
materials

Article

Ab-Initio Investigations of Magnetic Properties and
Induced Half-Metallicity in Ga1−xMnxP
(x = 0.03, 0.25, 0.5, and 0.75) Alloys

Amel Laref 1,2,*, Abeer AlMudlej 1, Slimane Laref 3, Jun Tao Yang 4, Yong-Chen Xiong 4 and
Shi Jun Luo 4

1 Department of Physics and Astronomy, College of Science, King Saud University, Riyadh 11451,
Saudi Arabia; amodlej@ksu.edu.sa

2 Department of Physics, National Taiwan University, Taipei 106, Taiwan
3 Fachbereich Chemie, Philipps-Universität Marburg, Hans-Meerwein-Str., D-35032 Marburg, Germany;

laref_s@yahoo.fr
4 School of Science, Hubei University of Automotive Technology (HUAT), Shiyan 442002, Hubei, China;

jtyang@huat.edu.cn (J.T.Y.); xiongyc_lx@huat.edu.cn (Y.-C.X.); sjluo@huat.edu.cn (S.J.L.)
* Correspondence: amel_la06@yahoo.fr; Tel.: +966-81150712

Received: 5 June 2017; Accepted: 29 June 2017; Published: 7 July 2017

Abstract: Ab-initio calculations are performed to examine the electronic structures and magnetic
properties of spin-polarized Ga1−xMnxP (x = 0.03, 0.25, 0.5, and 0.75) ternary alloys. In order to
perceive viable half-metallic (HM) states and unprecedented diluted magnetic semiconductors (DMSs)
such as spintronic materials, the full potential linearized augmented plane wave method is utilized
within the generalized gradient approximation (GGA). In order to tackle the correlation effects on 3d
states of Mn atoms, we also employ the Hubbard U (GGA + U) technique to compute the magnetic
properties of an Mn-doped GaP compound. We discuss the emerged global magnetic moments
and the robustness of half-metallicity by varying the Mn composition in the GaP compound. Using
GGA + U, the results of the density of states demonstrate that the incorporation of Mn develops a
half-metallic state in the GaP compound with an engendered band gap at the Fermi level (EF) in the
spin–down state. Accordingly, the half-metallic feature is produced through the hybridization of
Mn-d and P-p orbitals. However, the half-metallic character is present at a low x composition with
the GGA procedure. The produced magnetic state occurs in these materials, which is a consequence
of the exchange interactions between the Mn-element and the host GaP system. For the considered
alloys, we estimated the X-ray absorption spectra at the K edge of Mn. A thorough clarification of the
pre-edge peaks is provided via the results of the theoretical absorption spectra. It is inferred that the
valence state of Mn in Ga1−xMnxP alloys is +3. The predicted theoretical determinations surmise that
the Mn-incorporated GaP semiconductor could inevitably be employed in spintronic devices.

Keywords: half-metallic; spintronic; optoelectronic devices; III-V compounds

1. Introduction

Diluted magnetic semiconductors (DMSs) have attracted much attention in optoelectronic and
spintronic applications. These promising materials represent potential candidates designated to be
typical half-metallic ferromagnets with 100% spin polarization at the Fermi level and this behavior is
related to the incorporation of a convenient doped atom. Furthermore, the semiconductors substituted
by 3d transition metals (TMs) turn salient, owing to the feasibility of merging magnetism and
semiconductor features [1–15]. The 3d-TM doped III-V compounds behave as III-V DMS, which
captivated a tremendous amount of attention for a viable growth in efficient and miniaturized electronic
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devices [16]. Various DMS materials [7–15] have been exhaustively explored from theoretical and
experimental perspectives with the purpose of designing powerful devices such as outstanding smart
memory chips, super smart diodes, spin valves, and spin field-effect transistors. Accordingly, it is
necessary to find an appropriate system designed for fabricating spintronic devices. A good doping
level of GaAs leads to the production of volatile memory chips [15]. It is also feasible to utilize
gallium nitride (GaN)-doped dilute magnetic semiconducting films in magneto-optical applications.
The intended usage is in the form of room temperature ferromagnetic layers for a spin-polarized
light emitting diode. Thus, it is essential to dope the host GaN film with manganese for these layers,
while still maintaining a good crystallinity and semiconducting features with room temperature
ferromagnetic properties. After the revelation of half-metallicity in a semi-Heusler alloy [5], many
considerations were emphasized for examining the electronic and magnetic features of various kind
of systems in order to discover new half-metallic ferromagnets [2–10]. It was ascertained that the
most feasible doping percentage of GaAs systems with Mn dopants is approximately 10% or 20%
since they exhibit a hysteric response to an applied magnetic field. Subsequently, the researchers paid
further attention to investigating the III-V-based DMS and profound endeavors were effectuated by
synthesizing ferromagnetic semiconductors over decades [2–5].

In the recent years, the scrutiny on TM doped III-V DMS was intensified in order to discover
novel half-metallic ferromagnetic (HMF) materials with a high Curie temperature (TC), and to enhance
their ferromagnetic characteristics [17–21]. It is compulsory to add a considerable amount of magnetic
elements (a few percent or more), surpassing the solubility limit in III-V semiconductors, in order to
inspect the magnetic cooperative mechanism in DMSs. In the group of III-V semiconductor compounds,
gallium phosphide (GaP) represents an interesting system composed of a cubic zinc blende (ZB)
structure and it has broad usages in cellular phones and electronic equipment such as semiconductor
lasers and optoelectronic devices, etc. GaP is regarded as a convenient host compound to design DMS
material and this could be effectuated through doping by TMs, as corroborated via several theoretical
and experimental reports [10–27]. Based on AC magnetization measurements, the affirmation of a
ferromagnetic state in bulk sintered GaP substituted by 3% Mn is procured at TC of 600 K, which
is substantially larger than the previous examinations. The field location and line width of the
resonance exhibited a significant temperature related to ferromagnetic resonance spectroscopy (FMR)
spectra. Further validation of high temperature ferromagnetism has been detected via a non-resonant
derivative signal centered at zero field at 600 K. Significantly, the occurrence of ferromagnetism
is joined to the dilute partition of Mn2+ in the sample and not from the clusters of Mn2+ or other
related impurities [14,24–26]. Subsequently, the augmentation in the electron conductivity of the GaP
semiconductor could take place by doping with impurities that possess magnetic properties, such as
manganese. The occurrence of a ferromagnetic state in these systems would be fruitful for designing
novel microelectronics. During the last few years, extensive theoretical and experimental inspections
have been concentrated on the magnetic properties of Mn-doped III-V semiconductors.

It would be valuable to explore gallium manganese phosphate (Ga1−xMnxP) alloys with a
specific proportion of manganese atoms owing to their technological applications in electronic
devices. First-principle calculations of various III-V-DMS compounds have been carried out using
the Korringa Kohn Rostoker-Coherent Potential Approximation (KKR-CPA) method, as reported
in Ref. [27]. According to their results, the substitutional Mn in AlP, GaP, and InP systems with a
composition of 5% illustrates ferromagnetism at room temperature. Based on both full-potential and
pseudopotential schemes, a systematic study of the magnetic features of 3d-TM doped GaAs and GaP
materials has previously been carried out [26,28]. Hence, the emergence of the ferromagnetism at room
temperature, was identified in GaAs and GaP compounds doped by Cr-, V-, and Mn-elements with
a concentration of 25%. Intriguingly, these materials could be prospective candidates for spintronic
technology applications. In the past two decades, the origin of ferromagnetism in Mn-doped III-V
semiconductors is still being investigated, and it is imperative to scrutinize the related electronic
properties. Consequently, the examination, computational modeling, and simulation process are
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carried out because of the difficulty in the synthesis, growth, and characterization of Mn-doped
III-V semiconductors. The prediction of numerous attitudes of systems is facilitated by the usage of
computational techniques and recent advanced ab-initio calculations. The computational methods
have already been employed for various systems by means of the first principle calculations and
the theoretical works were consistent with the experimental results. Thus, we are motivated to
verify the magnetic response and half-metallic character based on the density functional theory
(DFT) approximation.

The experimental measurement of TM-doped GaP [26] triggered our motivation to analyze
the magnetic response and half-metallic character. Furthermore, the solubility limit of TMs in
III-V based DMS materials was less than 4% [26]. Hence, it is essential that the dilute limit of the
Mn-doped GaP system is less than 4% for producing credible data and to support the experimental
works [26]. Accordingly, we report a theoretical investigation regarding the electronic structure and
magnetic properties of Mn-doped GaP with a doping concentration of x = 0.03, in addition to higher
concentrations x = 0.25, 0.5, and 0.75. The other goal of current scrutiny is to inspect the change of
half-metallicity with the variation of composition until the dilute limit. The examination of magnetic
origin in semiconductors with nonmagnetic atoms relies on p-d hybridization, which is the main
contributor to HMF. In this work, the examination of the electronic and magnetic features of Ga1−xMnxP
(x = 0.03, 0.25, 0.50, 0.75) alloys is handled by employing DFT [29] in the framework of the all-electron
full potential linear augmented plane wave (FP-LAPW) method. The latter is embodied in the WIEN2k
code [30], which has been demonstrated to be one of the most exact techniques for computing the
electronic structure of materials. Accordingly, we applied the state-of-the-art generalized gradient
approximation (GGA) combined with Hubbard U approach, and the on-site Coulomb interactions
approach [31–34] was implemented in the FP-LAPW plus a local orbital method (lo) [30]. We computed
the electronic density of states and magnetic characteristics of Ga1−xMnxP alloys using the FP-LAPW +
lo technique [30] with both GGA and GGA + U techniques. We thoroughly analyzed the results and
predicted the magnetic properties, which are based on the inspection of the density of state results and
magnetic moments.

The eventual usage of electron spin within the electronic charge in contemporary devices has
resulted in a prominent concern regarding DMS materials. The straightforward knowledge regarding
the electronic states of a specific atom would be attainable through X-ray absorption spectra (XAS).
Over the past few years, theoretical reports have been carried out on (Ga,Mn)As DMSs to elucidate the
measured XAS [35–39]. Therefore, we aim to perform ab-initio calculations to examine the electronic
structural characteristics of the Mn K-edge X-ray absorption spectrum in Mn-doped GaP material.
In the present work, the X-ray absorption near-edge structure (XANES) spectra of Mn- in Ga1−xMnxP
alloys will be elucidated, which could be compared to other half-metallic systems. Subsequently, to
reveal this behavior and to shed light on the mechanism of the prominent magnetic properties of
Ga1−xMnxP alloys, we analyze the X-ray absorption near edge structure (XANES) features for the Mn
K-edge spectra. This scrutiny provides the first theoretical indication of XANES spectra at the Mn
K-absorption edge in Ga1−xMnxP alloys. This finding has been ascertained in previous experimental
measurements of the Mn K-edge in GaMnAs.

The paper is organized as follows. The computational details of the employed method will be
briefly portrayed in the following section. Using GGA and GGA + U techniques, the magnetic and
electronic aspects, essentially the density of states (DOS), will be discussed in Section 3. The resulting
magnetic properties and the Mn K-edge X-ray absorption spectra of Ga1−xMnxP alloys are also reported
with the GGA + U approach. We will end with the conclusions regarding the electronic structure and
magnetism of Ga1−xMnxP alloys.

2. Method of Simulation

In the framework of the FP-LAPW + lo methodology, the self-consistent calculations of electronic
structures of Mn-doped GaP systems are performed, as embodied in the WIEN2K code [30]. Using the
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FP-LAPW scheme, the core states are handled in a full relativistic manner, whereas the semi-core states
and valence states are considered in a semi-relativistic way (by omitting the spin orbit effect). Every
atom is enclosed in a muffin-tin sphere, and the two regions are separated by the entire space. The first
region is composed of inner non-overlapping spheres, although the interstitial region is occupied
by the remaining space. The selection of non-overlapped muffin-tin radii (RMT) of Ga, Mn, and P
should be quite large to procure almost adjoining spheres and guarantee the reduced interstitial space.
Therefore, the radii of the muffin-tin spheres are 2.45a0 for Ga and Mn, and 2.05a0 for P, where a0

represents the Bohr radius. The generation of the exchange and correlation (XC) potentials are based
on the GGA technique within the parameterization of Perdew-Burke-Ernzerhof (PBE), as referred to in
Ref. [31]. The expansion of potentials is represented by the spherical harmonics of l maximum value
that is up to lmax = 10, while the expansion of the wave functions of valence electrons are occurring
inside the muffin-tin spheres. The expansion of plane waves or Fourier series takes place inside the
interstitial regions, albeit the plane wave cutoff value of RMT. Kmax is extending with a limitation value
of eight (RMT characterizes the muffin-tin sphere radii and Kmax represents the biggest plane wave
vector cutoff of the basis set in which Kmax controls the exactitude of the calculation). A convergence
test was performed for the well converged results and Gmax =14 a.u.−1 was set-up for the Fourier
expansion of potential inside the interstitial part.

On the basis of the DFT scheme, the presentation of the electronic structures of Mn-TM with
a 3d state are specious owing to their strong correlation effects. The strongly correlated behaviour
of TMs has impeded the quantified modification with ab-initio calculations utilizing the local spin
density approximation (LSDA) and spin polarized GGA procedures. The major issue associated
with these techniques [31,32] is attributed to the correct determination of the electronic structure of
the material. However, the GGA + U approach [33,34] was observed to accurately reproduce the
measured data and illustrates the importance of correlation effects. It was demonstrated that DFT +
Hubbard U approximation is an effective method to tackle the static correlation effects in materials
with transition metals [33,34]. The precise treatment of the correlation effect based on many body
theories is very often in conjunction with the applied models (as in, the Hubbard model). By the
virtue of the Hubbard model, the tackled orbitals are characterized as an orbital-depending potential
together with on-site Coulomb and exchange interactions, U and J. Thus, the double counting inside the
non-spherical part of the potential should be prevented by employing Ueff = U − J in place of U [33,34],
although we should exclude the multipolar terms that correspond to J in the extra GGA + U potential.
Thus, the choice of an appropriate U value is acquired by applying several methodologies. These
techniques may employ the experimental data based on self-consistent schemes or X-ray photoelectron
spectroscopy (XPS) [33–36]. Consequently, it was earlier determined via XPS spectrum that the d-d
Coulomb correlation of Mn values varies from 3.0 to 5.5 eV [36] and this essentially depends upon
the structural data of the samples. The evaluated value of the effective Hubbard U parameter of the
Mn 3d states was approximately 5.0 eV. The calculations rely upon the supercell technique and Ga
atom (cation site) belonging to the supercells of 1 × 1 × 1 and 2 × 2 × 2 of GaP is substituted with the
dopant Mn-element. Subsequently, the construction of these supercells has been set to achieve 3.125%,
25%, 50%, and 75% doping with Mn, respectively. In this work, we consider the ferromagnetic case.
The convergence of self-consistent calculations is attained by monitoring the total energy tolerance of
10−4 Ry and converged charge of 0.0001e. We applied the modified tetrahedron technique [30] within
4000 k-points in the irreducible Brillouin zone (IBZ) to assure a high precision for our results.

3. Results and Discussion

Using both GGA and GGA + U electronic structure calculations, the lattice parameter of the
supercell was optimized in order to compute the electronic and magnetic properties of Ga1−xMnxP
alloys with x = 0.03, 0.25, 0.5, and 0.75. The spin-polarized calculations are handled to evaluate the
on-site magnetic moment at the Mn sites for all ferromagnetic structures. For all the studied alloys,
the local magnetic moments on the Mn atoms of ferromagnetic states are depicted in Figure 1. It
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is remarkable that the results of local moments on Mn atoms determined by GGA + U are slightly
higher than those computed with the GGA technique. This is mainly owing to the inclusion of the
d-d Coulomb correlation in the Mn atom when using the GGA + U technique. It is evident that a
global magnetic moment of approximately 4µB is acquired per supercell for all the systems under
investigation, which is in gratifying conformity with previous works [24–27]. As anticipated, the
Mn-doping element represents the major contribution to the global magnetic moment with the change
of doping concentration. From Figure 1, it is evident that by varying the composition of Mn in the
GaP system, the localized magnetic moment (GGA + U) displays a small variation in the range of
4.10 µB or 4.26 µB owing to the larger volume of Ga compared to Mn. This could probably lead to the
preference of ferromagnetic order of the manganese atom in the GaP system. In all the studied alloys,
the phosphorous neighbors of Mn together induce an insignificant contribution between −0.05 µB

and −0.09 µB, although the Ga second neighbors of Mn together contribute very weakly in the range
of 0.04 µB–0.07 µB to the magnetic moment. In the case of the substitution of a tetravalent Mn-atom
instead of a trivalent Ga element, three electrons are considered to set a bonding with P elements
and the rest of the electrons are located in the additional states at EF, which develops magnetic states
in the concerned alloys. The Mn-3d states represent the major cause of magnetism in Ga1−xMnxP
(x = 0.03, 0.25, 0.5, and 0.75) alloys, apart from the p-d hybridization. Moreover, the magnetic
behavior of these alloys may be associated with the partially filled t2g orbitals of Mn-3d states [24–27].
However, the emerged magnetic moment on the Ga-/P-element is negligibly insignificant, aligning
parallel/antiparallel to the Mn-element, respectively. The present findings assume that the developed
magnetism is owing to the exchange interaction between Mn-atoms and the host material. It is also
essential to emphasize that this behavior could significantly contribute to determining the inspected
spintronic effect [1–4].
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Figure 1. Atom resolved magnetic moments of Mn-doped Ga1−xMnxP (x = 0.75, 0.5, 0.25, 0.03) alloys 
versus the variation of composition x. 

For the comprehension of the electronic structures of Ga1−xMnxP alloys, it is informative to 
scrutinize the associated densities of states. By means of the GGA + U approach, the Coulomb 
interaction effect of the correlation of 3d electrons could be evinced in the total densities of states 
(TDOS). It is compulsory to discern the magnetic nature of the considered alloys. On the basis of 
optimized lattice constants, the spin polarized electronic density of states and robustness of half-
metallic aspects are computed. In order to acquire a profound vision into the variation of the 
electronic structure of the ferromagnetic Ga1−xMnxP (x = 0.03, 0.25, 0.5, 0.75) alloys, we calculate the 
total TDOS using the GGA and GGA + U approaches, as plotted in Figure 2. Based on the aid of the 
DOS, it is essential to comprehend the source of states of Ga1−xMnxP alloys. Evidently, the more 
electrons are located in the spin-up (↑) state comparatively to the spin-down (↓) state. The occurrence 
of a band gap around EF for the minority-spin channel of Ga1−xMnxP (x = 0.03, 0.25, 0.5, 0.75) has been 
revealed in the resulting GGA + U DOS, whereas some valence states cross EF for the spin-up state 
and relocate to the conduction states. Subsequently, these promising materials are predicted to 
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versus the variation of composition x.

For the comprehension of the electronic structures of Ga1−xMnxP alloys, it is informative to
scrutinize the associated densities of states. By means of the GGA + U approach, the Coulomb
interaction effect of the correlation of 3d electrons could be evinced in the total densities of states
(TDOS). It is compulsory to discern the magnetic nature of the considered alloys. On the basis
of optimized lattice constants, the spin polarized electronic density of states and robustness of
half-metallic aspects are computed. In order to acquire a profound vision into the variation of the
electronic structure of the ferromagnetic Ga1−xMnxP (x = 0.03, 0.25, 0.5, 0.75) alloys, we calculate the
total TDOS using the GGA and GGA + U approaches, as plotted in Figure 2. Based on the aid of
the DOS, it is essential to comprehend the source of states of Ga1−xMnxP alloys. Evidently, the more
electrons are located in the spin-up (↑) state comparatively to the spin-down (↓) state. The occurrence
of a band gap around EF for the minority-spin channel of Ga1−xMnxP (x = 0.03, 0.25, 0.5, 0.75) has
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been revealed in the resulting GGA + U DOS, whereas some valence states cross EF for the spin-up
state and relocate to the conduction states. Subsequently, these promising materials are predicted to
possess a HM aspect. The TDOS of the considered alloys at low doping Mn compositions illustrates an
energy gap in the spin-down state owing to the splitting of DOS at EF, which consequently conducts
to HM systems. Note that the binary GaP compound has a semiconducting nature possessing a band
gap of 2.32 eV [14,26,27]; whereas its corresponding features are drastically altered by doping with
an Mn-atom. It is observed that the incorporation of manganese yields supplementary states in the
uppermost section of the valence states for the majority-spin and the downward region of valence
states for the minority-spin component, thus leaving a band gap. Therefore, the addition of Mn
atoms in the system maintains the semiconductor aspect of GaP for the spin-down state. The metallic
character in the spin-up states and semiconductor nature in spin-down states yield Ga1−xMnxP ternary
alloys as realistic HM ferromagnets. It is evident that the TDOS computed with the GGA + U indicates
an HM state for the minority spin channel at various x compositions, whereas the states near EF display
splitting and the HM gap are increased in comparison with the TDOS results calculated by means of
the GGA. This situation is attributed to the correlation effects, which are important in 3d states of Mn.
Note that the HM-behavior is present at a low composition of Mn in the GaP compound, whereas the
increase of Mn content leads to a metallic state with GGA. Owing to the emergence of this specific
mechanism, these prosperous materials are practical for producing a thoroughly spin polarized current.
Moreover, they are reliable for maximizing the efficiency of spintronic devices.
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Figure 2. Computed total density of states of Ga1−xMnxP alloys (x = 0.03, 0.25, 0.5, and 0.75) for spin
up and spin down. The vertical dash line denotes the Fermi level. DOS for majority and minority
spin channels are illustrated by the +eV and −eV value, respectively. The left panel displays the GGA
results and the right panel indicates the GGA + U results.
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In order to inspect the assistance of different states responsible for the HM character of these
systems near EF, the spin dependent partial DOS (PDOS) of Ga1−xMnxP (x = 0.03, 0.25, 0.5 and 0.75)
materials are depicted in Figures 3–7 by employing the GGA and GGA + U approaches. It is evident
that the states in the locality of EF are predominantly due to Mn-3d and P-p levels, with an insignificant
participation from the Ga-p levels for the majority spin component (as seen in Figures 3–7). In the
spin-up states, the bands at EF illustrate a mixture of Mn-d and P-p like states, which play a valuable
role for implying the magnetism at all the various compositions. From the computed DOS, the P-s and
Mn 4s states are repelling each other. The P-s state is moved close to the core and Mn-4s into EF. As
is apparent, the uppermost valence band (VB) and lower conduction band (CB) of the minority spin
components show that the Mn-d and P-p bands are the most responsible to determine the energy band
gap at EF. Note that the contribution of Ga-s, Ga-p, and P-s bands is mostly insignificant for both spin
components. The PDOS computed with GGA + U illustrates a HM state for the minority spin channel
at various x compositions. The states close to EF are also split and the HM gap is increased compared
to the results produced with the GGA. Subsequently, by increasing the Mn- composition from 0.25 to
0.75, the spin-up d-states split and their effective assistance at EF increases. By the virtue of the theory
of crystal field splitting, the emerged HM ferromagnetism in this striking material is assessed through
the splitting of P ions. In fact, this would drive to the conversion of 5-fold degenerated Mn-3d orbitals
into 3-fold degenerated t2g (dxy, dzx, dyz), states and doubly degenerated eg (dz2, dx2−y2) states, as
clearly noticed in Figure 7.
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in the Ga1−xMnP (x = 0.03) alloys for spin up and spin down. The left panel indicates the GGA
calculations and right panel denotes the GGA + U calculations. The vertical dash line denotes the
Fermi level.
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Figure 5. Computed partial DOS of spin polarized contributions from Ga-s,p, As-s,p, and Mn-d
states in the Ga1−xMnP (x = 0.5) alloys for spin up and spin down. The left panel indicates the GGA
calculations and right panel denotes the GGA + U calculations. The vertical dash line denotes the
Fermi level.
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in the Ga1−xMnP (x = 0.75) alloys for spin up and spin down. The left panel indicates the GGA
calculations and right panel denotes the GGA + U calculations. The vertical dash line denotes the
Fermi level.

According to the DOS results, there are hybridized Mn-3d levels with a P-3p neighbor level of Mn
in the case of Mn-doped GaP materials. It is evident that the DOS ranging between −5.5 and 1.5 eV
is essentially reflected by the Mn-d and P-p orbitals, with a relatively insignificant participation of
Ga-p levels at both spin states (see Figures 3–7). The assistance of Mn-3d states in the spin-up states
is separated into two sections: first, the states emerging through the Mn-3d (eg-doubly degenerate
orbitals) states lie at approximately −1.81 eV, and second, the location of Mn 3d t2g-triply degenerate
states, roughly at −0.46 eV, is positioned upward of eg states (see Figure 7). Subsequently, these states
exhibit a strong hybridization of wave functions for t2g state and weak hybridization for eg states,
with P-p states leading to the occurrence of bonding and anti-bonding hybrids. Thus, this hybrid
conducts to a shift in the valence states of the concerned alloys to higher energies. The extra Mn doped
GaP displays a significant repulsion between bonding and anti-bonding states. The hybridization
between these states essentially contributes to the determination of ferromagnetic behavior in these
materials for various dopant compositions x. Owing to the considerable p-d hybridization, the partially
occupied Mn-t2g antibonding orbitals participate in the formation of the band gap. This latter is subject
to the splitting of the two symmetry states in the spin-down component and thereby the half-metallic
gap occurs. However, in these alloys, the net magnetic moment and HM behavior are characterized
by the partial occupancy of spin-down state at EF. As demonstrated in previous research [24–27],
the d-orbitals of the Mn atom are majorly positioned in the band gap, and they may be separated via
the crystal field and exchange interaction. The crystal field produced via the four P nearest-neighbors
yields the splitting of Mn-d levels into doubly degenerated eg states and triply degenerated t2g states
(Figure 7). Accordingly, the substantial interaction between the 3d-t2g orbitals of Mn and P-3p orbitals
leads to the pushing up of the 3d-t2g states upward of the eg states [15–17,24–27]. The computed
GGA + U band gap of minority spin varies between 1.7 and 0.8 eV when varying the x concentration.
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However, for a high Mn composition, the compound shows a high spin polarized state within the
GGA technique. It is concluded that the studied alloys own ferromagnetic behaviors, which are in
good accordance with the previous finding reported experimentally [14,24,36].Materials 2017, 10, 766  10 of 15 
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alloys for spin up and spin down. The left panel shows the GGA results and right panel denotes
GGA + U results. The vertical dash line denotes the Fermi level.

Moreover, the presence of a half-metallic gap, which indicates a minimal gap for spin excitation in
the minority-spin channel, is an impressive characteristic of these promising systems. To understand
the HM nature of these materials, the minimum value of (EF − Ev

top) or (Ec
tot − EF) should be

computed, where Ev
top and Ec

tot denote the energy associated with the uppermost valence states and
downward conduction states, respectively. In different way, the control of realistic HM ferromagnet is
attributed to a non-zero HM gap relatively to the band gap in any spin channel [12,15,17,24–27]. On the
basis of this deliberation, it is surmised that the augmentation of x content in Ga1−xMnxP alloys from
0.03 to 0.75 leads to the half-metallic nature in these corresponding systems by using the GGA + U
approach. However, the presence of a HM gap is found at a low content of Mn when using the GGA
approach. Notably, our results illustrate half-metallicity in Ga0.50Mn0.50P and Ga0.25Mn0.75P alloys by
using the GGA + U approach, whereas the previous studies found a metallic state in these systems by
using the LSDA approach, which confirms our results [24–26]. Our GGA energy gaps are smaller than
those obtained with the GGA + U approach since the d-d Coulomb correlation is important for the
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3d-state of Mn. The resulting band gap is approximately 1.7 eV for the dilute limit of the magnetic
compound (x = 0.003). It is evident that doping with TM leads to the diminishing of the band gap to
a lesser extent than that of the pure GaP compound, i.e., 2.3 eV [26]. Within the GGA + U approach,
a reduced band gap has been detected at approximately 0.8 eV in the minority spin component for
high-Mn content doping in GaP, as displayed in Table 1. The HM gap decreases as the Mn-composition
augments in the GaP compound. This situation is attributed to the localized character of Mn-d orbitals
at EF, which reduces with the augmentation of the doped composition from 0.03 to 0.75. The Mn-d
orbitals are significantly hybridized with P-p orbitals for the various doping levels (x = 0.25, 0.5, 0.75),
arising in an energy gap for the spin-down state with the greater distribution between bonding (eg)
and antibonding (t2g) orbitals. Significantly, the half-metallicity was determined to remain intact as the
dopant concentration varies between 0.03 and 0.75.

Table 1. The calculated half-metallic gap of Ga1−xMnxP alloys (x = 0.03, 0.25, 0.5, and 0.75) for
spin-down channel by using GGA and GGA+U procedures.

Ga1−xMnxP

GGA GGA + U

x = 0.03 0.9 1.7
x = 0.25 0.2 1.1
x = 0.5 0 1.1
x = 0.75 - 0.8

A deep knowledge about optical spectroscopy is important to understand the underlying
properties of materials. In this respect, the incorporation of not only the vacant and filled levels
of the electronic structure, but also the band character, is required to attain the optical properties.
The XAS constitutes a realistic experimental tool for analyzing the valence states of a particular
element [35,36]. The relation of the XAS intensity (I) of a peculiar atom (A) in the dipole approach is
denoted as follows:

I ∝ ν3|<Ψval|r|Ψcore>|2 NA
l (hν − Ecore) (1)

where the photon frequency is indicated by ν and NA
l represents the l-like partially non-occupied

DOS of atom A. Notably, A denotes Mn and l is related to Mn-states. Here, the contribution of Mn 4p
states is accompanied by the Mn K-edge spectra. This is mainly attributed to the angular momentum
selection rule by means of the dipole approach. In the light of experimental techniques such as XAS and
resonant X-ray scattering, we can procure a straightforward guideline of the occupied orbitals. Thus,
the non-occupied DOS in the vicinity of the Mn K-edge grants a supplied elucidation regarding the
incorporation of the orbitals into the chemical bonding. In order to acquire further comprehension by
means of the Mn K-edge XAS spectra of Ga1−xMnxP ternary alloys, our calculations of XAS spectra are
procured using the GGA + U approach. The valence state of Mn was investigated by means of XANES
at the K-edge of Mn. Note that the XANES is sensitive to the valence state of the absorber. Accordingly,
XAS has been performed with Mn-doped GaP material to identify the electronic environment of Mn3+.

In Figure 8, we illustrate the edge part of the Mn K-edge X-ray absorption spectra of Ga1−xMnxP
(x = 0.03, 0.25, 0.5, and 0.75) alloys. At first glance, the plots display some similar features in the
XANES spectra of Ga0.75Mn0.25P and Ga0.5Mn0.5P alloys, which implies a strong effect of p states
(see Figure 8). By considering the aforementioned results, assisted by the computed total and partial
(i.e., referred to Mn 3d orbitals) DOS of Ga1−xMnxP systems, a qualitative similarity between the
main peaks of Ga0.75Mn0.25P and Ga0.50Mn0.50P emerges, lying above the energy of the K-absorption
threshold. According to the dipole selection rule, the allowed transition to bands contain only p
states. For this reason, two well resolved pre-edge peaks are developed at 5.0 and 16 eV (see Figure 8).
The Mn K-edge X-ray spectra in Ga1−xMnxP alloys illustrate that the pre-edge structures are shifted
upward in the energy to elevated photon energies and in intensity versus the change of x concentration



Materials 2017, 10, 766 12 of 15

(Figure 8). The calculated spectra describe a clear splitting in the first two peaks for low Mn-content in
GaP materials compared to the relative intensities of XAS of the Ga0.25Mn0.75P alloy. The first small
pre-peak is positioned at approximately 6.9 eV for x = 0.03 and 0.25. It is therefore shifted and doubled
in intensity for the Ga0.5Mn0.5P alloy located at approximately 7.3 eV. It is well noticeable that the
pre-edge structure contains a marked single peak at approximately 12.6 eV for x = 0.03 and 0.25 and is
often characterized by weakly permitted dipole transitions from Mn(1s) to Mn(3d/4p) orbitals. Further,
the alteration originating from the core hole effect would be dissimilar for the d-orbitals of the pre-edge
doublet and the p-orbitals in the conduction states [36–40]. However, the second peak is positioned
near 18.6 eV, which is much weaker in the Ga0.25Mn0.75P alloy compared to the case of low Mn-content
in GaP alloys and subsequently, the intensity of the absorption spectrum is decreased above 20 eV.
Notably, the second peak of XAS for low content of Mn is more remarkable around 15.1 eV, which is
increased in the intensity of absorption beyond 20 eV. As apparent, in the CB, the Mn -4p states are
reflected by the absorption lines at an elevated energy. Otherwise, the second structural peak of the
Mn K-edge spectra of the Ga0.75Mn0.25P and Ga0.50Mn0.50P systems illustrates a wide top spreading
from 15 to 20 eV (Figure 8). Nevertheless, its pattern proposes the presence of two components and
partially overlapped peaks.
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Figure 8. K edge X-ray absorption spectrum of Mn in Ga1−xMnxP alloys at different concentrations of 
x = 0.03, 0.25, 0.5, and 0.75 within the GGA + U approach. 
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Figure 8. K edge X-ray absorption spectrum of Mn in Ga1−xMnxP alloys at different concentrations of
x = 0.03, 0.25, 0.5, and 0.75 within the GGA + U approach.

A remarkable feature about the increase of the intensity of the Mn K-edge spectrum is due
to the augmentation of Mn content in GaP. The first pre-edge in XAS signifies that the 3d orbitals
(majority-spin channel) are not thoroughly occupied. From the interpretation of XANES, the excited
electrons arise from the vacant states upwards of EF and are produced from the core states.
The tetrahedral coordination of ligands (nearest neighbor P ions) enables p-d hybridized states of
Mn. In other words, the major K-edge absorption begins and expands into various Mn elements over
the section of highly delocalized 4p states. The assignment of p-d hybridized states is positioned at
some specific peaks, and this is due to the population of d-electrons in the Mn sphere (4.49 e) and
the resulting global magnetic moment (4.0 µB/cell) in all alloys. This population value of d-electrons
points to the 3+ valence state of Mn (d4 configuration). It is compelling to compare the current K-edge
spectra, in which we infer that the 3+ valence states of Mn exhibit a tetrahedral arrangement of P
ligands in the ZB-type lattice. Hence, the first pre-peak is present in the spectra with low dopants.
Consequently, the pattern of the XANES spectrum is related to the variation of Mn concentration,
implying the addition of more valence states of Mn atoms in the GaP system. It is inferred that a peak
in the pre-edge structure corresponds to the 3+ valence state of Mn. Notably, this feature was also
detected in GaMnAs systems [35–41], in accordance with the overall comprehension that Mn behaves
as an acceptor in Ga1−xMnxP alloys, from which it possesses d4 configuration.

In overall, the pre-edge structure for the Mn K-edge of these studied alloys contains one or two
insignificant spectral peaks, which possess Mn-3d like orbitals. Notably, these striking characteristics
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are detected in XANES spectral features for various TM materials [2,35,37–39]. With the modification
of the Mn-content in the related alloys, a translation shifts and an additional structure is present.
Exclusively, for all the studied alloys, the difference appears in the peak pre-edge structure, which is
principally assigned to the Mn-3d/4p orbitals. Hence, the quantitative inspection of XANES is related
to the alteration of the Mn K-edge threshold energy and the magnitude of pertinent cation–anion
charge transfer in these alloys. It is proposed that the bonding and p-d exchange between Mn and P in
these alloys are dramatically similar because the XAS line-shapes are predominantly influenced by the
hybridization of the t2g-symmetric Mn 3d states with the neighboring anion p states. The calculated
spectra are consistent with the earlier measurements on GaMnAs alloys [35]. From the previous
experiments based on a detailed analysis of X-ray diffraction and X-ray linear dichroism, it was found
that Mn atoms occupy Ga sites with a significant +3 valence state [2,35–41]. It is anticipated from our
theoretical realizations that more investigations about the magnetic properties of Ga1−xMnxP alloys will
be proposed. From the calculations of the XAS spectra, the Mn-dopant in the GaP compound provides a
realistic mapping for interpreting the electronic structure and magnetic features of Ga1−xMnxP systems.

4. Conclusions

In summary, Mn-doped GaP materials are investigated using FP-LAPW methodology with the
GGA and GGA + U approaches. The electronic and magnetic features of the Mn-doped GaP compound
are explored for various doping compositions, i.e., x variation between 0.03 and 0.75 in order to seek
half-metallic compounds, which are fruitful for spintronic applications. It was determined with
the GGA approach that the computed DOS leads to the HM state for a low composition and to the
spin-polarized state for a high content of Mn. It has been demonstrated that the computed GGA + U
DOS of Ga1−xMnxP ternary compounds yields a ferromagnetic behavior with the HM gap at EF in
the spin-down component at various compositions x between 0.75 and 0.25, in addition to the dilute
limit of the compound (x = 0.03). It was determined that the Mn-dopant leads to a metallic character
in the spin-up component for all the investigated alloys, which are characterized by half-metallic
ferromagnets. The half-metallicity remains intact by modifying the Mn-dopant composition in the GaP
compound with the GGA + U approach. The half-metallic gap at EF at the spin-down state slightly
decreases as the Mn-content in the GaP system is augmented. The half-metallic state is produced
through the hybridized Mn-d and P-p orbitals. The hybridization between the Mn-d and P-p orbitals
leads to the pushing of the symmetric d-levels at EF in the majority spin channel and beyond EF in
the minority spin channel and thereafter, developing a band gap in our ternary alloys at all dopant
compositions. This aspect renders these ternary compounds relevant for realistic spintronic devices and
assists the demand of their growth experimentally. The Mn-element represents the major contributor
to the global magnetic moment and the driven magnetism is due to the existence of Mn-d states at
EF and the exchange interaction between the Mn-element and the host-GaP material. For all doped
compositions, the insignificant magnetic moment on the non-magnetic atoms is associated with the
p–d hybridized orbitals arising from the Mn-d and P-p states. A first principle prediction of the Mn
K-edge X-ray absorption spectrum of Ga1−xMnxP ternary alloys was also represented. Furthermore,
the electronic structures of Ga1−xMnxP alloys have been investigated by computing the Mn X-ray
absorption near-edge structure spectra. Similarities in the shapes of Mn K-edge XANES spectra of
Ga0.5Mn0.5P and Ga0.75Mn0.25P alloys are appreciable. The computed K-edge X-ray absorption spectra
of Mn in Ga1−xMnxP alloys reveals the +3 valence state of Mn and the occurrence of marked pre-edge
peaks at x = 0.03 and 0.25. The XANES spectra of Ga1−xMnxP ternary compounds have exhibited a
shift in the magnitude of the Mn K-edge absorption threshold as a function of the variation of Mn
composition in GaP material. This could enable us to discern the valence states of Mn in Ga1−xMnxP
systems. These promising materials could be very beneficial for maximizing their effective applications
in spintronic devices.
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1. Jungwirth, T.; Sinova, J.; Mašek, J.; Kučera, J.; MacDonald, A. Theory of ferromagnetic (III, Mn) V
semiconductors. Rev. Mod. Phys. 2006, 78, 809. [CrossRef]

2. Ohno, H. Making nonmagnetic semiconductors ferromagnetic. Science 1998, 281, 951–955. [CrossRef]
[PubMed]

3. Matsukura, F.; Ohno, H.; Dietl, T. Handbook of Magnetic Materials; Buschow, K.H.J., Ed.; Elsevier: Amsterdam,
The Netherlands, 2002; Volume 14, pp. 1–87.

4. Zutic, I.; Fabian, J.; Sharma, S.D. Spintronics: Fundamentals and applications. Rev. Mod. Phys. 2004, 76, 323.
[CrossRef]

5. Rde Groot, A.; Mueller, F.M.; Engen, P.G.; Buschow, K.H.J. New Class of Materials: Half-Metallic
Ferromagnets. Phys. Rev. Lett. B 1983, 50, 2024. [CrossRef]

6. Prinz, G.A. Magnetoelectronics. Science 1998, 282, 1660–1663. [CrossRef] [PubMed]
7. De Paiva, R.; Alves, J.L.A.; Nogueira, R.A.; de Oliveira, C.; Alves, H.W.L.; Scolfaro, L.M.R.; Leite, J.R.

Theoretical study of the AlxGa1−xN alloys. Mater. Sci. Eng. 2002, 93, 2–5. [CrossRef]
8. Saini, H.S.; Singh, M.; Reshak, A.H.; Kashyap, M.K. Emergence of half metallicity in Cr-doped GaP dilute

magnetic semiconductor compound within solubility limit. J. Alloys Compd. 2012, 536, 214–218. [CrossRef]
9. Diet, T.; Ohno, H.; Matsukura, F.; Cibert, J.; Ferrand, D. Zener model description of ferromagnetism in

zinc-blende magnetic semiconductors. Science 2000, 287, 1019–1022. [CrossRef]
10. Ronning, C.; Gao, P.X.; Dind, Y.; Wang, Z.L.; Schwen, D. Manganese-doped ZnO nanobelts for spintronics.

Appl. Phys. Lett. 2004, 84, 783–785. [CrossRef]
11. Fan, S.W.; Yao, K.L.; Huang, Z.G.; Zhang, J.; Gao, G.Y.; Du, G.H. Ti-doped AlN potential n-type ferromagnetic

semiconductor: Density functional calculations. Chem. Phys. Lett. 2009, 482, 62–65. [CrossRef]
12. Kulatov, E.; Nakayama, H.; Mariette, H.; Ohta, H.; Uspenskii, Y.A. Electronic structure, magnetic ordering,

and optical properties of GaN and GaAs doped with Mn. Phys. Rev. B 2002, 66, 045203. [CrossRef]
13. Di Marco, I.; Thunstrom, P.; Katsnelson, M.I.; Sadowski, J.; Karlsson, K.; Lebegue, S.; Kanski, J.; Eriksson, O.

Electron correlations in MnxGa1–xAs as seen by resonant electron spectroscopy and dynamical mean field
theory. Nat. Commun. 2013, 4, 2645. [CrossRef] [PubMed]

14. Owens, F.J. Ferromagnetism above room temperature in bulk sintered gallium phosphide doped with
manganese. J. Phys. Chem. Solids 2005, 66, 793–796. [CrossRef]

15. Kaminska, M.; Twardowski, A.; Wasik, D. Mn and other magnetic impurities in GaN and other III–V
semiconductors—Perspective for spintronic applications. J. Mater. Sci. Mater. Electron. 2008, 19, 828–834.
[CrossRef]

16. Kato, H.; Hamaya, K.; Taniyama, T.; Kitamoto, Y.; Munekata, H. Significant Change in In-Plane Magnetic
Anisotropy of (Ga,Mn)As Epilayer Induced by Low-Temperature Annealing. Jpn. J. Appl. Phys. 2005, 44, 816.
[CrossRef]

17. Pearton, S.J.; Overberg, M.E.; Thaler, G.T.; Abernathy, C.R.; Kim, J.; Ren, F.; Theodoropoulou, N.; Hebard, A.F.;
Park, Y.D. Wide band gap ferromagnetic semiconductors and oxides. Phys. Status Solidi A 2003, 195, 222.
[CrossRef]

18. Singh, M.; Saini, H.S.; Thakur, J.; Reshak, A.H.; Kashyap, M.K. Electronic structure, magnetism and robust
half-metallicity of new quaternary Heusler alloy FeCrMnSb. J. Alloys Compd. 2013, 580, 201–204. [CrossRef]

19. Liang, P.; Liu, Y.; Hu, X.H.; Wang, L.; Dong, Q.; Jing, X. The half metallic property and electronic structure of
the Ti doped AlP systems investigated by first principle. J. Magn. Magn. Mater. 2014, 355, 295–299. [CrossRef]

20. Glas, F.; Patriarche, G.; Largeau, L.; Lemaître, A. Determination of the Local Concentrations of Mn Interstitials
and Antisite Defects in GaMnAs. Phys. Rev. Lett. 2004, 93, 086107. [CrossRef] [PubMed]

21. Yu, K.M.; Walukiewicz, W.; Wojtowicz, T.; Kuryliszyn, I.; Liu, X.; Sasaki, Y.; Furdyna, J.K. Effect of the location
of Mn sites in ferromagnetic Ga1−xMnxAs on its Curie temperature. Phys. Rev. B 2002, 65, 201303. [CrossRef]

http://dx.doi.org/10.1103/RevModPhys.78.809
http://dx.doi.org/10.1126/science.281.5379.951
http://www.ncbi.nlm.nih.gov/pubmed/9703503
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/PhysRevLett.50.2024
http://dx.doi.org/10.1126/science.282.5394.1660
http://www.ncbi.nlm.nih.gov/pubmed/9831549
http://dx.doi.org/10.1016/S0921-5107(02)00037-5
http://dx.doi.org/10.1016/j.jallcom.2012.04.122
http://dx.doi.org/10.1126/science.287.5455.1019
http://dx.doi.org/10.1063/1.1645319
http://dx.doi.org/10.1016/j.cplett.2009.09.062
http://dx.doi.org/10.1103/PhysRevB.66.045203
http://dx.doi.org/10.1038/ncomms3645
http://www.ncbi.nlm.nih.gov/pubmed/24141268
http://dx.doi.org/10.1016/j.jpcs.2004.10.005
http://dx.doi.org/10.1007/s10854-007-9486-z
http://dx.doi.org/10.1143/JJAP.44.L816
http://dx.doi.org/10.1002/pssa.200306283
http://dx.doi.org/10.1016/j.jallcom.2013.05.111
http://dx.doi.org/10.1016/j.jmmm.2013.12.038
http://dx.doi.org/10.1103/PhysRevLett.93.086107
http://www.ncbi.nlm.nih.gov/pubmed/15447206
http://dx.doi.org/10.1103/PhysRevB.65.201303


Materials 2017, 10, 766 15 of 15

22. Saini, H.S.; Singh, M.; Reshak, A.H.; Kashyap, M.K. Variation of half metallicity and magnetism of Cd1−xCrxZ
(Z = S, Se and Te) DMS compounds on reducing dilute limit. J. Magn. Magn. Mater. 2013, 331, 1–6. [CrossRef]

23. Khanin, D.; Kulkova, S. Electronic Properties of III–V Semiconductors. Russ. Phys. J. 2005, 48, 70–77.
[CrossRef]

24. Stone, P.R.; Alberi, K.; Tardif, S.K.Z.; Beeman, J.W.; Yu, K.M.; Walukiewicz, W.; Dubon, O.D. Metal-insulator
transition by isovalent anion substitution in Ga1−xMnxAs: Implications to ferromagnetism. Phys. Rev. Lett.
2008, 101, 087203. [CrossRef] [PubMed]

25. Ogawa, T.; Shirai, M.; Suzuki, N.; Kitagawa, I. First-principles calculations of electronic structures of diluted
magnetic semiconductors (Ga,Mn)As. J. Magn. Magn. Mater. 1999, 196, 428–429. [CrossRef]

26. Ullah, H.; Inayat, K.; Khan, S.A.; Mohammad, S.; Ali, A.; Alahmed, Z.A.; Reshak, A.H. First-principles
calculation on dilute magnetic alloys in zinc blend crystal structure. J. Magn. Magn. Mater. 2015, 385, 27–31.
[CrossRef]

27. Yoshida, H.K.; Sato, K. Spin and charge control method of ternary II–VI and III–V magnetic semiconductors
for spintronics: Theory vs. experiment. J. Phys. Chem. Solids 2003, 64, 1447–1452. [CrossRef]

28. Zhi, Z.Y.; Chun, H.M. Electronic and Magnetic Properties of 3d Transition-Metal-Doped III–V Magnetic
Semiconductor. Chin. Phys. Lett. 2004, 21, 1632.

29. Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864. [CrossRef]
30. Blaha, P.; Schwarz, K.; Madsen, G.K.H.; Kvasnicka, D.; Luitz, J. WIEN2K—An Augmented Plane Wave

& Local Orbital Program for Calculating Crystal Properties; Technische Universitat: Wien, Austria, 2001;
ISBN 3-9501031-1-1-2.

31. Perdew, P.; Burke, S.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett.
1996, 77, 3865. [CrossRef] [PubMed]

32. Wu, Z.; Cohen, R.E. More accurate generalized gradient approximation for solids. Phys. Rev. B 2006, 73,
235116. [CrossRef]

33. Anisimov, V.I.; Gunnarsson, O. Density-functional calculation of effective Coulomb interactions in metals.
Phys. Rev. B 1991, 43, 7570. [CrossRef]

34. Madsen, G.K.H.; Novak, P. Charge order in magnetite. An LDA + U study. Eur. Phys. Lett. 2005, 69, 777–783.
[CrossRef]

35. Itie, J.P.; Polian, A.; Jauberthie-Carillon, C.; Dartyge, E.; Fontaine, A.; Tolentino, H.; Tourillon, G.
High-pressure phase transition in gallium phosphide: An X-ray-absorption spectroscopy study. Phys. Rev. B
1989, 40, 9709. [CrossRef]

36. Solovyev, I.; Hamada, N.; Terakura, K. T2g versus all 3d localization in LaMO3 perovskites (M = Ti–Cu):
First-principles study. Phys. Rev. B 1996, 53, 7158. [CrossRef]

37. Scarpulla, M.A.; Dubon, O.D.; Cardozo, B.L.; Farshchi, R.; Hlaing, W.M.; McCluskey, M.D.; Yu, K.M.;
Dubon, O.D. Ferromagnetism in Ga1−xMnxP: Evidence for Inter-Mn Exchange Mediated by Localized Holes
within a Detached Impurity Band. Phys. Rev. Lett. 2005, 95, 207204. [CrossRef] [PubMed]

38. Dubon, O.D.; Scarpulla, M.A.; Farshchi, R.; Yu, K.M. Doping and defect control of ferromagnetic
semiconductors formed by ion implantation and pulsed-laser melting. Physica B 2006, 376–377, 630–634.
[CrossRef]

39. Stone, P.R.; Scarpulla, M.A.; Farshchi, R.; Sharp, I.D.; Haller, E.E.; Dubon, O.D.; Yu, K.M.; Beeman, J.W.;
Arenholz, E.; Denlinger, J.D.; et al. Mn L3,2 X-ray absorption and magnetic circular dichroism in ferromagnetic
Ga1−xMnxP. Appl. Phys. Lett. 2006, 89, 012504. [CrossRef]

40. Edmonds, K.W.; Farley, N.R.S.; Johal, T.K.; van der Laan, G.; Campion, R.P.; Gallagher, B.L.; Foxon, C.T.
Ferromagnetic moment and antiferromagnetic coupling in (Ga,Mn)As thin films. Phys. Rev. B 2005, 71,
064418. [CrossRef]

41. Pusep, Y.A.; Silva, M.T.O.; Fernandez, J.R.L.; Chitta, V.A.; Leite, J.R.; Frey, T.; As, D.J.; Schikora, D.; Lischka, K.
Raman study of collective plasmon-longitudinal optical phonon excitations in cubic GaN and AlxGa1−xN
epitaxial layers. J. Appl. Phys. 2002, 91, 6197–6199. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jmmm.2012.10.044
http://dx.doi.org/10.1007/s11182-005-0086-1
http://dx.doi.org/10.1103/PhysRevLett.101.087203
http://www.ncbi.nlm.nih.gov/pubmed/18764655
http://dx.doi.org/10.1016/S0304-8853(98)00794-X
http://dx.doi.org/10.1016/j.jmmm.2015.02.069
http://dx.doi.org/10.1016/S0022-3697(03)00126-4
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://www.ncbi.nlm.nih.gov/pubmed/10062328
http://dx.doi.org/10.1103/PhysRevB.73.235116
http://dx.doi.org/10.1103/PhysRevB.43.7570
http://dx.doi.org/10.1209/epl/i2004-10416-x
http://dx.doi.org/10.1103/PhysRevB.40.9709
http://dx.doi.org/10.1103/PhysRevB.53.7158
http://dx.doi.org/10.1103/PhysRevLett.95.207204
http://www.ncbi.nlm.nih.gov/pubmed/16384094
http://dx.doi.org/10.1016/j.physb.2005.12.159
http://dx.doi.org/10.1063/1.2219713
http://dx.doi.org/10.1103/PhysRevB.71.064418
http://dx.doi.org/10.1063/1.1467625
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Method of Simulation 
	Results and Discussion 
	Conclusions 

