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Abstract: In this study, electronic, magnetic and mechanical properties of Al:As;Co and
GasAszsCo compounds have been investigated in detail. All the calculations have been done by
using Vienna Ab initio Simulation Package by using Generalized Gradient Approximation
(GGA) within Density Functional Theory (DFT). MsAssCo (M: Al, Ga) compounds have
simple cubic structure and they have F-43m space group with 216 space number. In order to
find most suitable magnetic order, ferromagnetic and three type of antiferromagnetic orders
have been employed. Although all the ground state energies for both of our materials are close
to each other, it is understood that, energetically most stable magnetic order is ferromagnetic
order. After optimization procedure, electronic band structures with density of states have been
plotted. Plots prove that, AlsAs;Co compound has semiconductor nature with very little direct
band gap 0.044 eV while GasAssCo compound has zero indirect band gap. Finally, elastic
constants have been calculated and important mechanical properties have been estimated. As
result of these estimation, it could be said that our materials are mechanically stable.
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Yeni MsAssCo (M: Al, Ga) Bilesiginin Ab-initio Hesaplamalar ile Mekanik ve
Elektronik Ozellikleri

Ozet: Bu calismada, Al:AssCo ve GasAs3;Co bilesiklerinin elektronik, manyetik ve mekanik
ozellikleri detayli bir sekilde incelenmistir.  Tiim hesaplamalar Vienna Ab initio Simulation
Package kullanilarak Yogunluk Fonksiyoneli Teorisi (YFT) i¢inde Genellestirilmis Gradyant
Yaklasimi (GGY)) kullanilarak yapilmistir. MsAszCo (M: Al, Ga) bilesikleri basit kiibik yaprya
sahip olup 216 uzay numarali ve F-43m uzay grubuna sahiptir. En uygun manyetik diizeni
bulmak i¢in ferromanyetik ve ii¢ tip antiferromanyetik diizen kullanmilmistir. Her iki
malzememiz i¢in tiim taban durum enerjileri birbirine yakin olmasina ragmen, enerjisel olarak
en kararli manyetik diizenin ferromanyetik diizen oldugu anlasilmaktadir. Optimizasyon
prosediiriiniin ardindan, durum yogunluguna sahip elektronik bant yapisi ¢izilmistir. Grafikler,
GasAs3Co bilesiginin sifir dolayli bant araligina sahip oldugunu kanitlarken, AlsAszCo
bilesiginin de 0,044 eV’luk ¢ok kiigiik dogrudan bant araligi ile yari iletken dogaya sahip
oldugunu kanitlamaktadir. Son olarak, elastik sabitler hesaplanmis ve énemli mekanik 6zellikler
tahmin edilmistir. Bu tahminler sonucunda, malzemelerimizin mekanik olarak kararli oldugu
sOylenebilir.

Anahtar kelimeler: Yaniletken, Sifir bant araligi;, Yogunluk fonksiyoneli teorisi,
Ferromanyetik.

Bugra YILDIZ, bugrayildiz@hacettepe.edu.tr, ORCID: https://orcid.org/0000-0002-0080-7096
Aytac ERKISI, aerkisi@pau.edu.tr, ORCID: https://orcid.org/0000-0001-7995-7590



1. Introduction

Over the recent decades, comprehensive knowledge of mechanical, electronic and
optical features of crucial semiconductors such as GaAs, GaP have been obtained in
detail [1]. Gallium arsenide has been used in the production of devices such as solar
cells, laser diodes and integrated circuits [2]. Some electronic and mechanical properties
of GaAs are superior than silicon. Phonon dispersion and electronic band structures of
semiconductors like GanAsmTi and GaiPmTi have been studied in detail [3].
Furthermore, electronic properties and band structures of semiconductor materials such
as GasAs3Ti and GasPsTi have been investigated [4]. It has been shown that, the
existence of intermediate band makes these materials to be decisive photovoltaic
compounds [5].

In addition to that, discovery of ferromagnetic semiconductors makes these types of
compounds very important for spintronic applications [6-12]. Spintronics [13] refers to
the investigation of spin and its associated magnetic moment in solid state devices, in
addition to the electronic charge [14]. Spintronics, which are using the spins of electrons
as information carriers, have great potential for future technologies, since they low
energy consumption and accelerate data processing with high circuit integration density.
With semi-conductor and zero-gap band structure, our materials can be good candidate
for spintronic applications.

In this study, we have done comprehensive ab-initio analysis to understand mechanical,
electronic and magnetic properties of the MsAssCo (M: Al, Ga) materials. The materials
in this study have been obtained by substituting certain transition metal atoms from the
cubic GaAs compound. The spin polarized density of states and electronic band
structure [15] have been determined within generalized gradient approximation (GGA)
by using density functional theory (DFT). All the calculations have been done in most
suitable magnetic order which is ferromagnetic phase. For that reason, the
ferromagnetic phase and three different antiferromagnetic phases have been considered.
Moreover, to find out mechanical stability of the materials, elastic constants have been
calculated and two-dimensional linear compressibility, shear and Young’s modulus and
Poisson’s ratio have been visualized. Adding new semiconductor materials has great
significance, since it could be used for potential future applications. Also, for this
compound, there is no theoretical or experimental study in the literature.

2. Computational Details

All the calculations have been done by using Vienna Ab initio Simulation Package
(VASP) [16-17] with projector augmented wave method [18] by using density
functional theory (DFT) [19-20]. Perdew Burke Ernzerhof (PBE) functionals have been
used within generalized gradient approximation (GGA) for exchange correlation terms
in electron-electron interactions [21]. Valance electron configurations for Al, Ga, As
and Co are given respectively; 3s? 3p?, 4s2 3d'° 4pt, 4s? 3d'° 4p3, 4s% 3d".

In order to achieve optimized structural parameters, 12x12x12 Monkhorst-Pack scheme
[22] k-points samplings have been used. Also, cut-off energy has been chosen as 900
ev.

Kohn-Sham equations have been determined iteratively and numerically and iteration
continued until all the forces on each atom become less than 10 eV/A. The structural
visualizations have been done by using VESTA [23]. Then, in order to choose suitable
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magnetic order, 2x2x2 super-cell has been used and volume of cells and total energies
have been calculated. And then, structural parameters, elastic constants, electronic band
structures and density of states have been investigated for the most proper magnetic
order.

3. Results

MsAs3Co (M: Al, Ga) compounds have simple cubic structure with F-43m space group
and 216 space number. The three-dimensional primitive cell of MsAs3zCo (M: Al, Ga),
has been given at Figure 1 and it has 8 atoms in its primitive cell. Also, the x-ray
diffraction pattern (XRD) illustrated in Figure 2. According to the graph, 26 value of
maximum peak for AlsAssCo 27.22° and for GasAssCo 27.15°.

Figure 1. The primitive cell of MsAssCo (M: Al, Ga). Green atoms represent aluminum and gallium, red
and blue atoms represent arsenic and cobalt respectively.
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Figure 2. The X-ray diffraction (XRD) pattern a) Al4AssCo and b) GasAszCo.
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Although, ferromagnetic order has magnetization, the total magnetization of
antiferromagnetic order is zero. It is known that there are three type of
antiferromagnetic phases which are G-type, C-type and A-type [24]. In this study, in
order to find most suitable magnetic order, ferromagnetic and three type of
antiferromagnetic orders have been employed. The total energy as a function of volume
in ferromagnetic and three types of antiferromagnetic order has been plotted by using
Vinet equation and given in Figure 3 [25]. From the graph it could be said that
ferromagnetic order is most suitable for both of our materials, despite all the ground
state energies are close to each other and it is hard to distinguish them. Also, all the
antiferromagnetic phases have same energies with each other.

-36.2660 ;
AlsAs3Co 1 ! GasAs3Co
I -325110 |-
~36.2662 |- |
- I -32.5120 -
= F
w i
3, ~362664 | ! P
& \,
E’ ?-“‘-T-_.:'—:\
M _36.2666 § \J i 325140 1
S ' :
g LY
""""" ~32.5150
-36.2668 |- M ——
G-AFM — - | -325160
a) C-AFM - b)
~36.2670 ‘ Ay ‘ ‘ ‘
' 164 176 188 200 174 180 186 192
Volume (A3/ fu.) Volume (A3/ fu.)

Figure 3. The total energy as a function of volume in ferromagnetic and three types of antiferromagnetic
order (G, C and A type); a) AlsAssCo and b) GasAs;Co.

The formation energies (4Ef) have been calculated by using Equation 1 by employing
total energy and ground energy of individual atoms [26].
AEf = Ey,asyco — (AEM™ + BERY + EGY) 1

Where Ey, 45,0 1S total energy, M is Al or Ga atoms, and the other energies are ground
state energy of individual atoms. Alongside the formation energies the lattice
parameters and bond lengths are given in Table 1. It can be said from the table, lattice
parameters and bond lengths are greater for GasAszCo. The calculated formation
energies of both materials are negative, that means both compounds are energetically
stable and structurally synthesizable. Also, for both compounds, most stable magnetic

order is ferromagnetic phase, since the formation energy is lowest value. These results
are compatible with energy-volume plots in Figure 3.
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Table 1. The optimized lattice parameters, bond lengths, and the formation energies of MsAs3;Co (M: Al,
Ga).

Compounds a(h) du-as (A) dw-co (A) AE; (eV/f.u.)
-1.8904 (FM)
-1.8904 (G-Type AFM)
-1.8904 (C-Type AFM)
-1.8904 (A-Type AFM)
-1.0101 (FM)
-1.0098 (G-Type AFM)
-1.0098 (C-Type AFM)
-1.0098 (A-Type AFM)

Al;As:Co 5.67002 2.47564 2.39575

GasAs3Co 5.68419 2.48935 2.38073

3.1. The Observed Electronic Band Structure and Density of States for MsAszCo (M:
Al, Ga)

The electronic behavior of any compounds can be understood from electronic band
structure with partial and total density of states. For our materials in this study, the
electronic band structure and density of states, for spin up and spin down case, have
been given in Figure 4. The band structures have been plotted along the high symmetry
directions and generalized gradient approximation have been employed for both spin
states. It is clearly seen from the figure that AlsAs3Co compound has semiconductor
nature with very little direct band gap 0.044 eV. On the other hand, GasAs3Co
compound has zero indirect band gap for spin down and spin up cases.

The partial and total orbital projected density of states for each atom in the compounds
have been plotted in Figure 5. For both of our compounds, greatest contribution to
density of states comes from cobalt (Co) atoms. Especially, starting from -1.5 eV up to
the Fermi energy level, 3d orbitals of Co atoms have dominancy. The significant

difference between the AlsAs3zCo and GasAs3Co is between -0.5 and -3.0 eV p-orbitals
of gallium (Ga) atoms have strong hybridizations with p-orbitals of arsenic (As), this
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Figure 4a. Electronic band structure with total density of states for AlsAssCo compound.
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Figure 4b. Electronic band structure with total density of states for GasAssCo compound.
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Figure 5. Orbital projected partial (PDOS) and total density of states (TDOS) for a) AlsAszCo and b)
GasAszCo.

3.2. The Calculated Elastic Constants and Predicted Mechanical Properties of
MsAssCo (M: Al, Ga)

In order to calculate elastic constants with first principal calculation, stress-strain
approximation has been employed [27]. C11, C12 and Cas three independents elastic
constants are given in Table 2 for our compounds MsAszCo (M: Al, Ga) [28]. In order
to find out mechanical stability Born-Huang criteria, which are given as C11> 0, C44> 0,
Cu - C2 >0 and Cu1 + 2C12 > 0 have been tested. It is clearly seen that our elastic
constants on Table 2 meet these criteria.
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Table 2. The determined elastic constants Ci;, Ci2 and Ca4 in GPa for Al;AssCo and GasAszCo
compounds.

Materials C11 (GPa) C12(GPa) Cus (GPa)
Al:As3;Co 86.2 50.5 35.0
GasAszCo 90.8 50.2 25.5

Furthermore, Young’s (E), bulk (B), shear (G) modulus and Pugh’s (B/G), Poisson’s (v)
ratios are estimated from elastic constants. For the upper limit Voigt [29] and for the
lower limit Reuss [30] approximations have been used in Eq.2-4.

Ci1 +2C
B = 11 12 )
3
Cy,—Cip +3C
Gy = % 3)
5(611 - C12)644 (4)

Gp, =
R 4644 + 3C11 - 3C12

Also, the average value of shear moduli could be calculated by average value Hill [31]
approximations, (Gv+Gr)/2. Poisson’s ratio (v) and Young’s moduli (E) could be
estimated from Eq.5 and Eq.6 respectively [32].

9BG
E = 5
3B+G ®)
3B — 26
_ ’ 6
V= 6B+ 26 ©)

Table 3. The predicted shear (G), bulk (B) and Young’s (E) modulus in GPa, Pugh’s (B/G), Poisson’s (o)
ratios for AlsAs;Co and GasAs3Co compounds.

Materials | G(GPa) Ggr(GPa) G(GPa) B(GPa) E(GPa) B/G v

Al;As;Co 28.14 25.28 26.71 62.43 70.12  2.345 0.3133

GasAs3Co 23.44 23.15 23.30 66.73 62.30 2.745 0.3371

Incompressibility or compressibility could be understood from Poisson ratio (
v) [33]. If the value of Poisson ratio approach to the 0.5 compound shows
incompressible character. For our case, each value is around 0.3. Therefore, our
compounds have compressible nature. Also, the compressibility of the compound with
Al is greater. Among the estimated mechanical parameters, for our first compound with
Al has greater shear (G) and Young (E) modules than the compound with Ga, but it has
smaller bulk (B) modules. The ductility or brittleness can be estimated from Pugh’s
ratio. If B/G value greater than critical value 1.75, materials can be counted as ductile.
As one can deduct from the Table 3, our both materials are regarded as ductile.
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However, the ductility of GasAssCo is greater than AlsAs3Co. Two-dimensional
Young’s modulus, linear compressibility, shear modulus and Poisson’s ratio for
AlsAs3Co and GasAszCo given at Figure 6. It is also seen from the figure; linear
compressibility is anisotropic for both compounds.
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Figure 6. Two-dimensional Young’s modulus, linear compressibility, shear modulus and Poisson’s ratio
for a) AlsAs3Co and b) GasAszCo.

The last parameters that we are going to introduce, are wave velocities and Debye
temperature. Wave velocities obtained from Navier’s equation [34]. Debye temperature
is significant parameter to understand the thermal behavior of compounds. Also,
melting temperature and Debye temperature can be related. As one can deduct from the
Table 4 Debye temperature and wave velocities are greater for AlsAszCo compound.

Table 4. The transverse (v,), longitudinal (v, and average (v,,,) wave velocities and Debye temperature
(©p) for AlsAszCo and GasAssCo compounds.

Materials v, (M/s) v; (M/s) Uy (M/S) 0, (K)
AlAs3;Co 3285 5654 3645 382.7
GasAssCo 2825 4817 3132 328.0

4. Conclusion

In this study, electronic and mechanical properties of AlsAssCo and GasAs3Co
compounds have been investigated in detail. MsAs3Co (M: Al, Ga) compounds have
simple cubic structure conforming F-43m space group with 216 space number.
Although all the ground state energies for both of our materials are close to each other,
it is understood that, energetically most stable magnetic order is ferromagnetic order.
The electronic band structures and density of states prove that, AlsAssCo compound has
semiconductor nature with very little direct band gap 0.044 eV and GasAsz:Co
compound has zero indirect band gap. Our elastic constants on meet Born stability
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criteria. The estimated Pugh’s ratios show that our materials have ductile nature. With
semi-conductor and zero-gap band structure, our materials can be good candidate for
spintronic applications or photovoltaic compounds.
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