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Abstract: In this study, the magnetic nature and also, electronic characteristics of Ga4X3Mn (X=P 

and As) systems, which have simple cubic structure confirming 𝑃4̅3𝑚 space group and 215 space 

number, have been reported. All calculations realized within the framework of ab initio simulation 

methods have been performed using the meta-generalized gradient (META-GGA) approach 

within the Density Functional Theory (DFT). In view of the energy-volume curves and the 

calculated cohesive and formation energies for considering four different types of magnetic 

orders, it has been detected that these compounds have A-type antiferromagnetic nature. Also, the 

examined electronic behaviors in the A-type antiferromagnetic order of the related systems show 

that all two compounds are semiconductors due to having small band gaps in their electronic band 

structures (Eg = 0.23 eV for Ga4P3Mn and Eg = 0.16 eV for Ga4As3Mn).  
 

Key words: Semiconductor, Antiferromagnetism, Ab initio calculations, Density functional 

theory. 
 

Ga4X3Mn (X = P and As)’in Manyetik ve Elektronik Özelliklerinin İncelenmesi 

Üzerine İlk İlkeler Çalışması  
 

Öz: Bu çalışmada, basit kübik yapıya sahip ve 𝑃4̅3𝑚 uzay grubu ile 215 uzay numarasına uyan 

Ga4X3Mn (X=P and As) sistemlerinin manyetik doğası ve ayrıca elektronik karakteristiği rapor 

edilmiştir. Ab initio simülasyon yöntemleri çerçevesinde gerçekleştirilen tüm hesaplamalar, 

Yoğunluk Fonksiyonel Teorisi (YFT) kapsamında meta-genelleştirilmiş gradient (META-GGA) 

yaklaşımı kullanılarak yapılmıştır. Dört farklı tip manyetik düzen için enerji-hacim eğrileri ve 

hesaplanan kohesif ve oluşum enerjileri göz önüne alındığında, bu bileşiklerin A-tipi 

antiferromanyetik yapıya sahip oldukları tespit edilmiştir. Ayrıca ilgili sistemlerin A-tipi 

antiferromanyetik düzende incelenen elektronik davranışları, elektronik bant yapılarında küçük 

bant boşluklarına sahip olmaları nedeniyle yarı-iletken olduklarını göstermektedir (Ga4P3Mn için 

Eb = 0.23 eV ve Ga4As3Mn için Eb = 0.16 eV). 

 
 

Anahtar kelimeler: Yarı-iletken, Antiferromanyetizma, ab initio hesaplamaları, Yoğunluk 

fonksiyonel teorisi.  
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1. Introduction  

In recent years, interest in materials exhibiting remarkable electronic and optical 

properties such as GaAs and GaP has increased considerably. In particular, their 

usefulness for photovoltaic and quantum dot solar-cell applications has made such 

materials the focus of attention [1-5]. Among them, a research group studied the 

electronic characteristic of these types of compounds by using the exact exchange method 

computationally [6]. In particular, some experimental studies on the photoluminescence 

and electrical properties of InAs and GaAs compounds, which will help to understand 

why they are so effective in solar cell applications, have been attracted [7-10]. Apart from 

these, there are many studies in the literature regarding the magnetic susceptibility and 

optoelectronic properties of such compounds [11-13]. 

 

Also, in some of the theoretical studies, the electronic behavior of GaAsX and GaPX type 

compounds, where X was chosen from a transition metal, was reported [14-16]. In one of 

the previous studies, The observed ferromagnetic-type splitting of fundamental 

absorption edge in ferromagnetic Ga1-xMnxAs (x < 0.05) epilayers was explained by 

antiferromagnetic p - d exchange interaction [17]. In another theoretical study, the 

magnetic nature of (Ga, Mn)As systems was examined by using the pseudopotential self-

interaction correction (pSIC) and maximally-localized Wannier functions (MLWFs) [18]. 

Especially, in the reference study, in which the phonon dispersion of GaAs, GaP, 

Ga3As4Ti, and Ga3P4Ti compounds was presented, the vibrational properties of these 

compounds have led me to focus on the magnetic and electronic nature of Ga4X3Mn (X=P 

and As) compounds [19]. Furthermore, the fact that in an ab initio study on the electronic 

nature of TixGa1-xP (x = 0.3125 – 0.25) reported that these compounds have a half-

metallic nature [20-22], which is extremely important from a technological point of view, 

has increased the motivation in this study. 

  

In this computational study, the antiferromagnetic nature with semiconducting behavior 

of Ga4X3Mn (X=P and As) compounds has been presented by using ab initio simulation 

methods under strongly constrained and appropriately normed semi-local density 

functional, meta-generalized gradient (METAGGA-SCAN) approximation. It has been 

determined that the most stable magnetic order for the mentioned compounds is A-type 

antiferromagnetic and by examining the electronic band structures in this magnetic phase, 

it has been detected that they have a semiconductor nature. These novel compositions 

have been focused on since such gallium-based cubic structures exhibit good physical 

properties that can be useful in technological applications such as semiconductor 

behavior. In this context, the aim of this computational study based on density functional 

theory, is to add new systems to wide semiconductor family. The computed results show 

that the related systems have A-type antiferromagnetic nature with semiconducting 

behavior. So, the mentioned compounds could have in opto-electronic applications. 

 

2. Material and Method  

In this presented study, the necessary computations to investigate the magnetic nature and 

electronic behavior of the related compounds, have been performed under density 

functional theory (DFT) utilizing VASP (Vienna Ab initio Simulation Package) [23-25] 

software. Also, the projector augmented wave (PAW) [26-28] method has been employed 

to describe electron-ion interactions. Furthermore, for the electron-electron interactions 

between the atoms in the related systems, Perdew–Burke–Ernzerhof (PBE) [29] type 

pseudopotentials under METAGGA-SCAN [30] approach have been used. For Ga, P, As 
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and Mn atoms in the mentioned compositions, the valence electron configurations are as 

follows: 3d104s24p1, 3s23p3, 3d104s24p3 and 3d64s1. 

 

During the optimization process to obtain the best structural parameters of the primitive 

cells of these systems, the reciprocal space has been modeled with an automatically 

generated 12×12×12 Monkhorst-Pack [31] scheme giving 56 k-points. For the plane 

waves in expansion, the kinetic energy cut-off value has been fixed at 900 eV. To relax 

the ions in primitive cells of the mentioned systems, the quasi-Newton method has been 

utilized until the forces on the atoms are small than 10-8 eV/Å. Also, the energy 

convergence criterion in successive iteration steps in which Kohn-Sham equations are 

solved, has been chosen as 10-9 eV. For the primitive cells of these cubic systems, the 

optimization processes in which are obtained best suitable structural parameters, have 

been carried out until minimizing the forces and the pressures on the related compositions. 

Then, for each system, a 2×2×2 supercell consisting of 64 atoms has been created and 

energy-volume values in the considered four different types of magnetic order, have been 

calculated to detect the most stable magnetic phase.   

 

3. Results  

In the presented computational study, initially, the primitive cells of cubic Ga4X3Mn 

(X=P and As) systems have been appropriately optimized to locate the ions at the most 

favorable Wyckoff [32] positions of the cell and obtain structural parameters with great 

accuracy. The primitive cell of each mentioned composition, which is illustrated in below 

Figure 1, consists of 8 atoms and crystallizes in a simple cubic structure with the 𝑃4̅3𝑚 

space group and 215 space number. As shown in this Figure, in the well optimized cells, 

four gallium (Ga) atoms are located at 4e ((0.257, 0.257, 0.257) for Ga4P3Mn, (0.253, 

0.253, 0.253) for Ga4As3Mn) while one manganese (Mn) atom and three phosphorus (P) 

(or arsenic (As)) atoms are placed on 1a (0, 0, 0) and 3c (0.5, 0.5, 0), respectively. 

Furthermore, for each system, to detect the most stable magnetic order by using energy-

volume graphs, supercells containing 64 atoms, have been created.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. The three-dimensional crystallization of the primitive cells of cubic Ga4X3Mn (X=P and As) 

systems. 

 

https://en.wikipedia.org/wiki/Phosphorus_(disambiguation)
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3.1. The detected most suitable magnetic arrangement  

There is a close relationship between the antiferromagnetism nature of solid crystals and 

the orientation of magnetic moments of atoms. Usually, a typical antiferromagnetic 

system behaves like two ferromagnetic subsystems in which the spins of neighbor atoms 

are in opposite directions and though the total magnetic moment of each subsystem is 

different from zero, the total magnetic moment of the whole antiferromagnetic system is 

equal to zero. So, a material having this type of magnetic nature does not generate 

magnetization. It is known that there are three different types of antiferromagnetic order 

according to the arrangement of the magnetic moments of the atoms. These are A-type, 

C-type, and G-type [33] which have been schematically represented in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. For three different types of antiferromagnetic arrangements, the orientation of magnetic 

moments of manganese (Mn) atoms in the related compositions having a simple cubic structure. 

 

 

In order to determine the most favorable magnetic order of the related systems, four 

different types of arrangements have been considered A-type antiferromagnetic (A-

AFM), C-type antiferromagnetic (C-AFM), G-type antiferromagnetic (G-AFM) and 

ferromagnetic (FM). In antiferromagnetic arrangements, the magnetic moments of the 

manganese (Mn) atoms have been aligned antiparallel, resulting in zero total 

magnetizations for all systems in this study. For the ferromagnetic arrangement, the 

magnetic moments of the atoms have been ordered in the same direction. Also, for these 

systems, the cohesive and formation energies have been calculated in each of four 

different magnetic orders. The cohesive energy is required to dissociate a crystal into free 

constituent atoms and can be calculated from the ground state energy difference between 
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the isolated free atoms and bulk crystal [34]. The formation energy is generally used to 

obtain information about the thermodynamic stability and the structural synthesizability 

of any crystal system. The related energy value can be calculated from the internal energy 

variations [35]. It is well known that the negative formation energy indicates the 

thermodynamical stability and the structural synthesizability of the interesting material. 

Also, when the calculated formation or cohesive energy for any structural or magnetic 

phase, is smaller than the other phases, it can be said that, in energetically, this phase is 

more favorable for the compound. In this regard, it can be understood that the more 

favorable magnetic arrangement for Ga4X3Mn (X=P and As) compounds is A-AFM, as 

seen in Table 1. Moreover, these compositions are stable thermodynamically due to the 

calculated negative formation energy values. So, under ambient conditions, they can be 

synthesized to be used in possible applications in technology. Then, the energy-volume 

curves obtained by fitting energy and volume data to the Vinet equation of states [36], 

have been plotted for each magnetic order, as shown in Figure 3. It can be clearly observed 

from these graphs that the more favorable magnetic phase energetically for the related 

systems is A-AFM and this is exactly consistent with the calculated cohesive and 

formation energy values as seen in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. The total energies of the primitive cell as a function of volume in FM, A-AFM, C-AFM, and G-

AFM orders within METAGGA-SCAN of the cubic (a) Ga4P3Mn and (b) Ga4As3Mn compositions. 

 

 
Table 1. The optimized lattice parameters (a in [Å]), the cohesive (𝐸𝑓𝑜𝑟  in eV) and formation energy 

values (𝐸𝑐𝑜ℎ in eV) of cubic Ga4X3Mn (X=P and As) systems for different types of magnetic orders. 

 
Material Magnetic Order a [Å] 𝐸𝑐𝑜ℎ [eV] 𝐸𝑓𝑜𝑟 [eV] 

Ga4P3Mn 

FM 5.566    - 26.301     - 0.164 

A-AFM 5.561    - 26.456     - 0.319 

C-AFM 5.561    - 26.448     - 0.311 

G-AFM 5.567    - 26.270     - 0.133 

Ga4As3Mn 

FM 5.734    - 25.445     - 0.085 

A-AFM 5.727    - 25.574     - 0.214 

C-AFM 5.727    - 25.561     - 0.201 

G-AFM 5.732    - 25.433     - 0.073 
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As given in Table 1 and Figure 3, phosphorus (P) atoms increase stability in energetically 

while arsenic (As) atoms decrease, since the energy values of the Ga4P3Mn system are 

lower than the other system. To the best of my knowledge from the literature, there is no 

available study in experimentally or theoretically about the related compounds to make 

any comparison with the obtained results in this study. Furthermore, the measured bond 

lengths in the primitive cell by using the VESTA program [37] between Ga and P atoms 

and between Mn and P atoms for Ga4P3Mn compound are 2.39 Ǻ and 3.94 Ǻ, 

respectively, whereas between Ga and As atoms and between Mn and As atoms for 

Ga4As3Mn compound are 2.47 Ǻ and 4.05 Ǻ, respectively. In theoretically, it is well 

known that the shorter bond lengths in the primitive cell of any crystal mean higher bond 

energy and therefore, a short atomic bond is less likely to break. In this aspect, it can be 

concluded that energetic stability increases in such compositions containing phosphorus 

than containing arsenic atoms. 

 

3.2. The electronic behavior in a-type antiferromagnetic order 

After it was detected that these ternary cubic systems have A-type antiferromagnetic 

behavior in their ground states, their electronic band structures were observed under the 

METAGGA-SCAN method. Along the high-symmetry directions in the Brillouin zone, 

the energy band structures and the total density of electronic states (TDOS) of these 

systems having an A-AFM magnetic nature, were plotted, as seen in Figure 4 and Figure 

5. As clearly understood from the plotted Figures these ternary cubic compounds can be 

classified as semiconductor materials since there are small band gaps (Eg = 0.23 eV for 

Ga4P3Mn and Eg = 0.16 eV for Ga4As3Mn) in their observed electronic band structures. 

Also, the great similarity between spin-up and spin-down states indicates the 

antiferromagnetic nature of the mentioned systems in this study. This observed situation 

is consistent with the previous section where the magnetic behavior of the systems 

concerned was determined. For both two systems, the obtained band gaps are indirect 

from R to Γ point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The observed energy band structure with the total density of electronic states within 

METAGGA-SCAN of Ga4P3Mn system. 
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Figure 5. The observed energy band structure with the total density of electronic states within 

METAGGA-SCAN of Ga4As3Mn system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. The TDOS and orbital projected PDOS of atoms within METAGGA-SCAN of (a) Ga4P3Mn 

and (b) Ga4As3Mn systems. 

 

 

Furthermore, to understand better which orbitals of atoms play a dominant role in the 

semi-conducting nature of these systems, the partial density of electronic states of atoms 

(PDOS) was plotted, as seen in below Figure 6 (a) and Figure 6 (b). In the presented 

Figures, the d-orbitals of manganese (Mn) atoms and the p-orbitals of gallium (Ga) atoms 

are dominant in the conduction band which is above Fermi level (EF), in a wide energy 

range. In the valence band which is below Fermi level (EF), around EF, for both systems, 
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there are hybridizations between 3d states of Mn atoms and p-orbitals of Ga and P (As) 

atoms. In the same band, the hybridizations can be observed between 4p states of Ga 

atoms and 3p states of P atoms (almost between -1.7 eV and -2 eV) for the Ga4P3Mn 

system. Also, for the Ga4As3Mn system, there are remarkable hybridizations between 4p 

states of Ga and As atoms (almost between -1.4 eV and -2 eV) too. In this view, it can be 

clearly concluded from the related Figures that the semiconducting characteristic of these 

systems is mainly attributed to the p orbitals of the Ga and P (As) atoms and also, the d 

orbitals of the Mn atoms. The s orbitals of atoms, d orbitals of the Ga atoms, and also, p 

orbitals of the Mn atoms in these systems don’t affect so much their electronic nature. 

 

Also, to obtain information about atomic bonding type in the primitive cell of these 

systems, two-dimensional charge-density distributions were plotted for (100) and (110) 

planes as given in Figure 7. The mentioned graphs indicate that transition metal atoms 

Mn make ionic bonds while P and As atoms which are usually named p-block elements 

in the periodic table, and Ga atoms make covalent bonds with each other. In this 

subsection, only the distribution of the Ga4As3Mn system is presented, since the 

distributions plotted for Ga4P3Mn are very similar to the distributions plotted for 

Ga4As3Mn. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. The charge distribution (in units of e) of cubic Ga4X3Mn (X=P and As) systems for (a) (100) 

plane and (b) (110) plane. 

 

 

Additionally, to obtain information about the charge of each ion in these systems, the 

analysis of the Bader partial charge was carried out. The analyzed Bader net partial 

charges were listed in Table 2 and in the related Table, the total Bader net charge is equal 

to zero for both of the two compositions. The negative value of the Bader charge indicates 

that the charge is transferred to the atom, while the positive value means that the charge 

moves away from the atom [38]. Accordingly, for the Ga4P3Mn system, the Mn and Ga 

atoms give electrons to the P atoms, whereas, for the Ga4As3Mn system, the Mn and As 

atoms give electrons to the Ga atoms. 
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Table 2. Bader partial net charges (in units of e) for Ga, P (As) and Mn atoms in ternary cubic Ga4X3Mn 

(X=P and As) systems. 

 
Material Ga P As Mn 

Ga4P3Mn 2.0398 -3.9296 - 1.8898 

Ga4As3Mn -1.8878 - 1.0755 0.8123 

 

 

4. Conclusion 

In this study, it was carried out comprehensive ab initio calculations under METAGGA-

SCAN approximation to reveal the magnetic and electronic characteristic of ternary cubic 

Ga4X3Mn (X=P and As) systems which are crystallized in simple cubic structure 

conforming 𝑃4̅3𝑚 space group and 215 space number. For the related compositions, the 

drawn energy-volume graphs, and also the calculated cohesive and formation energy 

values show that the most suitable magnetic phase energetically among the considered 

four different types of magnetic orders is A-type antiferromagnetic. Moreover, the 

negative formation energy values indicate the thermodynamical stability and the 

structural synthesizability of the materials. Also, it can be understood from the atomic 

bond lenghts that the energetic stability increases in such compositions containing 

phosphorus than containing arsenic atoms. The observed electronic band structures in the 

A-AFM order indicate the semiconducting character of these materials due to having the 

indirect band gaps (Eg = 0.23 eV for Ga4P3Mn and Eg = 0.16 eV for Ga4As3Mn) in both 

spin-states. Furthermore, the performed Bader charge analyzes show that while Mn and 

Ga atoms donate electrons to P atoms in the Ga4P3Mn system, Mn and As atoms donate 

electrons to Ga atoms in the Ga4As3Mn system. In this regard, the mentioned materials 

in this study could be good candidates for especially semiconductor devices. 
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