symmetry properties of the 142d space
group, namely Ci1, Ci2, Ci3, Cs3, Cas and Ces in Young’s notation, respectively. Unfortunately, to our
knowledge, there are no experimental values about the elastic constants have been reported for CdGeP»,
therefore, to check the reliability of our calculated values, we checked firstly the obtained constants
according to Born elastic stability criteria [35], which for the tetragonal crystals are :

Cu1 > [Cuo| (2
2C%3< Cg3 (Cu1 + C1o) 3)
C1u1>0,C33>0,Cu>0,Ce>0 4

The calculated elastic constants, with an analogous set of six independent compliances Sj; are given in
Table 2. It can be seen clearly that our calculated elastic constants satisfy all these conditions, implying
that CdGeP-, crystal is mechanically stable. From the calculated elastic constants, the bulk modulus B
can be computed by the Voigt approach (uniform strain assumption) [36]

1
B, = 9 (2C1, +Cy3 +2C, +4Cy,) (5)
And from the Reuss approach [37] by
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BR — (C11 + Clz)Css — 2C123 (6)
C,+C,+2C,, —4C,,
Therefore, shear modulus upper bounded by can be presented as [36]
1
G, = 15 (2Cy; +C4 —Cp, —2C;3 +6C,, +3Cg) (7)

And lower bounded by [37]

-1
G, =15 1882" + 6 + 6 + 3 } (8
C (Cll - C12) C44 C66

where C?= (Cn + ClZ)C33 - 2C123

From the Voigt—Reuss—Hill approximations [38], the arithmetic average of Voigt and Reuss bounds is
written as

B:%(B\,+BR) ©)

G =26, +Gy) (10)

The Young’s modulus E and Poisson’s ratio are obtained as

= _ 98G a
3B+G
_ 3B-2G
Y T 2(3B+G) (12)

Finally the linear compressibilities x. and xcalong the a- and c- axis respectively for the tetragonal
structure are given in term of elastic constants by the following relations

K __l@: C33_C13

: a op Css (C+Cp)— 20123
i~ __l@_ C11+C12_2C13

¢ aop C33 (C11 + Clz) - 2C123

All materials are anisotropic, hence, the orientation-dependent properties are very important to study,

predict and design new materials with optimal properties for various applications. With the knowledge
of elastic stiffness constants presented above it is possible to calculate the direction dependent Young’s
modulus (E) and the direction dependent linear compressibility (). Their formulas for tetragonal
crystals are [39]

(13)

(14)

% =S (14 +12)4 (25, + S0 1212 + 1212 )4 S 12 + (25, + Sy 212 (15)
B =S+ 81, +S15) = (Suy + 12 = S1g = e )lg (16)

where (I I2,13) are are the direction cosines in the sphere coordination, S; are the elements in the tensor
of CdGeP,, which is the inverse of the elastic tensor.
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In Tables 2 and 3, we present our calculated properties. Such as elastic constants (C11, Ciz, Ci3, Cas, Cas
and Css) and bulk modulus B (GPa), shear modulus G (GPa), Young modulus E (GPa), Poisson’s ratio
v and the linear compressibilities x. (GPa?), x. (GPa™) along the a- and c- axis

respectively of CdGeP under pressure 0 GPa. We can see that Ci1 has bigger value than Cs; which
means that CdGeP; is easily compressed along the c-axis than a-axis.

Table 2 Elastic constants C;; (in GPa) of CdGeP, under pressure 0 GPa.

Refs. Cu Cu Cis Css Cu Ces
This work 109 57 59 96 47 46
Ref. [30] 107 61 63 102 47 48
Ref. [31] 102.1 46.7 50.2 89.3 66.0 69.1
Ref. [40] 84 53 50 79 29 26

From the table 2, in our GGA-PBESsol calculations, we can see that the calculated values are excellently
in agreement with other theoretical works [30, 31]. Similarly to the elastic constant tensor, the bulk B
and the shear moduli G provide information regarding the material hardness under deformation. These
properties can be directly computed from the elastic constants tensors [36].

Table 3 Calculated bulk modulus B (GPa), shear modulus G (GPa), Young modulus E (GPa), Poisson’s ratio v

and the linear compressibilities x. (GPa?), x. (GPa!) along the a- and c- axis respectively of CdGeP, under
pressure 0 GPa.

Refs. B G E 14 Ka Kc
This work 73.48 35.26 91.19 0.293 0.0043 0.0051
Ref. [30] 76.63 34.43 89.84 0.300 0.0043 0.0045

The calculated bulk modulus B of the CdGeP; at 0 K and 0 GPa is 73.48 GPa, which is in agreement
with the result of 73.15 GPa obtained from fitting Birch-Murnaghan EOS.

The calculated pressure dependences of the elastic constants at 0 K are also plotted in Fig.3. Through
careful observation in Fig. 3, we can note that Ci1, C12, C13, and Css are sensitive to pressure, especially
for C1; and Css vary notably with the applied pressure, while Caq and Ceg vary slightly with the applied
pressure. Moreover, the Ci11 is more sensitive to pressure than Ci» and Cas. This is due to the fact that
Cu1 represents elasticity in length, C12 and Cas are related to the elasticity in shape; a longitudinal strain
produces a change in C11, while a transverse strain causes a change in shape not in volume.
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elastic constants of CdGeP, at 0 K.

The high/low value of the G/B ratio is associated with ductility/brittleness. The critical value separating
the ductile and brittle materials is conventionally set to 0.5 . The G/B values calculated for the
compound under examination are lower than 0.5, implying ductile behaviour.
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of CdGeP;at 0 K.

From our high-pressure elastic constants, we calculated the bulk modulus B, shear modulus G, and
Young's modulus E from the Voigt-Reuss-Hill approximations [38].

As shown in Fig. 5, the calculated bulk modulus B increase monotonously with increasing pressure, so
it indicates that CdGeP. is becoming more and more difficult to be compressed with the increasing
pressure, while the variation of shear modulus G and Young’s modulus E mains almost invariant with
increasing pressure.
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To better understand the anisotropic behaviour, we obtained the 3D surface representations of
the direction-dependent Young’s modulus and its plane projections at 0 and 10 GPa, as shown in figure
6(a—d). From figure 6, we can see that the (001) plane exhibits isotropic property but the (100) and
(010) planes exhibit anisotropic behaviour at 0 GPa; these results are consistent with those obtained by
Hou et al. [31]

In addition, for an isotropic system, the curved surface should be spherical, while the deviation
from the spherical shape indicates the extent of elastic anisotropy. From figure 6c,d, it is not difficult to
find that the anisotropy is significant with increase in pressure. For CdGeP», at ground state, the obtained
figure deviates a little from the spherical shape, which means that CdGeP; has a slightly elastic
anisotropy, consistent with the previous discussion.

It is shown clearly that the Young’s modulus show a high degree of anisotropy along different
crystallographic orientations from 0 up to 10 GPa, and the anisotropy characteristic is becoming more
and more significant with the increasing of applied pressure.

In order to denote the elastic anisotropy more visually, the linear compressibility in Fig.
7 is plotted. The 3D figure of the linear compressibility for the tetragonal CdGeP, is
characterized by more anisotropic along the z axis than that along the x and y axis. From
Fig. 7, It can see that the direction dependent linear compressibility in the (001) plane is
isotropic, but that in the (100) plane is not. The values in the (001) plane are smaller than
those in the (100) and (110) planes.
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Fig. 6 The directional dependence of Young’s modulus (GPa) and its plane projections for CdGeP,
at 0 (a,b) and 10 GPa (c,d).

(a) (b)
T~ G ot gy
. | % _ -~
-~ 1 = s e
4 N
; o B/ \
24 X ? — (100}
o | £ (10)
& " & g 0 - < {001)
2 %
1 “s E N /
ad o o TN 4
e o= S B ///
4T P “ " e
R R ol | A -— i
R 2 P 2 2 ~ - 1 A
; ‘o w I 2 o 2 1
Lincar compressibiliny
(c) (d)
4 e — i
4 -
g ,/ — ,
S ~ ~\
2 z? {/~ N
% / — 100\
g
: T (010)
. &
& e £ 0 (001)
o t\
2 - \. [}
g a2 | /
E e = o /
) - N\ /
2 -4 S

-4 -3 -2 -1 0 1 2 3 4
Lincar compressibility

Fig. 7 The directional dependence of linear compressibility (TPa™) and its plane projections for CdGeP;
at 0 (a,b) and 10 GPa (c,d).

64



PONTE

Vol. 76 No. 2, 2020 Florence, Italy
ISSN:0032-423XE-ISSN:0032-6356 International Journal of Sciences and Research

3.3. Vibrational Properties
Group theory analysis, for the space group I1-42d shows that the irreducible representation of the
acoustic and optical vibrational modes at center point /" can be represented as:

Faco = 82 +E (17>

1“OIDt =A +2A, +3B, +3B, + 6E
Since the unit cell of chalcopyrite structure contains eight atoms, the vibrational spectrum involves
Twenty-four branches: 3 acoustic branches and 21 optical branches. According to the selection rules of
infra-red (IR) absorption and Raman scattering, among these 24 modes, all modes, except A, mode, are
Raman active, and only B, and E modes are IR active. Furthermore, the A, vibrational mode is called
silent vibrational mode, since it is neither infrared nor Raman active. There are totally thirteen Raman-
active (R) modes, nine IR-active (IR) modes and two silent (S) modes for CdGeP, compound.

The calculated phonon dispersion curve of CdGeP, compound along the high symmetry points
in the first Brillouin zone and the corresponding phonon density of states (DOS) are shown in Fig.8.a
and 9.c.

It can be seen clearly that there is no soft modes found at any wave vectors above in the phonon
dispersion curve, implying that this structure is mechanically stable below 10 GPa.

L

s

oo

o

Frequency (THz)
Frequency(THz)

Frequency(THz)
>
L)
Frequency (THz)

Fig. 8 Phonon spectrums along the high-symmetry directions of CdGeP; at different hydrostatic
pressures: (a) 0 GPa; (b) 5 GPa; (c) 10 Gpa; (d) 15 GPa.
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The partial phonon DOS curve in Figure 9.a shows that the vibration of the Cd atom governs the acoustic
branches. We can distinguish relatively three region s at point I": The low frequency zone around
0-4 THz, come overall from the vibration of Cd atoms owing to its heavy atomic weight, a medium
frequency zone between 4 and 10 THz, results from the vibration of the three constituent atoms,
especially the Ge and P atoms, a high frequency zone above 10 THz are mainly from the vibration of P
atom with low contribution from atom Ge due to their light atomic weight compared to that of the Cd
atom. This is consistent with the curve of the phonon dispersion.

The phonon dispersion curve calculations were performed up to 20 GPa with an interval of 2 GPa.
A more careful calculation at 15 GPa was performed for determining the precise pressure value when
the phonon became instable. The phonon dispersion curve in figure 9.d shows an obvious imaginary
frequency near the center point I". The appearance of the imaginary frequency is a sure sign of a dynamic
instability at the related pressure. Besides, the closeness between the frequencies of some optical and
acoustic modes means that energy transfer between these modes is easy. It is interesting to note that as
the pressure increases, most phonon modes shift to higher frequencies, while one optical phonon branch
around the T" point decreases in frequency. Moreover, the frequency gap between two bands becomes
wider. From Figure 9d we notice that the CdGeP; is dynamically instable at high pressure (above 15
GPa)
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Fig. 9 Phonon density of states of CdGeP; at different hydrostatic pressures: (a) 0 GPa; (b) 5 GPa;
(c) 10 GPa; (d) 15 GPa.

Table 4 lists the optical vibrations modes and their corresponding frequencies of CdGeP, compound
calculated at T" point in the Brillouin zone. Our calculated frequencies are very close to the theoretical
data in Ref. [32].
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Table 4 Phonon frequencies (THz) at zone center (1" point) of CdGeP2

Mode Present Ref.[32] Ref.[31] Ref.[41] Ref.[41]
symmetry
ER,I) 1.77 1.77 1.66 1.84 1.89
ER,I) 3.42 3.45 3.40 3.46 3.63
ER,I) 5.30 5.33 5.41 5.68 5.36
ER,I) 8.58 8.65 8.72 8.60 8.66
ER,I) 10.24 10.32 10.58 10.62 10.61
ER,I) 10.92 11.03 11.40 11.46 11.54
Bi(R) 2.47 2.49 2.45 2.56 2.55
Bi(R) 6.50 6.52 6.60 6.61 6.74
Bi(R) 10.76 10.83 11.07 11.15 11.18
B2(R,1) 2.55 2.58 2.51 2.71 2.64
B2(R,1) 8.64 8.67 8.73 8.79 8.84
B2(R\I) 11.30 11.38 11.73 11.63 11.60
Az 8.84 8.89 8.94 8.90 -
Az 10.21 10.30 10.57 10.44 -
Ai(R) 9.27 9.32 9.50 9.67 9.62

3.4. Thermodynamic properties

From the phonons dispersion curve and phonon densities of states, The Thermal properties such as the
phonon contribution to the internal energy AE, the phonon contribution to the Helmholtz free energy
AF, as well as the entropy S and the constant-volume specific heat Cy, at temperature T are obtained
immediately with the known expressions [42]:

“* . ho
AF =3nNKk_T | In< 2sinh d
ul { 2kBT}g(w) @
hF ho
AE =3nN — | wcoth d
2!” (2kBTjg(w) “
C, :3nNkT ho 2csch2 ho g(w)dw (19)
S\ 2k T 2k, T
wh S:3nNkBTI RO oth 112 ind 2sinh 1€ g(w)dw, Hl,
w istl 5 _2kBT 2k, T 2k T “states .

The phonon contribution to the internal energy AE and the phonon contribution to the Helmholtz free
energy AF are presented in Fig.10. It can be seen clearly that as temperature increases from 0 K up to
1000 K, the relative internal energy (AE) increases gradually, while the relative Helmholtz free energy
(AF) decreases gradually at various pressures for CdGeP.
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Fig.10 Relative Helmholtz free energy AF (a) and relative internal energy AE (b) at various pressures
for CdGeP..

Figure 11 shows that as the temperature increases, the entropy increases smoothly.

Unfortunately, there are no experimental data available related to the entropy of CdGeP in the literature
for comparison.
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Fig.11 Entropy vs temperature at various pressures for CdGeP..
The calculated heat capacity Cv of CdGePy, as a function of T at various pressures is shown in Fig.12.

It is shown that at the room temperature of 300 K, the value of Cyis 178,30 J/ mol.K. At high
temperature the heat capacity Cv approaches classical asymptotic the Dulong—Petit limit.
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Our calculation of the heat capacities Cp and Cv of CdGeP; as a function of T are shown in the
figure 13. From these figure, it can be seen that the constant volume heat capacity Cv and the constant
pressure capacity Cp are very similar in appearance and both of them are proportional to T at low
temperatures. At high temperatures, the anharmonic effect on heat capacity is suppressed; which is
called Dulong-Petit limit, with the increase of the temperature, whereas Cr increases monotonically

with the temperature.
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Fig.13. Heat capacity of constant volume Cy and constant pressure Cp as a function of temperature at 0 GPa

69



PONTE

Vol. 76 No. 2, 2020 Florence, Italy
ISSN:0032-423XE-ISSN:0032-6356 International Journal of Sciences and Research

4. CONCLUSIONS

Our first-principles study was focused on the structural, elastic, dynamical, and thermodynamic
properties of CdGeP, under pressures. The results showed the pressure has the significant impact on the
lattice parameters and elastic, dynamical, and thermodynamic properties of CdGeP,. The obtained
lattice parameter and bulk modulus under zero pressure and zero temperature are in excellent agreement
with the available experimental data and other theoretical results. The dynamical properties of CdGeP-
have been determined using the linear response approach to density functional perturbation theory
(DFPT) successfully. The calculated elastic constants showed that this compound is mechanically
stable. In the calculated phonon dispersion curves, there are no soft modes at any wave vectors, which
confirm the dynamical stability of CdGeP, under zero pressure and zero temperature. The Helmholtz
free energy, the internal energy, the entropy, the Heat capacity of constant volume and constant pressure
has also been obtained by using the quasi-harmonic approximation QHA. Finally, we have found that
the CdGeP, compound is dynamically instable at high pressure (above 15 GPa).

To the best of our knowledge, most of the investigated parameters are reported for the first time
and hoped to stimulate the succeeding studies and offer practical information for the future experiments.
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