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a b s t r a c t

Ab-initio calculations are performed to investigate the structural, electronic and magnetic properties of
spin-polarized diluted magnetic alloys in zinc blende structure. The first-principles study is carried out
on Mn doped III–V semiconductors. The calculated band structures, electronic properties and magnetic
properties of Ga1�xMnxX (X¼P, As) compounds reveal that Ga0.75Mn0.25P is half metallic turned to be
metallic with increasing x to 0.5 and 0.75, whereas substitute P by As cause to maintain the half-me-
tallicity nature in both of Ga0.75Mn0.25As and Ga0.5Mn0.5As and tune Ga0.25Mn0.75As to be metallic.

Calculated total magnetic moments and the robustness of half-metallicity of Ga0.75Mn0.25P,
Ga0.75Mn0.25As and Ga0.5Mn0.5As with respect to the variation in lattice parameters are also discussed.
The predicted theoretical evidence shows that some Mn-doped III–V semiconductors can be effectively
used in spintronic devices.

& 2015 Published by Elsevier B.V.
1. Introduction

The III–V semiconductors and their alloys are extensively used
in photonics and optoelectronics. These materials are mostly used
for high-frequency light emitting diodes, optical detectors and
laser diodes due to their high melting points, high thermal con-
ductivity, large bulk modulus and wide band gaps. The binary
compounds GaP and GaAS have been very promising candidates
for advance technology. Most interestingly their band gap can be
varied by alloying. This alloying effectively increases the range of
applications of GaP and GaAs compounds [1–7].

Diluted magnetic semiconductors (DMS) are very promising
materials for optoelectronic and spintronics applications. III–V
compounds when doped with 3d transition elements this turn
them to be as III–V DMS. The III–V DMS compounds attracted
consideration for the possible increase in efficiency and minia-
turization of the electronic devices [16]. Different DMS compounds
[7–15] have been intensively studied theoretically as well as ex-
perimentally to design efficient devices like super smart diodes,
.

super smart memory chips, spin valves and spin field effect tran-
sistors. It is essential to explain the known properties of a given
material designed for the fabrication of highly efficient electronic
and spintronics devices and even to predict different properties of
hypothetical materials.

For the analysis and calculation, computer modeling and si-
mulation techniques are used as a consequence of the complica-
tion in the growth, characterization and procedure of these
properties. The prediction of different properties of materials has
been simplified by the use of modern technology and computa-
tional techniques with the first principle calculation. The compu-
tational techniques have already been applied to numerous ma-
terials with the first principle and predicted that theoretical results
agree well with the experimental results.

In this article the structural, electronic and magnetic properties
of Ga1�xMnxP and Ga1�xMnxAs (x¼0.25, 0.50, 0.75) alloys are
studied by using density functional theory (DFT) within the state-
of-the-art all-electron full potential linear augmented plane wave
(FPLAPW) method as implemented in WIEN2k code [17], which
has proven to be one of the most accurate methods for the com-
putation of the electronic structure of solids within DFT [18–21].
The ground state energy, optimum volume, bulk modulus, deri-
vatives of the bulk modulus, band structures and density of states
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are calculated and analyzed in details. The magnetic properties are
predicted through the density of states analysis and magnetic
moments.
Fig. 1. Calculated band structure of Ga0.75Mn0.25P. (a) Spin (↑) and (b) Spin (↓).
2. Method of calculation

In the full-potential scheme, radial function, times waves
function, potential and charge density are extended into two basis
sets. Inside each atomic sphere the wave function is extended in
spherical harmonics while in interstitial region it is extended to
plane-wave basis. In similarly fashion the potential is extended as
[22,23].
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Here Eq.1a is express the potential inside the sphere, whereas
Eq.1b for the potential in the interstitial site. Inside the sphere the
wave function is extended in terms of spherical harmonics up to
lmax¼9. The potential is constant outside the sphere while
spherically symmetric within the muffin-tin sphere. For the tran-
sition metal doped with III–V semiconductors the plane wave cut-
off value of KmaxnRMT is chosen to be equal to 8. On the basis of
convergence test, a mesh of 120 k-points and Gmax¼24 are used
for well converged results.
Fig. 2. Calculated band structure of Ga0.50Mn0.50P. (a) Spin (↑) and (b) Spin (↓).
3. Results and discussions

3.1. Structural properties

To calculate the ground state properties of Ga0.75Mn0.25X,
Ga0.50Mn0.50X and Ga0.25Mn0.75X (X¼P, As), the volume of super
cell was optimized by Birch Murnaghan's equation of state [23].
The optimization is also important to expose the magnetic nature
of the alloys. The total energy as function of volume of the alloys is
calculated for ferromagnetic and anti-ferromagnetic states. The
total energy difference ( )AFM FMΕ Ε ΕΔ = − as listed in Table 1 show
that the ferromagnetic states are more stable than that of anti-
ferromagnetic states. The other structural parameters are also
mentioned in the Table 1. At the optimized volume we have cal-
culated the structural parameters such like the lattice constant ɑ,
bulk modulus B and derivative of the bulk modulus BP within
general gradient approximation (PBE-GGA) as shown in Table 1.
Following Table 1, it is obvious that by increasing the concentra-
tion of Mn in GaP and GaAs the lattice constant decreases due to
Table 1
Calculated lattice constant ɑ0, Bulk Modulus B, Derivative of Bulk Modulus, BP, and
ground state ferromagnetic (FM) and anti-ferromagnetic (AFM) energies
Ga0.75Mn0.25X, Ga0.50Mn0.50X and Ga0.25Mn0.75X (X¼P, As).

Parameters Ga0.75Mn0.25P/As Ga0.50Mn0.50P/As Ga0.25Mn0.75P/As

Lattice con-
stant (Å)

5.49/5.69 5.45/ 5.73 5.42/5.71

Bulk mod-
ulus (GPa)

80.25/76.98 67.76/53.03 82.64/67.58

BP 5.0/5.0 5.0/5.0 5.0/5.0
EFM (Ry) �16718.973818/

�32063.406665
�7566.529118/
�15249.934951

�13576.980958/
�28921.700885

EAFM (Ry) �16718.973814/
�32063.406663

�7566.529116/
�15249.934948

�13576.980954/
�28921.700882

Fig. 3. Calculated band structure of Ga0.25Mn0.75P. (a) Spin (↑) and (b) Spin (↓).
the smaller volume of Mn than Ga. Similarly by substituting P by
As the lattice constant also decreases due to the smaller volume of
As than P. The spin polarized electronic band structures, magnetic
properties and robustness of half-metallicity are further calculated
by using the calculated lattice constants.

3.2. Band structure and density of states

The spin polarized electronic band structures in the first Bril-
louin zone are calculated along the symmetry directions for
Ga0.75Mn0.25X, Ga0.50Mn0.50X and Ga0.25Mn0.75X (X¼P, As), as
prototype we show the electronic band structures of Ga1�xMnxP



Fig. 4. Calculated total and partial density of states of Ga0.75Mn0.25P for spin up and
spin down.

Fig. 5. Calculated total and partial density of states of Ga0.50Mn0.50P for spin up and
spin down.

Fig. 6. Calculated total and partial density of states of Ga0.25Mn0.75P for spin up and
spin down.

Fig. 7. Calculated total and partial density of states of Ga0.75Mn0.25As for spin up
and spin down.

Fig. 8. Calculated total and partial density of states of Ga0.50Mn0.50As for spin up
and spin down.

Fig. 9. Calculated total and partial density of states of Ga0.25Mn0.75As for spin up
and spin down.
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as presented in Figs. 1–3. It is clear that the spin up (↑) state
contain more electrons than that of spin down (↓) state. The re-
sults also exhibit that a band gap exists around the Fermi level for
spin down state of Ga0.75Mn0.25P, Ga0.75Mn0.25As and Ga0.5Mn0.5As
alloys, while for spin up state a few of the valence bands crosses
the Fermi level and relocated to the conduction band, hence are
predicted to be half-metallic. A metallicity nature is observed in
the Ga0.5Mn0.5P, Ga0.25Mn0.75P and Ga0.25Mn0.75As alloys for the
spin up/dn. Based on this discussion one can conclude that in-
creasing the x content in Ga0.75Mn0.25P to 0.5 and 0.75 turn the
compound to be metallic, whereas Ga0.75Mn0.25As maintain the



Table 2
Calculated magnetic moments of Ga0.25Mn0.75X, Ga0.50Mn0.50X,Ga0.75Mn0.25X (X¼ P, As) in the zinc blended phase.

Material MInt (μB) MMn (μB) MGa (μB) MP (μB) MAs (μB) MT (μB)

Ga0.75Mn0.25P 0.41405 3.61285 0.03203 �0.0306 – 4.00045
Ga0.50Mn0.50P 0.39427 3.52194 0.06612 �0.0419 – 3.89862
Ga0.25Mn0.75P 0.8005 3.44312 0.08581 �0.0908 – 10.8526
Ga0.75Mn0.25As 0.32683 3.74437 0.02977 – �0.040 4.00055
Ga0.50Mn0.50As 0.27494 3.81485 0.06311 – �0.0763 4.00025
Ga0.25Mn0.75As 0.78318 3.82311 0.09938 – �0.1001 11.9517
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half-metallicity nature with increasing the x content to 0.5 then
turned to be metallic with further increasing in x content
(x¼0.75). The observed half-metallic in Ga0.75Mn0.25As agree well
with that reported in Refs. [24,25]. For spin down state the
Ga0.75Mn0.25P, Ga0.75Mn0.25As and Ga0.5Mn0.5As alloys are direct
band gap semiconductors, the top of the valence and bottom of
conduction bands occur at Γ symmetry point. The calculated band
gap of Ga0.75Mn0.25P, Ga0.75Mn0.25As and Ga0.5Mn0.5As alloys are
1.2 eV, 1.4 eV and 1.6 eV, respectively. It can also be noted that by
doping transition metal cause to decrease the band gaps to be
lower that that of pure GaP (E x

g
Γ − ¼ 1.45 eV) and GaAs (Eg

Γ Γ− ¼
1.06 eV) [26]. Transition from indirect to direct band gap in case of
GaP appears to take place, which is optically active. In the presence
of local strain and local electric field of Mn atom, a decrease in the
band gaps is occur. The larger band gap Mn doped GaP can be
related to the larger gap of pure GaP and GaAs.

With the aid of the partial density of states one can understand
the origin of states/bands of Ga1�xMnxX (X¼P, As) as shown in
Figs. 4–9. It is obvious from these figures that the bands in the
locality of Fermi level are mostly due to Mn-3d state, X-p (X¼P, As)
states with small contribution from the Mn-4s state. The Fermi
level is completely occupied for spin up state of Ga1-xMnxX (X¼P,
As) alloys, while it is empty for the spin down state of
Ga0.75Mn0.25P, Ga0.75Mn0.25As and Ga0.5Mn0.5As alloys. At the Fer-
mi level the difference between spin up and spin down states
causes 100% spin polarization [27]. The main cause of this spin
polarization is spd-hybridization of Mn-3d, Mn-4s and X-p (X¼P,
As) states [28]. Hence the main cause of half-metallicty in TM
doped GaP and GaAs is spd-hybridization. The partial occupancy
for spin down state at the Fermi level is the basis of net magnetic
moment in these compounds. The 5-fold degenerate Mn-3d state
splits by the crystal field energy into doubly degenerate eg-state
and triply degenerate t2g-state. The splitting is the result of the
electric field generated by the p orbital of X (X¼P, As) affecting
Mn-3d states. The crystal field splitting energies can be calculated
using the relation;

E E Ecrystal t e2g gΔ = −

Figs. 4–9, shows that t2g state lie above eg state, which shows
that Mn is sitting in tetrahedral rather than octahedral crystal field
atmosphere of GaP and GaAs lattice. These sates shows that wave
functions strongly hybridizes for t2g state and weakly for eg state
with X-p (X¼P, As) producing bonding and anti-bonding hybrids.
Where, bonding and anti-bonding hybrids lie within the valence
band and gap respectively. This hybrid shifts the valence band of
the compound to higher energies. The more Mn doped GaP shows
a stronger repulsion between bonding and anti-bonding than Mn
doped GaAs, due to the fact that GaP has smaller iconicity and
larger co-valency than GaAs.

3.3. Magnetic properties and robustness of half-metallicity

The calculated ground state ferromagnetic (FM) energy for each
compound is less than the corresponding anti-ferromagnetic
(AFM) energy as presented in Table 1. Hence on the basis of
ground state energies, we conclude that Ga0.75Mn0.25X,
Ga0.50Mn0.50X and Ga0.25Mn0.75X (X¼P, As) are ferromagnetic
which is agree well with the previous finding that the ferro-
magnetism in these compounds have been reported experimen-
tally [29–32]. GaMnP and GaMnAs exist in zinc blende structure
[33]. They cannot be exactly described as a GaAs structure with all
Ga substituted by Mn but some of Mn resides on interstitial sites
[34,35]. The Mn-3d states is main source of the magnetization in
Ga0.75Mn0.25X, Ga0.50Mn0.50X and Ga0.25Mn0.75X (X¼P, As). While
within the Mn-3d state the magnetic nature of the compounds
may be related to partially filled t2g states [27]. Table 2 shows the
calculated total magnetic moments of the compounds and partial
magnetic moments at interstitial and anti-sites. The magnetic
moments at anti-sites (P and As) with negative values shows that
the induce magnetic moments on these atoms are anti-parallel to
Mn atoms and interact anti-ferromagnetically, While the positive
values indicates parallel magnetic moment to Mn.

From the calculated density of states that P/As-s sate and Mn-
4s state repel each other. P/As-s is pushed towards core and Mn-4s
towards Fermi level. The spd-hybridization is produced when Mn-
s and Mn-4d states overlapped with P/As-p state. The local mag-
netic moment of Mn is reduced from it free space magnetic mo-
ment 4 μB to a non integer value by spd-hybridizatin as given in
Table 2, which clarifies that the net magnetic moment for all the
studied compounds are whole number (4 μB) which agree with
Ref. [36]. The Ga0.75Mn0.25P, Ga0.75Mn0.25As and Ga0.5Mn0.5As al-
loys are half-metallic ferromagnet, which is evident from the in-
teger magnetic moment (4 μB) [37–40].
4. Conclusion

Mn doped III–V semiconductors were investigated with first
principle calculations. The calculation reveals that Ga0.75Mn0.25P,
Ga0.75Mn0.25As and Ga0.5Mn0.5As alloys are half-metallic and have
direct band gap for spin down state. Whereas the Ga0.5Mn0.5P,
Ga0.25Mn0.75P and Ga0.25Mn0.75As alloys are metallic for the spin
up/dn. The results revealed that the ferromagnetic states are more
stable than anti-ferromagnetic. The lattice constant is found to
decrease by replacing Ga by Mn. It is also observed that spd-hy-
bridization occur due to the spin channels and the electronic cloud
of P/As-p states overlaps with the TM-3d and 2s states. We hope
our findings may help for the development of different magneto
electronic devices like HDI, ZIP, FeRAM etc.
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