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First-principles calculations have been used to study the structural, electronic, magnetic, and thermal proper-
ties of the Cr doped GegMnyTeg and GegFeaTes systems. The calculations were performed using the full-potential
linearized augmented plane wave plus local orbitals (FP-LAPW + LO) method based on the spin-polarized den-
sity functional theory. Additionally, the electronic exchange-correlation potential is approximated using the spin
generalized gradient approximation. The structural properties of the GesMnyCrTes and GesFeaCrTeg alloys are
indicated by their corresponding lattice constants, values of the bulk moduli and their pressure derivatives. An
analysis of the band structures and the densities of states indicate that for both alloys, they present nearly half-
metallic ferromagnetism character. The band structure calculations are used to estimate the spin-polarized splitting
energies, A, (d) and A, (pd) produced by the 3d Mn, 3d Fe and 3d Cr doped states as well as the s(p)—d exchange
constants, Noa (conduction band) and NoB (valence band). It is observed that the p—d hybridization reduces
the magnetic moment of the Mn and Fe atoms from their atomic charge values and create small local magnetic
moments on the nonmagnetic Ge and Te sites. Furthermore, the calculations of the charge density indicate that
both compounds have ionic bonding character. Through the quasi-harmonic Debye model, the effects of pressure
P and temperature T on the bulk modulus B, the primitive cell volume V/Vp, the Debye temperature 0p, the
Griineisen parameter v, the heat capacity Cv, the entropy S, as well as the thermal expansion coefficient, o of the
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1. Introduction

The diluted magnetic semiconductors (DMS) are one
of the most promising and interesting classes of mag-
netic materials. Due to the exchange interaction between
the carriers and the magnetic impurities, the bulk DMS
have interesting magnetic and magneto-optical proper-
ties [1, 2]. The signature characteristic of the DMS
is the carrier-mediated ferromagnetic exchange where
the magnetic and electronic properties of the microelec-
tronic devices can be linked [3]. Transition metal doped
II-VI and III-V diluted magnetic semiconductors have
many unique magneto-optical, magneto-electrical and
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magneto-transport properties that are essential for the
future generation of the spintronic device applications [4].

Recently, GeTe thin films doped with the 3d transition
metals have received considerable attention from exper-
imentalists interested in the field of magnetic semicon-
ductors [5, 6]. Ferromagnetic order was observed for
the Cr, Mn, and Fe doped films, where the Ti, V, Co,
and Ni doped films were found to be paramagnetic [7].
The Curie temperatures T¢ of these thin films have been
found to depend on the type and concentration of the
dopants with a high value of 140 K, reported for the
Ge1—,Mn,Te alloys at © = 0.51 [6]. Later on this group
of researchers reported even higher value of T¢ ~ 190 K
in the DMS Geg 92Mng 0sTe [8] alloy where T’s around
200 K to 250 K have been reported by Fukuma et al. [9].
For the Ge;_,Cr,Te thin films at low values of z (< 0.1)
the thin films in all these studies were predominantly of
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the rock salt structure. In addition, for spintronic ap-
plications, the desired properties of such ferromagnets
are half-metallicity with relatively high Curie tempera-
tures. The possibility of half-metallicity in the Cr- and V-
substituted GeTe bulk compounds has been reported by
Zhao et al. [10] based on the theoretical calculations using
the linearized augmented plane wave (LAPW) method in
the WIEN2k code for some ordered Ge-V-Te and Ge—
Cr—Te compounds. However, these authors had left the
issue of the Curie temperature unaddressed, as only the
electronic band structure, density of states and charge
density were studied where the exchange interaction in
these compounds were not investigated. A theoretical
study of the electronic structure of the Ge;_,Mn,Te al-
loys, based on the generalized gradient approximation
plus Hubbard U (GGA + U) has been presented by Ciu-
civara et al. [11] where among the magnetic properties
only the magnetic moment was considered and the issue
of the exchange interaction and T was not addressed.

Recently a large number of experimental studies re-
lated to the electronic structure [12-14], magnetism and
magnetic transitions in several Ge-Te based alloys, such
as Ge—Cr—Te, Ge-Mn—Te and Ge-Fe—Te have been re-
ported [15-17]. In addition, there is a substantial
amount of work on the DMS in general (please refer to
Ref. [18] for a review), where the magnetic properties
arise via the percolation effects among a very small con-
centration of the magnetic atoms. For a discussion on
the magnetic percolation in DMS, the readers may con-
sult the work by Bergqvist et al. [19]. In view of the large
body of existing experimental work as mentioned above,
Liu et al. [20] have embarked on a systematic theoretical
study of the GeTe system doped with the 3d transition
metal atoms where the most commonly occurring struc-
ture for both the bulk and thin films of these compounds
is the NaCl or the rock-salt (RS) structure.

On the other hand, a number of research groups per-
formed a series of investigations involving the electronic
structure and magnetic properties of ternary transition-
metal compounds based on the rock-salt IV-VI GeTe
semiconductor material systems such as the GezXTey
and GeXTes (X = Ti, V, Cr, Mn, Fe, Co and Ni) alloys.
They studied the material systems theoretically using the
ab initio calculations in order to explore new half-metallic
ferromagnets based on the RS structure [10, 17]. In re-
cent times the calculated exchange interactions due to the
carriers originating from these causes are sufficient to ac-
count for the observed ferromagnetism in the thin films
of Ge;_,Mn,Te, such as due to the Mn—Mn exchange in-
teractions in the RS Geg 75 Mng o5Te, Z1_, alloys where Z
represents the Sn-atoms or vacancies. Furthermore, the
Sn-atoms or vacancies occupy random positions solely in
the Te-sublattice [20].

The objective of the present work is to investigate
the structural, elastic, electronic structure, magnetic,
and thermal properties of the Cr doped GegMnyTeg and
GegFesTeg systems using the first-principles full potential
linearized augmented plane wave plus local orbitals (FP-

1243

LAPW + LO) method within the spin generalized gra-
dient approximation (spin-GGA). We observed from the
calculations that both alloys exhibit nearly half-metallic
ferromagnetism character. The remainder of the paper
is organized as follows: Sect. 2 describes the calculation
method, Sect. 3 presents the results and a discussion of
the structural, electronic, magnetic, bonding and thermal
properties of the alloys and finally, Sect. 4 summarizes
the conclusions of this work.

2. Computational details

In this work, we have employed the density functional
theory (DFT) to investigate the atomic, electronic and
magnetic properties of the Cr doped GegMnsTeg and
GegFeyTeg systems. For the calculations of these prop-
erties, we employed the FP-LAPW + LO method as
implemented in the Wien2k code [21], which is consid-
ered as an efficient method for the accurate calculations
and simulations of the ground state properties of ma-
terials [22, 23]. The spin-GGA parametrized by Perdew,
Burke and Ernzerhof (PBE) [24] was employed to handle
the exchange and correlation effects. In order to obtain
the equilibrium structural parameters, we carried out op-
timization of the total energy with respect to the different
values of the unit cell volume using the Murnaghan equa-
tion of state [25]. The calculations were performed with
Ry Kmax = 8, which determines the matrix size in order
to achieve energy eigenvalue convergence, where Rysr is
the smallest radius of the muffin-tin (MT) spheres and
K hax 18 the maximum value of the wave vector. The val-
ues of the muffin-tin radii (Rysr) for the Ge, (X = Mn,
Fe), Cr and Te atoms were taken to be 2.0, 2.1, 2.1, 2.1
and 2.1 a.u. (atomic units), respectively, for all the calcu-
lations. Additionally, the maximum value of the angular
momentum, [, is set to 10 for the wave function expan-
sion inside the atomic spheres and the k-points used in
the calculations were based on the 7 x 7 x 7 Monkhorst—
Pack scheme [26]. The iteration process was repeated
until the calculated total energy and charge of the cal-
culations converged to less than 0.0001 Ry. In order to
simulate the ordered RS structure (space group, F'43m),
we have built a GeTe supercell with 16 atoms, and sub-
stituted two Ge atoms with one (Mn and Fe) atom. re-
spectively, and by doping the alloys with one Cr atom
this corresponds to a dopant and carrier concentration
of 25% in the alloys. The Ge and Te atoms are located
at the lattice coordinates of (0, 0, 0) and (0.50, 0.50,
0.50), respectively (see Ref. [18]). Conversely, the in-
vestigations of the thermal effects were performed using
the quasi-harmonic Debye model as implemented in the
Gibbs program [27] to determine all the thermodynamic
parameters as a function of temperature and pressure.

3. Results and discussions
3.1. Structural properties
In order to simulate the GesMnyCrTeg and
GesFeoCrTeg quaternary alloys, we have used a
(I x 1 x 1) GeTe supercell with 16 atoms and the
replacement of the Ge atoms by the (Mn and Fe) atoms
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in GeTe to create the GegMnsyTeg and GegFesTeg alloys,
and by doping the alloys with one Cr atom which
corresponds to a dopant and carrier concentration of
25%. In order to calculate the ground states properties
for both quaternary alloys, we optimize the total energy
as a function of the unit cell volume where we have
computed the lattice constants, bulk moduli and the
first pressure derivatives of the bulk moduli by fitting
the total energy versus volume according to the Mur-
naghan equation of state [25]. Furthermore, we have
used the GGA schemes for better visualization of the
efficiency and improvement of this approximation on
the various properties of the alloys, which is to verify
the influence of these corrections on the structural and
electronic properties. We summarized our results and
the experimental values of the structural properties of
the alloys in Table 1.

TABLE I
The calculated lattice constant ag, bulk modulus By
and its pressure derivative B{, of the GesMnyCrTes and
GesFeyCrTeg ferromagnetic alloys.

Compound ao [A] By [GPal By
this work | others | this work | others | this work

GegMnayTes 5.95 | 596081 49.72 | 49.7118 3.51

GesMn2CrTeg 5.88 - 49.86 - 3.54

GegFeyTeg 590 |5.8710 | 46.88 - 3.81

GesFeaCrTeg 5.81 — 50.31 — 3.90

3.2. FElectronic properties

3.2.1. Spin-polarized band structure energies

The obtained equilibrium lattice parameters are used
in order to calculate the band structures of the ferromag-
netic Ges TMsCrTeg and GesFeyCrTeg compounds where
the spin directions (1 and |) are taken as the directions of
the transition metal (TM) spins (majority T and minor-
ity | spin directions). The full spin-polarized electronic
band structures of the GesMnyCrTeg alloy within the
GGA (in the majority 1 and minority | spin directions)
are shown in Fig. 1la and b as well as the GesFeyCrTeg
alloy (in the majority 1 and minority | spin directions)
within the GGA are shown in Fig. 2a and b, respectively.
It is observed in Figs. 1a and b that the majority bands
cross the Fermi level in almost all the directions of high
symmetry, whereas the minority bands exhibit an indi-
rect band gap of E, = 0.43 eV, hence confirming the

| GeMnCrTe, /|

Energy (eV)
Energy (eV)

Fig. 1.
GesMnyCrTes alloy (majority 1 and minority | spin di-
rections).

The spin-polarized band structures of the
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Fig. 2. The spin-polarized band structures of the
GesFesCrTes alloy (majority 1 and minority | spin di-
rections).

half-metallic character of the GesMnyCrTeg compound.
The origin of this pseudo-gap according to Galanakis et
al. [28], arise from the hybridization between the near-
est neighbors of the Cr-Cr d-states and also between the
next nearest neighbors Mn-Cr d-states. Figure 2a and b
indicate that there is no band gap for the GesFe;CrTeg
compound, this demonstrates the metallic character for
this compound (metallic bonding).

3.2.2. Density of states

The electronic properties of solids were investigated
in further detail using the important electronic density
of states (DOS) and these quaternary alloys are nearly
half-metallic. Figures 3-5 show the calculated total
and partial DOS of the GesMnyCrTeg, GesFesCrTeg,
GegMnyTeg and GegFesTeg alloys using the GGA and
the Fermi energy level falls within a region where the
magnitude of the spin-down DOS is very small for both
alloys. The calculated partial densities of states (PDOS)
of the Cr, Mn and Fe atoms in the GesMnyCrTeg and
GesFesCrTeg alloys using the GGA are shown in Figs. 3
and 4 where it is observed that the GesMnsCrTeg com-
pound is half-metallic. In addition, we found that the
energy gaps of the minority DOS near the Fermi energy
level are mostly dominated by the Cr 3d states while the
Fe 3d states have a smaller contribution. Figures 3 and
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Fig. 3. The calculated total and partial density of
states of the GesMn2CrTes alloy.
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Fig. 4. The calculated total and partial density of
states of the GesFeaCrTes alloy.
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Fig. 5. The calculated total density of states of the
GegMnaoTeg and GegFeaTes alloys.

4 exhibit the partial densities of states for the Cr and
Mn 3d states where it is found that the Fermi energy
level is mostly dominated by the Cr 3d states. As dis-
cussed in Ref. [29], the gap is created between the states
located exclusively at the Cr sites.

3.2.3. Charge densities

In order to understand the bonding nature in these
alloys, the charge distribution of the alloys are exam-
ined. Contours maps of the charge density defined on the
(111), (110) and (100) planes including a magnetic atom,
for the half-metallic GegMnyTeg alloy are calculated to
show the bonding characteristics of the Mn atom with the
surrounding atoms (see Fig. 6a to c¢). To explain the na-
ture of the bonding character and the bonding properties
of the GegMnyTeg alloy with the RS structure, we have
investigated the charge densities in the (111), (110) and
(100) planes (see Fig. 6a to c). These figures indicate that
there are partial ionic and partial covalent characters in
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Fig. 6. The charge density distribution of the
GegMnaTes alloy at the equilibrium lattice constant.
They are defined on the (a) (111), (b) (110) and the (c)
(100) planes, respectively, with the Mn atom being at
the centre. The positions of the Ge and Te atoms are
also shown in the figures.

Fig. 7. The

density distribution of the
GesCrMnaTeg alloy at the equilibrium lattice constant.
They are defined on the (100) plane where the positions
of the Mn, Ge, Cr and Te atoms are also shown in the
figure.

charge

the alloy where indeed, the interaction between the Ge
and Te atoms produce an ionic bonding character due
to the p—d hybridization, which is sensitive to tempera-
ture (or lattice parameter), whereas the Mn 3d states are
relatively localized and are independent of temperature
(or lattice parameter). In addition, the displacement of
the bonding charges increase as the difference between
the electronegativity values of the two atoms increases,
which indicates that the Mn—Te bond is more ionic as
compared to the Ge-Te bond. The charge distributions
indicate that the ionic character is predominant in the
chemical bonds as shown in Fig. 6a where the Mn atom
is surrounded by the Ge atoms, and this feature can be
attributed to the hybridization states p—d. From Fig. 6b
and c, it is clear that there is a charge transfer between
the Mn and Te atoms and this is due to the difference in
the electronegativity which is significant between the Mn
and Te atoms (i.e., XTe — Xmn = 0.55), which predicts a
partially covalent and partially ionic character. Our re-
sults are in agreement with the work by Zhao et al. [10].
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We can also see the charge density distribution of the
Ge;CrMnyTeg alloy at the equilibrium lattice constant
where they are defined on the (100) plane. The positions
of the Mn, Ge, Cr and Te atoms are shown in Fig. 7. Ad-
ditionally, when a chemical bond is formed with another
element and the difference of the electronegativity is large
between the elements, the bond between the atoms tends
to be more ionic. Furthermore, our results show that the
GegMnyTeg and GesMnyCrTeg alloys are both ionic in
nature.

3.3. Magnetic properties

3.3.1. Ezxchange coupling constants

From the band structure spectra, we calculate the p—d
exchange splitting and the TM d-spin exchange splitting
energy (A,d), which is defined as the separation between
the corresponding spin-up and spin-down peaks where
our results are listed in Table II. The significant param-
eters determining the magnetic properties of the DMS
are the s—d exchange constant (Npa) and the p—d ex-
change constant (Ngg), where Ny is the concentration
of the cations. These parameters describe how the va-
lence and conduction bands contribute to the process of
exchange and splitting. From the band structure cal-
culations of the ferromagnetic (FM) GesMnyCrTeg and
GesFeyCrTeg alloys, we estimated these exchange cou-
pling constants by assuming the usual Kondo interac-
tions, and Ny, and Nyg are defined as [30]:
AE, AE,
o .
where AF, and AFE. are the band edge spin splitting
of the valence band maxima (VBM) and the conduction
band minima (CBM), z is the concentration of the Mn
(Cr, Fe) dopants and (s) is one-half of the magnetization
per TM atom. Our calculated values of Ny, and Nog are
given in Table II where we found a negative value of Nyg
, hence we can deduce that the p—d exchange interaction
in the GesMnyCrTeg alloy is antiferromagnetic. Con-
versely, Nog is found to be ~1.16 for the GesMnyCrTeg
alloy.

NOa =

TABLE II

The calculated spin-exchange splitting energy A,d(Cr)
and A;d(X), the calculated conduction and valence
band-edge spin-splitting, AFc and AFE, as well as the
exchange constants Ny, and Nog (in eV) respectively,
corresponding to the GesMnaCrTeg, GesFeaCrTes,
GegMnaTes and GegFesTeg alloys.

Compound Azd(Cr) | Agd(X) | AE. | AE, | Noq Nog
GesMnoCrTeg 3.24 4.09 0.15 | -0.45| 0.24 | -1.16
GesFeaCrTeg 3.06 2.65 0 0.133 0 0.35

GegMnyTeg - 4.12 -0.15|-0.39 | —0.24 | —0.62

GegFegzTeg - 4.03 -0.35|—-0.33 | —0.93 | —0.88

On the other hand, we found that the TM-3d spin
exchange splitting energy (A,d), which is defined as
the separation between the corresponding spin up and
spin down peaks, are 4.12 eV and 4.03 eV for the
GegMnyTeg and GegFesTeg alloys, respectively. In addi-
tion, the (A,d) values are 4.09, 3.24, and 2.65, 3.06 eV for
the GesMnyCrTeg and GesFeoCrTeg alloys, respectively.

F. Semari et al.

Another important exchange splitting parameter, which
illustrates the nature of the attraction in these alloys is
the p—d exchange splitting parameter at the maxima of
the valence bands for the spin up and spin down cases
given by

Ay(pd) = Eu(1) — Eu(1), (2)
where E,(]) and E,(1) are the valence band max-
ima of the minority spin and majority spin, respec-
tively. The obtained negative A, (pd) values are —0.39,
—0.33, and —0.45 eV for the GegMnsTeg, GegFesTeg and
GesMnyCrTeg alloys, respectively, which indicate that
the effective potential for the minority spin is more at-
tractive as compared to the majority spin, which charac-
terizes the spin polarized systems [31].

3.3.2. Magnetic moments

In Table III, we summarized the calculated total and
local magnetic moments per atom within the muffin-tin
spheres for the GesMnsCrTeg and GesFesCrTeg alloys
where the results show that the total magnetic moments
come from the Mn, Fe and Cr ions. The Cr atoms are
ferromagnetically coupled to the Mn spin moments and
they possess a spin moment that varies in a manner as
observed: when we doped Cr in the GegMnsTeg and
GegFeyTeg systems, we see that the total magnetic mo-
ments increase from 5.003up to 9.001up for Cr doping in
the GegMnyTeg alloy and from 3.900up to 7.673up for Cr
doping in the GegFeyTeg alloy. According to Table III,
the p—d hybridization near the Fermi level decreases the
atomic magnetic moment of the Mn and Fe atoms from
their atomic charge values and create small amount of
local magnetic moments on the nonmagnetic Ge and Te
sites.

TABLE III

The calculated total and local magnetic moments (in ug)

within the muffin tin spheres and in the interstitial sites

of the Ges Mn2CrTeg and GesFeaCrTeg alloys.

Compound Ge Mn Cr Te | Interstitial | Total
GegMnyTeg | 0.014 | 4.057 - 0.028 0.815 5.003
GesMnyCrTeg | 0.037 | 4.050 | 3.399 | 0.014 1.523 9.001
GegFeaTes | 0.030|3.137| — |0.052| 0.552 3.900
GesFexCrTeg | 0.039 | 3.079 | 3.322 | 0.004 1.186 7.673

3.4. Thermal properties

The thermal properties of a material determine the
suitable conditions for initiating and maintaining the
quality of the device fabrication. In order to investi-
gate the thermal properties of the GesMnyCrTeg and
GesFeyCrTeg alloys under high pressure and high tem-
perature, we have used the Gibbs program [27] to deter-
mine all the thermodynamic parameters as a function of
temperature and pressure, which were used to determine
other macroscopic properties [27, 32] of the alloys. This
program is based on the quasi-harmonic Debye model, in
which the non-equilibrium Gibbs function, G*(V; P;T)
takes the form of

G*(V; P;T) = E(V) + PV + Ay (0(V); T), 3)
where E(V) is the total energy per unit cell, PV cor-
responds to the constant hydrostatic pressure condition,
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Ayip is the vibrational Helmholtz free energy, and 0 is the
Debye temperature which can be written as [33, 34]:

Apin(0(V); T) =

nKT (% +3In(1 — ef%) - D(ﬁ))

T (4)
It is related to an average sound velocity since in the De-
bye theory the vibrations of the solid are considered as
elastic waves. Assuming an isotropic solid with the Pois-

son ratio [35], the parameter 6 is expressed as [36]:

0 = h/2wk N/ 672V1/2n/% f(v)\/Bs/M. (5)
Since B measures the compressibility of the crystal for
the fixed quantum state populations, it can be approxi-
mated by the static compressibility where its general de-
pendence on z can be further simplified as [27]:

B, = V(d?E(V)/dV?), (6)

(cG*(V; P;T)/oV)pr = 0. (7)
By solving Eq. (7), the isothermal bulk modulus BT
and the other thermal properties of the alloys such as the
heat capacity at constant volume Cy, the heat capacity

at constant pressure C},, and the thermal expansion o are
respectively taken as [27]:

Cy = 3nk (4D(%) 39 (T — 1),
Cp = Cu(1 + anT), )
a=~Cy/BrV, (10)

where 7y represents the Griineisen parameter, which is ex-
pressed as

v=—(dlnf(V)/dInV). (11)

Based on the quasi-harmonic Debye model, we have
investigated the thermal properties of the Ges MnyCrTeg
and GesFeyCrTeg alloys over a range of pressures from
0 GPa to 18 GPa. The temperature and pressure depen-
dences of the bulk modulus B for the GesMn,CrTeg and
GesFeyCrTeg alloys are plotted in Fig. 8 where it can be
seen from Fig. 8a that B decreases with increase of T’
at a given pressure, while B increases with increase of P
at a given temperature. Furthermore, it also shows that
the effect of increase of pressure on the GesMnyCrTeg
and GesFeyCrTeg alloys is the same as that of decrease
of the temperature. However, Fig. 8b also shows that the
effect of the pressure is more important as compared to
the effect of the temperature on the bulk modulus where
Fig. 8b shows that at zero pressure, the bulk modulus B
is nearly constant at low temperature, whereas the value
of B decreases dramatically with the increase of tem-
perature for the GesFesCrTeg alloy. However, for the
GesMnyCrTeg alloy, we find that at zero pressure, the
bulk modulus B is nearly constant at low temperature,
whereas the value of B increases dramatically with the
increase of temperature.

The primitive cell volume (V/V}) of the GesMnyCrTeg
and GesFeyCrTeg alloys as a function of pressure P at
T =0, 200, 400, 600, 800, and 1000 K are shown in Fig. 9.
Correspondingly, in Fig. 9 when T < 200 K, the primitive
cell volume of the GesMnsCrTeg and GesFeyCrTeg alloys
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the bulk modulus B of the GesFe2CrTeg alloy.
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exhibits little changes. However, when the temperature
is greater than 200 K the cell volume change significantly
as T increases. This is because of the rapid variation in
the cell volume which causes B to decrease rapidly. From
Fig. 9, it is observed that the effect of temperature on the
ratio V/V} in the alloys is not as significant as compared
to the effect of pressure in our calculated pressure and
temperature ranges.

The Debye temperature (fp) is an important parame-
ter for indicating the characteristics of the thermal prop-
erties of solids. For temperatures above 0p, the crystal
behaves classically, due to the thermal vibrations becom-
ing more important than the quantum effects. Figure 10
shows the variation of fp with temperature where it can
be observed that 0p is nearly constant from 0 K to 100 K
and for T > 100 K, 0p decreases linearly with increase
of temperature. In addition, the calculated Debye tem-
peratures of the GegMnsTeg, GesMnoCrTeg, GegFesTeg,
and GesFeyCrTeg alloys at room temperature and zero
pressure are 425.21, 298.25, 420.20, and 303.19 K, respec-
tively.

The Griineisen constant  describes the anharmonic
effects in the vibrating lattice and indicates the volume
dependence of the Debye temperature 6. Additionally, ~y
can also correctly predict the anharmonic properties of
a material where Fig. 10 shows the variation of v with
temperature. It can be observed that v is nearly con-
stant from 0 K to 100 K and for 7" > 100 K, v increases
linearly with increase of temperature. Furthermore,
the calculated Griineisen constant of the GegMnsTes,
GesMnyCrTeg, GegFesTeg and GesFeaCrTeg alloys at
room temperature and zero pressure are 2.229, 1.794, 2.1,
and 2.009, respectively.

The heat capacities of a material are very important
parameters which not only provide crucial insights into
the vibrational properties of the material but the values
of these parameters are also essential for many appli-
cations. The variation of the specific heat at constant
volume Cy versus temperature T at zero pressure of the
alloys is shown in Fig. 11 where it can be observed that
Cy increases with T° [37] at lower temperature, whereas
with the increase of temperature, Cy follows the De-
bye model and approaches the Dulong—Petit limit [38].
This indicates that the thermal energy at high temper-
ature excites all the phonon modes, which is common
to all solids at high temperature. At room tempera-
ture and zero pressure, the Cy values of the GegMnsTeg,
Ges;MnyCrTeg, GegFesTeg and GesFeoCrTeg alloys are
90.42, 95.01, 90.63, and 94.86 J mol~'K~!, respectively.

The relationship between entropy S and temperature
T is displayed in Fig. 12 where it is observed that at zero
pressure, the entropy S generally increases exponentially
with the temperature T. In addition, it can also be ob-
served that the effects of temperature on the entropy are
more important at high temperature as compared to at
low temperature. At 300 K and zero pressure, the ob-
tained value of entropy is 103.067, 136.04, 104.14, and
134.48 J mol~! K~! for the GegMnsTes, GesMnyCrTeg,
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GegFesTeg, and GesFeyCrTeg alloys, respectively.
Within the quasi-harmonic approximation, the an-
harmonicity is restricted to the thermal expansion and
Fig. 13a and b shows the volume thermal expansion co-
efficient (o) dependence on temperature and pressure.
It can be seen in Fig. 15a that at a given temperature,
the volume thermal expansion coefficient « rapidly in-
creases, especially at zero pressure and below the tem-
perature at 300 K. Subsequently, the thermal expan-
sion coefficient gradually tends to increase linearly at
the higher temperature region which is due to the elec-
tronic contribution. However, it is also observed from
Fig. 15b that as the pressure increases, the volume
thermal expansion coefficient decreases significantly at
300 K. Therefore, these results indicate that the anhar-
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monic effects are important at low temperatures and high
pressures for the GegMnyTeg, GesMnoCrTeg, GegFeyTeg
and GesFeyCrTeg alloys. Meanwhile, at 300 K and
zero pressure, the volume thermal expansion coefficient,
a of the GegMnsTeg, GesMnyCrTeg, GegFesTeg and
GesFeyCrTeg alloys are 1.64 x 10°, 2.82 x 10°, 1.65 x 10°,
and 3.24 x 10° K, respectively, and o rapidly decreases
with increasing pressure from 2 GPa to 18 GPa. This
might be an indication that the quasi-harmonic Debye
model is a very reasonable alternative model to account
for the thermal effects in the alloys with relatively inex-
pensive computational time.

4. Summary and conclusions

In conclusion, we have performed first principle cal-
culations based on the FP-LAPW + LO method within
the GGA to evaluate the structural, electronic, magnetic
and thermal properties of the quaternary GesMnyCrTeg
and GesFeyCrTeg alloys. From the calculations, it was
observed that the optimized lattice parameters agree well
with the available experimental data for the investigated
alloys and the results indicate that both quaternary al-
loys are half-metallic. Furthermore, the results of the ex-
change splittings, A, (pd) parameters due to the Mn 3d
states show that the effective potential for the minor-
ity spin is more attractive as compared to the majority
spin. A negative value of Nyg can be used to deduce
that the p—d exchange interaction in the GesMnyCrTeg
alloy is antiferromagnetic and the total magnetic mo-
ments increase when we doped Cr in the GegMnsTeg
and GegFesTeg systems. Our results of the calculations
of the charge density show that the bonding nature of
the GegMnsTeg and Ges MnyCrTeg alloys are both ionic.
Using the quasi-harmonic Debye model, the character-
istics of the bulk modulus B, the primitive cell volume
V/Vy, the Debye temperature 0p, the Griineisen param-
eter 7, the heat capacity Cy, the entropy S and the
thermal expansion coefficient « versus pressure and tem-
perature of the GegMnsTeg, GesMnyCrTeg, GegFesTeg
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and GesFe;CrTeg alloys have been obtained successfully
and were also investigated in detail, as these parameters
are essential for thin film growth. Presently, since there
are no available experimental data for these quantities,
we feel that the ab initio theoretical method is the only
reasonable tool or approach for obtaining important in-
formation of the alloys and our calculated results may
provide the reference data for future experimental work.
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