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We studied the electronic and magnetic properties for the Mn-doped chalcopyrite AlGaP2 semiconduc-

tor by using the first-principles calculations. The Mn-doped AlGaP2 yields strong half-metallic ground 

states. The ferromagnetic state is the most energetically favorable one. The states of host Al, Ga, or P  

atoms at the Fermi level are mainly a P-3p character, which mediates a strong interaction between the 

Mn-3d and P-3p states. The ferromagnetic ordering of dopant Mn with high magnetic moment is originated 

from the P(3p)-Mn(3d)-P(3p) hybridization, which is attributed by the partially filled P-3p bands. The high 

magnetic moment of Mn by P vacancy is produced by 4.2 B/Mn. 
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1. INTRODUCTION 
 

Diluted magnetic semiconductor (DMS) materials 

have become a great interest because the charge from 

the s and p electrons of the nonmagnetic semiconduc-

tor, and the spin from the magnetic dopant can be used 

in spintronics devices. A recent strategy to achieve fur-

ther control over the spin degree of freedom is based on 

dilute ferromagnetic semiconductors, prepared by sub-

stituting magnetic ions such as V, Cr, Mn, Fe, Co, and 

Ni into non-magnetic semiconductor hosts. Ferromag-

netism has been reported in various semiconductor 

groups including II-VI [1, 2] and III-V [3-5] such as 

GaN, ZnO, and so on. However, to date, the low solubil-

ity of magnetic ions in non-magnetic semiconductor 

hosts has limited the opportunities. When ferromagnet-

ic metals are used as spin injectors, the polarization in 

the semiconductor tends to be quickly lost via spin-flip 

scattering. It is one of the primary challenges to create 

the ferromagnetic semiconductors due to the difficulty 

in the spin-injection into the semiconductors to form 

DMS at room temperature or above room temperature.  

Accordingly, the conventional DMS had a low solu-

bility of magnetic ions in host semiconductors. An ap-

proach in enhancing the solubility is to make a mono-

layer super lattice [6], and another is to find a new 

pure ferromagnetic semiconductor. Recently, a newly 

synthesized a MnGeP2 compound has been reported as 

a semiconductor, whose crystal structure is chalcopy-

rite. It has been reported that MnGeP2 exhibits ferro-

magnetism with Tc  320 K and a magnetic moment 

per Mn at 5 K of 2.58 B, and an indirect energy gap of 

0.24 eV. Moreover, it has been reported that the Mn-

doped chalcopyrite such as ZnSnAs2 [7] and ZnGeP2 [8] 

shows ferromagnetic ordering at 320 and 312 K, respec-

tively. Chalcopyrite, which are ‘genealogically’ related 

to the more familiar tetrahedrally-coordinated zinc-

blende materials, are a class of semiconductors recog-

nized as promising materials for nonlinear optical ap-

plications.  

 

In the present works, we studied by using first-

principle calculations for the electronic and magnetic 

properties of (Al1 – yMny)GaP2 and Al(Ga1 – yMny)P2 with 

y  0.03125, 0.0625, 0.09375, and 0.125 DMS. In  

Mn-doped AlGaP2 chalcopyrite semiconductor, we ob-

served ferromagnetic ordering. The ferromagnetic Mn-

doped AlGaP2 chalcopyrite is the most energetically 

favorable one. Total energy calculations predicted that 

the ternary compound AlGaP2 is indirect semiconductor 

with band gaps of 0.75 eV. The spin polarized 

Al(GaMn)P2 state (Al-rich system) is more stable than 

that of (AlMn)GaP2 state (Ga-rich system) with the 

magnetic moment of 3.8 B/Mn. The Mn-doped AlGaP2 

yields strong half-metallic ground states. We noted that 

this chalcopyrite and related materials can replace the 

Mn-doped III-V systems and open the way to room 

temperature spintronic devices.  

 

2. COMPUTATIONAL METHODOLOGY 
 

The first-principles simulations were performed us-

ing the full-potential linear muffin-tin orbital (FP-

LMTO) method based on the framework of the density-

functional theory [9]. The muffin-tin radii of Mn (or Al, 

Ga) and P were chosen to be 2.4 and 1.9 a.u., respec-

tively. The final set of energies was computed with the 

plane-wave cutoff energy of 596.63 eV. The convergence 

tests of the total energy with respect to the plane-wave 

energy cutoff and k-point sampling had been carefully 

examined. Brillouin zone integrations were performed 

with the special k-point method over a gamma-centered 

4  4  4 mesh. It is corresponding to 64 k-points. It 

insured that the total energies and the magnetic mo-

ments were converged on a better 10 meV/cell and 

0.01 B/atom scale, respectively. The exchange-

correlation energy of the electrons was described in the 

generalized gradient approximation (GGA) as proposed 

in Perdew-Burke-Ernzerhof  function [10].  

The LMTO basis set and charge density were ex-

panded in terms of the spherical harmonics up to l  6 
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inside each muffin-tin sphere. The LMTO basis func-

tions in the valence energy region were chosen as 4s 

and 3d for Mn, and 4s, 4p, and 3d for Ga. The basis 

function of Mn (or Al) for the 4s (or 3s), 4p (or 3p), and 

3d is generated with cut-off energy of 159.12 eV, 

232.56 eV, and 340.0 eV, respectively. The valence elec-

trons were not assumed to have the spin-orbital cou-

pling but had generated the self-consistent supercell 

potential by considering the scalar relativistic effects. 

The atomic potentials were approximated by spherical-

ly symmetric potential. However, the full charge-

density, including all non-spherical terms, was evalu-

ated in Fourier series in the interstitial region on the 

FPLMTO method. 

 

3. RESULTS AND DISCUSSION  
 

For the AlP, GaP, and pure AlGaP2 systems, we 

considered the atomic relaxations for the positions of 

the structures. However, the distortions of near host 

atoms by substituting Mn dopant in the AlGaP2 bulk 

were neglected. The III-III-V2 alloy crystallizes in a 

form of AlGaP2 chalcopyrite structure, which is related 

to a familiar tetrahedrally-coordinated zinc-blende 

crystal structure. The calculated lattice parameters are 

a  5.726 Å and c  11.452 Å for GaP; a  5.648 Å and 

c  11.296 Å for AlP. For AlGaP2, they are a  5.685 Å, 

c  11.222 Å, and c/a  1.974. In the calculations for the 

GaP and AlP systems, we performed a minimization of 

the total energy for the supercell volume when keeping 

the constant c/a ratio ( 2.0). For the AlGaP2 system, 

we considered the structural relaxation for each of a 

and c-axis. The calculated parameters for GaP and AlP 

can be compared with that of the zinc-blende structure. 

The experimental values are a  5.451 Ǻ and 5.450 Ǻ 

for GaP [11, 12] and AlP [11], respectively. The tetra-

hedral chalcopyrite structure was displayed in the 

Fig. 1. These structures for GaP, AlGaP2, and AlP ex-

hibit the semiconducting character with energy gaps of 

1.679 eV, 1.241 eV, and 0.276 eV, respectively. It shows 

a downward bowing of the lattice parameter as in-

creases Al concentration in the AlxGa1 – xP2 system 

(x  0.0, 0.25, 0.75, and 1.0). While for the calculated 

band-gap, it increases from 0.276 eV to 1.679 eV. These 

results of the band-gap are smaller than the experi-

mental values [13]. In general, the value of band-gap 

calculated using the GGA is less than half of the value 

obtained in the experiment. Maybe it can be obtained 

the result that the calculated value in the LDA + U [14] 

is slightly larger than that in the GGA. 

Using the optimally calculated lattice parameters, 

we carried out the calculations for total energies in the 

(Al, Mn)GaP2 system (in the case of Ga-rich system) 

with replacing Al atoms by dopant Mn, in the 

Al(Ga, Mn)P2 with replacing Ga atom by Mn, and in 

AlGa(P, Mn)2 of P substitution by Mn. The 

(Al, Mn)GaP2 is the case of Ga-rich system, the 

Al(Ga, Mn)P2 is the case of Al-rich system. It can be 

seen that the Al(Ga, Mn)P2 is the lowest energetically 

favorable system from the Table 1. However, its differ-

ence in their energies is small in comparison with these 

systems. The defect energy and the substitution energy 

with a vacancy of Al, Ga, or P were defined as, respec-

tively. 

 
 

Fig. 1 – Crystal structure of chalcopyrite AlGaP2. Open-circles 

represent interstitial sites in a layer. V denotes the defect by P 

vacancy 
 

Table 1 – Substitution energies and magnetic moments for 

the dopant-site of Mn in AlGaP2. Total energy difference be-

tween FM and AFM (antiferromagnetic) states for Ga-rich (Al, 

Mn)GaP2 and Al-rich Al(Ga, Mn)P2, and AlGa(P, Mn)2  

(Etotal(FM) – Etotal(AFM), in eV). Mn1 and Mn1.5 correspond to 

the concentration of 6.25 % and 9.375 %, respectively.  
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where E(AlGaP2;V(Al/Ga/P)) is the total energies of the 

pure AlGaP2 with the vacancy of 3.125 % Al, Ga, or P 

concentration. E(AlGaP2; Mn, V(Al/Ga/P)) and 

E(AlGaP2) are the total energies of Mn-doped AlGaP2 

with a vacancy (of 3.125 % concentration of Al, Ga, or 

Systems Substi-

tution 

Energy 

(meV) 

Magnetic 

moment in 

FM/AFM 

state  

(B/Mn) 

Total  

Energy  

Diffe-

rence 

(meV) 

(Al3.0Mn1.0)GaP2  282.2 3.84 /– 3.84  99.7 

(Al2.5Mn1.5)GaP2 – 3.80 /– 3.78  352.6 

(Al2.0Mn2.0)GaP2 – 3.72 /– 3.72  464.5 

Al(Ga3.0Mn1.0)P2  346.5 3.79 – 

AlGa(P3.5Mn0.5)2  270.7 2.70 – 
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P) and the pure E(AlGaP2) reference structure, respec-

tively. Mn, Al, Ga, and P are the atom chemical po-

tentials of Mn, Al, Ga, and P, while the integers n1, n2, 

n3, and n4 are the number of doped Mn atoms, and sub-

stituted Al, Ga, and P atoms, respectively. The chemi-

cal potentials depend on the experimental conditions 

under which the material is grown. In order to deter-

mine these quantities, we invoke the relationship 

Al + Ga + 2P  AlGaP2, assuming these species are in 

thermal equilibrium with AlGaP2. The atomic chemical 

potential for Mn is assumed to be determined by equi-

librium with bulk MnP, which is the FM phase with a 

Neel temperature of 291 K [13].  
 

Al  E(AlP(bulk))  E(P(bulk)) and 

Ga  E(GaP(bulk))  E(P(bulk)). Under Al-rich condi-

tions, Mn  E(MnP(bulk))  E(AlP(bulk)) + E(Al(bulk)) 

and P  E(AlP(bulk))  E(Al(bulk)); and under Ga-rich 

conditions, 

Mn  E(MnP(bulk))  E(GaP(bulk)) + E(Ga(bulk)) and 

P  E(GaP(bulk))  E(Ga(bulk)). 
 

Table 2 – Defect energies (Ed, eV) for undoped AlGaP2 and 

substitution energies (Ed,sub, eV) for Mn-doped AlGaP2 with the 

vacancy of 3.125 % Al, Ga, or P concentration.  denotes the 

total energy difference between the substitution and defect 

energies. The parentheses are the magnetic moment of Mn 

within the FM state 

 

The Mn dopant orders ferromagnetically in AlGaP2. 

The FM state is more energetically favorable than the 

nonmagnetic or antiferromagnetic (AFM) state. The 

difference in total energy between the FM and AFM 

states is  34.72 meV in the Mn concentration of 

6.25 %. In the case of Al(Ga3Mn1)P2, the nearest neigh-

boring four surrounding P atoms formed the MnP4 tet-

rahedron are aligned positively with magnetic mo-

ments of 0.05 B per P atom. While for the nearest 

neighboring Al or Ga atoms, it is aligned negatively 

with magnetic moment of ~  0.02 B per Al or Ga  

atom. The substituted Mn atom has the magnetic mo-

ment with a localized magnetic moment of 3.84 B/Mn. 

In the case of P vacancy in AlGaP2, the total energy 

difference between the substitution energy by Mn and 

defect energy is the lowest. The Mn magnetic moment 

for Mn-doped AlGaP2 with a vacancy is increased by 

4.2B/Mn more than that without a vacancy. These re-

sults were listed in the Table 2. 

Fig. 2 shows the band structures for the pure  

AlGaP2 and the systems with Al, Ga, or P vacancy of 

3.125 %. The band shift in the case of P vacancy is 

larger than other systems. This because that it shows a 

strong interaction in their P-3p states, or between P-3p 

state and Mn-3d states at the Fermi level (EF). It can  

 
 

Fig. 2 – Band structures for perfect AlGaP2 (1) and AlGaP2 

with Al vacancy (2), with Ga vacancy (3), or with P vacancy 

(4). The concentration of defect is 3.125 %. The Fermi level is 

set to zero 
 

be seen in reduced states just at the EF. Fig. 3 shows 

the density of states (DOS) for Al-rich Al(GaMn)P2 of 

6.25 % Mn and for Ga-rich (AlMn)GaP2 with P vacancy 

of 3.125 % concentration. We could observe the pertur-

bation of the valence band by dopant Mn in the host 

AlGaP2 bands. The band of majority state on the EF 

occupies Al-3p and Ga-4p, and P-3p electrons mainly. 

These majority p states make a result of strong hybrid-

ization between the P-3p (or Al-3p, or Ga-4p) and Mn-

3d (t2, dxy) bands, or Mn-3d (e, dx2 – y2) bands. The par-

tially filled Mn e-band lies on the EF (mainly majority 

states), while the t2-band falls into the valence band by 

EF  2.5 eV. Especially, a strong interaction between 

Mn-3d and P-3p occurs due to the carrier accumulation 

between the Mn and neighboring P atoms just on the 

EF. Hence the partially filled p band (mainly P-3p elec-

trons) and a defect P bands contribute to the ferromag-

netism with high magnetic moment. These configura-

tions provide us with clues to elucidate the mechanism 

of the carrier (holes)-mediated ferromagnetism in Mn-

doped AlGaP2. 

The substituted system of Al or Ga by Mn atom 

shows the half-metallic character due to downward 

shift of the host Al, Ga, and P minority bands. The Mn-

P bond in Al(GaMn)P2 is largely covalent because a 

strong interaction between the Mn-3d and P-3p states.  

The direct Mn 3d-3d correlation between Mn atoms 

may be small because the variance of magnetic moment 

with respect to the Mn concentration is not change 

nearly. Thus the ferromagnetism of Mn dopant maybe 

implies a direct exchange mechanism by the P site. 

When it exhibits the substitution of Al or Ga by Mn, 

the Mn and P atoms forms the P-Mn-P bond. The 

strong hybridization between P-3p and Mn-3d states is 

reduced in the system of P vacancy; a high magnetic 

moment of Mn is maintained. 
 

Defect 

elements 

Ed (eV) Ed,sub (eV)  (meV) 

Al 

 

Ga 

 

P 

 

8.432 

 

7.736 

 

9.294 

 

8.706 

(3.5 B/Mn) 

7.895 

(3.4 B/Mn) 

8.989 

(4.2 B/Mn) 

+ 0.274 

 

+ 0.159 

 

 0.305 
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Fig. 3 – (a) DOS for Al, Ga, P, and Mn sites of Al-rich Al(GaMn)P2 (6.25 % Mn) in the FM state. (b) DOS for Al, Ga, P, and Mn 

sites of (AlMn)GaP2 (3.125 % Mn) with a vacancy of P in the FM state. The Fermi level is set to zero 
 

4. CONCLUDING REMARKS 
 

We had investigated the electronic structure and 

magnetic properties of Mn-doped AlGaP2 chalcopyrite 

semiconductor by using the first-principles calcula-

tions. The AlGaP2 chalcopyrite compound is a p-type 

semiconductor with a band gap of 1.23 eV. For Mn-

doped AlGaP2, the FM state is the most energetically 

favorable than the other states. We had observed that 

this system exhibits the FM and half-metallic ground 

state. In the defect system of P vacancy, it shows weak 

half-metallic ground state. It illustrates the stability of 

FM state with respect to the Mn-doping concentration. 

The ferromagnetism of dopant Mn is produced by the 

partially filled P-3p bands. The high magnetic moment 

of Mn is maintained by the hybridized P(3p)-Mn(3d)-

P(3p) interaction. It is necessary to study more in the 

DMS limit. We expect it to be an application of useful 

DMS in the spintronics. 
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