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Abstract We have investigated the electronic structure and
half-metallic ferromagnetic properties of vanadium (V)-
doped InP indium phosphide in the zinc blende structure as
ternary In1−xVxP compounds at concentrations x = 0.25,
0.5, and 0.75 of V, using first-principles calculations of
density functional theory with generalized gradient approxi-
mation functional of Wu and Cohen (GGA-WC). It is found
that In0.75V0.25P, In0.5V0.5P, and In0.25V0.75P compounds
depicted a half-metallic (HM) ferromagnetic character with
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spin polarization of 100 % at Fermi level. The HM fer-
romagnetic behavior is confirmed by the integral Bohr
magneton of total magnetic moment of 2 μB per V atom of
In1−xVxP, which mainly arises from the 3d (V) states along
with less important contributions of induced local magnetic
moments at In and P sites. Therefore, the In1−xVxP material
seems to be potential candidate for possible semiconductor
spintronics applications.

Keywords First-principles calculations · V-doped InP ·
Electronic structure · Half-metallic ferromagnets ·
Spintronics

1 Introduction

In electronics, electrical charges are used to store informa-
tion and perform logic operations; however in addition to
their charges, electrons have magnetic moments (spins), but
this property is not used in conventional solid-state elec-
tronic devices [1, 2] Since the existence of spintronics (spin
transport electronics or spin-based electronics) is a new gen-
eration of microelectronics [3–5], which exploits the spin of
charge carriers in the emerging field of promising materi-
als for spin-based multifunctional devices The development
of diluted magnetic semiconductors (DMSs) based on III–
V and II–VI semiconductors doped with transition metal
atoms has attracted increasing interest in recent years due to
their possible usage in spintronics applications [6–18]. The
DMS materials are characterized by the Curie temperatures
higher than room temperature and half-metallic ferromag-
netic (HMF) behavior [19]. The DMS electronic structures
have spin-polarized carriers, resulting in variation of den-
sity of states of majority spin and minority spin at Fermi
level (EF) and thus they behave a metallic nature in one spin
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direction and a band gap at the Fermi level in the opposite
spin channel The spin polarization of a system at EF can be
defined as [20]

P = N↑ (EF) − N↓ (EF)

N↑ (EF) + N↓ (EF)
(1)

where the N↑ (EF) and N↓(EF) are the spin-polarized den-
sity of states at (EF) of majority spin and minority spin,
respectively. de Groot et al. [21] have discovered the con-
cept of half-metallic ferromagnetism as a material revealing
a gap in one spin direction and metallic character in the other
spin channel, which leads to a spin polarization of P = 1
when N↑ (EF) or N↓(EF) equals zero; this yields a carrier
spin polarization of 100 % at EF [22].

The indium phosphide (InP) belong to the III–V group
that crystallize in the zinc blende phase; it is an important
semiconductor due to its significant physical properties and
good characteristics for various applications such as attrac-
tive for long-wavelength optoelectronics and for high-speed
and high-power electronic devices [23]; it has used as a
substrate for high-speed electrical and optoelectronic device
like high frequency field effect transistors and resonant
interband tunneling diodes [24, 25].

The InP is a perfect modern semiconductor for selec-
tive spin excitation by circular-polarized photons due to its
direct band gap (1.34 eV) [26]. It has received significant
attention as a possible candidate DMS material according
to a theoretical study of T. Dietl et al. [27] which predicted
the Curie temperature TC for p-type InP containing 5 %
of Mn and 3.5 × 1020 holes per cm3 and to the exper-
imental report of J. Hollingsworth et al. [28] that found
the highest Tc (∼130 K) in Mn-doped InP. The ferro-
magnetism Mn-Mn coupling has theoretically reported for
Mn-doped InP nanowires [29], and the Mn+3 center in InP
has various properties of a well-localized center and some
of a weakly localized one [30]. Besides, the Mn is a rel-
atively deep acceptor in III–Mn–V, and its level in InP is
0.22 eV above the valence band maximum [31]. Recently,
the half-metallic ferromagnetism is theoretically predicted
in In1−xCrxP and In1−xMnxP [32] and the Mn-Doped InP
nanowire [33].

In the present work, we have studied the electronic and
ferromagnetic properties of zinc blende In1−xVxP at con-
centrations x = 0.25, 0.5, and 0.75 of vanadium (V), based
on simple ordered In3VP4, In2V2P4, and InV3P4 super-
cells 8 atoms. We have used first-principles calculations of
density functional theory [34, 35] within the framework of
full-potential linearized augmented plane wave method to
investigate the electronic structure, half-metallic ferromag-
netic behavior, and the mechanism responsible for creation
of ferromagnetism in In1−xVxP.

2 Method of Calculations

The calculations are carried out using the framework of
the density functional theory (DFT) [34, 35] within the
full-potential linearized augmented plane wave (FP-LAPW)
method as implemented in WIEN2K package [36]. The
exchange correlation potential was treated by using the
generalized gradient approximation functional of Wu and
Cohen (GGA-WC) [37]. We have determined the struc-
tural parameters, electronic and magnetic properties of InP
semiconducteur in zinc blende structure doped with tran-
sition metal vanadium (V) impurity as ternary In1−xVxP
compounds at concentrations x = 0.25, 0.5, and 0.75.

We have chosen the averages of non-overlapping muffin-
tin radii (RMT) of In, P and V in such a way that the
muffin-tin spheres do not overlap. The wave functions are
expanded in the interstitial region to plane waves with a
cutoff of Kmax = 8.0/RMT (where Kmax is the magni-
tude of the largest K vector in the plane wave and RMT

is the average radius of the muffintin spheres), and the
maximum value for partial waves inside the atomic sphere
was lmax = 10, while the charge density was Fourier
expanded up to Gmax = 12, where Gmax is the largest
vector in the Fourier expansion. For the sampling of the
Brillouin zone, we used the Monkhorst–Pack mesh [38,
39] of (4 × 4 × 4) k-points for InP, In0.75V0.25P and
In0.25V0.75P and (4 × 4 × 3) k-points for In0.5V0.5P, where
the self-consistent convergence of the total energy was set at
0.1 mRy.

3 Results and Discussions

3.1 Optimization of Crystal Structures

The InP has zinc blende (B3) structure with space group
of F 4̄3m No. 216, where the In atom and P atom are
located at (0, 0, 0) and (0.25, 0.25, 0.25) positions, respec-
tively. The concentrations 0.25, 0.5, and 0.75 are obtained
by substituted of one, two, and three In cation sites, respec-
tively, by V impurities in In4P4 supercell of 8 atoms. We
get the In0.5V0.5P (1 × 1 × 1) supercell of 8 atoms with
x = 0.5 of tetragonal structure with space group P 4m2 No.
115, and the In0.75TM0.25P (1 × 1 × 1) and In0.25TM0.75P
(1 × 1 × 1) standard unit cells of 8 atoms are obtained
respectively for x = 0.25 and 0.75 with cubic structure and
space group P 43m No. 215.

In order to calculate the structural parameters of
In1−xVxP compounds, we have fitted the variations of total
energies as a function of equilibrium volumes with the
empirical Murnaghan’s equation of state [40]. Our results of
equilibrium lattice constants (a) and bulk modules (B) for
pure InP and In1−xVxP at concentrations x = 0.25, 0.5 and
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Table 1 Calculated lattice constant (a) and bulk modulus (B) for InP In0.875V0.125P In0.75V0.25P, In0.5V0.5P and In0.25V0.75P

Compound a (Å) B (GPa)

InP 5.892 5.893a 5.890b, 5.869c 66.28 66.55a, 67.40b, 72.00d

In0.75V0.25P 5.788 71.78

In0.5V0.5P 5.674 80.55

In0.25V0.75P 5.558 101.92

aTheoretical values from Ref. [32]
bTheoretical values from Ref. [41]
cExperimental values from Ref. [42]
dExperimental values from Ref. [43]

0.75, various theoretical [32, 41] and experimental [42, 43]
data are summarized in Table 1. The calculated lattice con-
stant of InP is very close to the theoretical calculations [32,
41] by the same GGA-WC method [37] and stay in agree-
ment with the experimental data due to better performance
of GGA-WC method for optimization of structures [1, 2,
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Fig. 1 Spin-polarized total and partial DOS of In0.75V0.25P. The
Fermi level is set to zero (vertical dotted line)

44–46], resulting from the fourth-order gradient expansion
of exchange correlation functional [37, 45].

Owing to the difference between the ionic radii of V and
In atoms, the lattice parameter of ternary In1−xVxP com-
pound decreases with an increasing concentration (x) of
vanadium (V) impurity. As a consequence, the bulk modulus
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Fig. 2 Spin-polarized total and partial DOS of In0.5V0.5P. The Fermi
level is set to zero (vertical dotted line)
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increases and In1−xVxP becomes harder when the concen-
tration (x) of (V) increases. We have noted that there are
no experimental and theoretical works of structural param-
eters for In1−xVxP to compare with the results of our work.
In the next, we have used the computed lattice constants
of In1−xVxP compounds to determine their electronic and
magnetic properties.

3.2 Electronic Properties

To investigate the electronic properties and the origin of fer-
romagnetism in compounds under study, we have performed
the spin-polarized electronic structures. Figures 1, 2, and
3 displayed the total (T) and partial (P) density of states
(DOS) for In0.75V0.25P, In0.5V0.5P and In0.25V0.75P, respec-
tively, and the spin-polarized band structures are presented
in Figs. 4, 5, and 6, respectively for In0.75V0.25P, In0.5V0.5P
and In0.25V0.75P. The all TDOS and band structures show
clearly that majority spin states are metallic and minority
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Fig. 3 Spin-polarized total and partial DOS of In0.25V0.75P. The
Fermi level is set to zero (vertical dotted line)
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Fig. 4 Spin-polarized band structures of majority spin (up) and minor-
ity spin (dn) for In0.75V0.25P. The Fermi level is set to zero (horizontal
dotted line)

spin states have gaps at Fermi level (EF), which implies that
In1−xVxP compounds are half-metallic ferromagnets with
spin polarization of 100 %. The metallic character of major-
ity spin results from the strong hybridization between p (P)
and 3d (V) that crosses EF, while the DOS disappear at EF

for minority spin.
Based on the crystal field theory [47] and due to crys-

tal field created by the (P) ions, we have depicted from
TDOS that 3d (V) states are divided into twofold generate
low-lying eg(dz2 , and dx2−y2) and the threefold degenerate
high-lying t2g(dxydxz, and dyz) symmetry states. Therefore,
we understand that the V atom is situated in tetrahedral
surroundings of P neighboring. As well, we have noticed
that hybridization of p (P) and 3d (V) states occurs at
EF for majority spin of In1−xVxP, mining that these states
are metallic, but there are no states at EF for minority
spin of In1−xVxP. The DOS of the top of majority spin
valence bands and the bottom of minority spin conduction
bands are mainly formed by the p (P) and 3d (V) states
for In0.75V0.25P, In0.5V0.5P and In0.25V0.75P. In contrast,
the contribution of p (In) states is minor in valence and
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Fig. 5 Spin-polarized band structures of majority spin (up) and minor-
ity spin (dn) for In0.5V0.5P. The Fermi level is set to zero (horizontal
dotted line)

conduction bands of both majority spin and minority spin
channels.

Moreover, the stability of ferromagnetic state in DMS-
based III–V and II–VI semiconductors doped with transition
metal (TM) elements is explained by the double-exchange
mechanism when the 3d (TM) anti-bonding states are par-
tially filled [48–51]. In the V-doped InP (III–V) type, we
suggested that 3d (V) partially occupied majority spin states
lower the total energies of In1−xVxP doping systems and
stabilize a ferromagnetic state arrangement associated with
the double-exchange mechanism [52]. We know that the
stabilization of ferromagnetic ground state of In1−xVxP
compounds is due to the contribution of both p−d exchange
and double-exchange mechanisms.

Furthermore, the half-metallic ferromagnetic (HMF) gap
(EHMF) and half-metallic (HM) gap (flip-gap) (GHM) for
minority spin states are given in Table 2. Figures 4, 5, and 6
demonstrate that minority spin bands have direct HMF gaps
at the �symmetry point; it is 1.688, 1.882 and 1.712 for
In0.75V0.25P, In0.5V0.5P and In0.25V0.75P, respectively. For
majority spin bands, the valence band formed by the 3d (V)
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Fig. 6 Spin-polarized band structures of majority spin (up) and minor-
ity spin (dn) for In0.25V0.75P. The Fermi level is set to zero (horizontal
dotted line)

states broaden more strongly in gap when the concentration
(x) of V increases, which overlapped with the conduction
bands. This leads to metallic nature for majority spin bands
The HM gap (flip-gap) determines the minimal energy band
gap for a spin-flip excitation required for generating a hole
or an electron in minority spin [1, 15]; it is an important
parameter that determines the usage of DMS materials for
spintronics [53]. This parameter is defined as the mini-
mum between the lowest energy of majority (minority)-spin
conduction bands with respect to the Fermi level and the
absolute values of the highest energy of majority (minority)-

Table 2 Calculated half-metallic ferromagnetic band gap (EHMF)

and half-metallic gap (GHM) of minority spin bands for In0.75V0.25P,
In0.5V0.5P and In0.25V0.75P

Compound EHMF (eV) GHM (eV)

In0.75V0.25P 1.688 0.636

In0.5V0.5P 1.882 0.561

In0.25V0.75P 1.712 0.187
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Table 3 Calculated total and local magnetic moments per V atom (in Bohr magneton μB) within the muffin-tin spheres and in the interstitial
sites for In0.75V0.25P, In0.5V0.5P and In0.25V0.75P

Compound Total (μB) V (μB) In (μB) P (μB) Interstitial (μB)

In0.75V0.25P 2 1.888 0.037 −0.178 0.255

In0.5V0.5P 2 1.840 0.022 −0.153 0.293

In0.25V0.75P 2 1.812 0.012 −0.012 0.316

spin valence bands [54, 55]. However, the flip-gaps are
0.636, 0.561, and 0.187 eV, respectively, for In0.75V0.25P,
In0.5V0.5P and In0.25V0.75P located between Fermi level
(0 eV) and the conduction bands minimum of minority spin,
which describe the smallest gap for generating an electron in
minority spin conduction bands. Besides, the large flip-gap
shapes a true half-metallic, and thus, it is understandable
from the foregoing that In1−xVxP material at concentration
x = 0.25 seems to be the best promising candidate than
the other In1−xVxP compounds at x = 0.5 and 0.75 for
possible future semiconductor spintronics applications.

3.3 Magnetic Properties

The In1−xVxP compounds are obtained by substituted of
indium (In) cation sites with vanadium (V) 4s23d3(e2

gt
1
2g)

atoms, where each V atom contributes three electrons to
bonding states of host valence bands. As result, the config-
uration of valence band of vanadium impurity in In1−xVxP
becomes V+3 4s03d2(e2

g t0
2g). According to the Hund’s rule,

the 3d (V) minority spin states are empty, whereas the 3d
(V) majority spin are partially filled with two electrons;
two in eg (V) states and empty electrons in t2g (V) states.
The two unpaired electrons of eg (V) states create a total
magnetic moment of 2 μB per V atom (μB is the Bohr mag-
neton) for each In1−xVxP compound. The integral of Bohr
magneton of 2 μB, means that In0.75V0.25P, In0.5V0.5P, and
In0.25V0.75P are true half-metallic ferromagnets.

The total (T) and local (L) magnetic moments (MMs)
per V atom within the muffin-tin spheres of the relevant
atoms and in the interstitial sites for In1−xVxP compounds
are listed in Table 3. The major contributions of TMMs
are localized on LMMs of V atoms, and these LMMs are
smaller than 2 μB of Hund’s rule due to p − d exchange
interaction between p (P) and 3d (V) orbitals. Also, the
smaller LMMs are induced on the nonmagnetic In and P
sites. On the other hand, the magnetic spins interaction is
determined by the sign of magnetic moment of each atom.
In our case, the negative signs of LMMs of (P) atoms
describe the anti-ferromagnetic interaction between vana-
dium (V) and valence bands having p (P) character, but
the ferromagnetic interaction between vanadium (V) and
indium (In) magnetic spins is revealed by the positives
LMMs of In atoms.

4 Conclusion

The first-principle calculations of DFT within the FP-
LAPW method with GGA-WC approximation have been
used to study the electronic and magnetic properties of
In1−xVxP at concentrations x = 0.25, 0.5, and 0.75 in
zinc blende phase. We have reached that In1−xVxP are
half-metallic (HM) ferromagnets with 100 % spin polar-
ization. The HM gaps are 0.636, 0.561, and 0.187 eV,
respectively, for In0.75V0.25P, In0.5V0.5P, and In0.25V0.75P
with total magnetic moments of 2 μB per V atom, confirm-
ing the true half-metallic ferromagnetic behavior of these
compounds. However, the ferromagnetic state in In1−xVxP
originated from both double-exchange and p − d exchange
mechanisms. The In1−xVxP is predicted to be a promis-
ing DMS material for possible semiconductor spintronics
applications.
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