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Abstract The ab initio calculations based on the den-
sity functional theory (DFT) using the self-consistent full-
potential linearized augmented plane wave (FPLAPW)
method were performed to study the electronic structure and
magnetism of CoMnTiZ (Z = P, As, and Sb) quaternary
Heusler compounds. The results showed that these com-
pounds in the stable structure of ¥ were true half-metallic
(HM) ferromagnets. The minority (half-metallic) band gaps
were found to be 0.60 (0.27) 0.36 (0.16), and 0.43 (0.10) eV
for Z = P, As, and Sb, respectively. The characteristic of
energy bands and origin of minority band gaps were also
studied. The total magnetic moments of CoMnTiZ (Z = P,
As, and Sb) compounds were obtained 1 up per formula
unit, which were in agreement with Slater—Pauling rule
(Mot = Ziot — 24). The CoMnTiZ (Z = P, As, and Sb) com-
pounds maintained the HM character at ranges of 5.43-5.91,
5.44-5.89, and 5.46-6.22A, respectively, which makes them
ideal candidates for spintronic applications.

Keywords Half-metals - Quaternary Heusler alloys -
Magnetic properties - Electronic properties

>< F. Ahmadian
farzad.ahmadian @ gmail.com; ahmadian @iaush.ac.ir

Department of Physics, Shahreza Branch, Islamic Azad
University, Shahreza, Iran

1 Introduction

Spintronics is one of the most important and practical fields
in science. The injection of a spin-polarized current from a
ferromagnet to a semiconductor is necessary for the spin-
tronic devices [1]. Half-metallic (HM) ferromagnets are
promising candidates in spintronic industry, in which one of
the two spin channels is metallic and the other is semicon-
ducting or insulating. This leads to 100 % spin polarization
at the Fermi level. The first predicted HM material was the
NiMnSb half-Heusler alloy found by de Groot et al. in 1983
[2]. HM characteristics have been predicted in several mate-
rials, such as ferromagnetic metallic oxides [3-5], dilute
magnetic semiconductors [6, 7], zincblende transition-metal
pnictides and chalcogenides [8—12], sp compounds (without
transition metals) with zinc-blende and rocksalt structures
such as CaC, SrN, and RbX (X = Sb, Te) [13-15], and
Heusler alloys, e.g., CopMnSi [16] and Mn;ZnCa [17].
Among the HM materials, the Heusler alloys have
attracted great interests due to their easy synthesis and high
Curie temperature [18-24]. Heusler alloys have the struc-
tural formulas of X>YZ with L2 structure and XYZ with
C1p structure, where X and Y are transition metals and Z
is a main-group element. There are some theoretical studies
which predicted HM characteristic in Heusler compounds
mainly in Coy-based alloys with L2 structure [25-31].
Recently, many efforts have been made to investigate the
quaternary Heusler alloys XX'YZ (X, X, and Y are transi-
tion metals, and Z is a main-group element) instead of the
ternary ones (X;YZ and XYZ). In these compounds, the
valence of X’ is lower than the valence of X atoms, and the
valence of the Y element is lower than the valence of both X
and X'. XX'YZ quaternary Heusler compounds crystallize
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in the LiMgPdSn-type crystal structure [32, 33] with F43m
symmetry.

Ni-based quaternary Heusler ferromagnets, NiFeMnGa
and NiCoMnGa, with high spin polarization have been
studied recently [34]. The pseudopotential calculations on
the electronic structure, elastic, and magnetic properties of
NiCoCrGa quaternary Heusler compound showed that this
compound was a typical half-metal with very high spin
polarization at the Fermi level [35]. Gao et al. [36] have
used the first-principles calculations to design new qua-
ternary Heusler compounds of CoFeCrZ (Z = Ga, Ge,
Al, and Si). They showed that both CoFeCrGa and CoFe-
CrGe were nearly half-metals, while both CoFeCrAl and
CoFeCrSi exhibited excellent HM ferromagnetism. Xiong
et al. [37] investigated the electronic structure and mag-
netic properties of 12 quaternary Heusler alloys CoFeTiZ
and CoFeVZ (Z = Al, Ga, Si, Ge, As, and Sb) using
the first-principles calculations. Their calculations showed
that CoFeTiSi, CoFeTiAs, and CoFeVSb were HM fer-
romagnets, CoFeTiAl and CoFeTiGa were conventional
semiconductors, and other alloys were nearly half-metal.
Recently, the first-principle calculations were performed on
CoFeTiSb quaternary compound by Berri et al. [38] who
introduced this compound as a stable HM ferrimagnetism.
Afterwards, Berri et al. [39] also studied the electronic and
magnetic properties of the ZrFeTiAl, ZrFeTiSi, ZrFeTiGe,
and ZrNiTiAl quaternary Heusler compounds and predicted
that these compounds were HM ferromagnets.

However, there are few studies on quaternary Heusler
systems; therefore, it is interesting to investigate these new
HM materials theoretically. To the best of our knowledge,
there is no detailed experimental or theoretical investigation
on CoMnTiZ (Z = P, As, and Sb) quaternary alloys. In this
study, we intent to design the new quaternary Heusler com-
pounds CoMnTiZ (Z = P, As, and Sb) using first-principles
density functional calculations.

2 Computational Method

Present calculations were performed applying the first-
principles full-potential linearized augmented plane wave
(FPLAPW) method to the density functional theory (DFT)
implemented with the Wien2k package [40]. In this method,
the space of unit cell is divided into non-overlapping
muffin-tin (MT) spheres which are separated by an inter-
stitial region. Kohn—Sham wave functions are expanded
in terms of spherical harmonic functions inside muffin-
tin spheres and expanded terms of Fourier series in the
interstitial region. The plane wave cutoff (Km,x) was cho-
sen as 8.0/Ryt for the expansion of the wave functions
in the interstitial region. For the wave function expansion
inside muffin-tin spheres, the maximum value of the orbital
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momentum (/max) was assumed equal to 10. The Co, Mn, Ti,
and Z (=P, As, and Sb) muffin-tin sphere radii were chosen
2.0 Bohr. The exchange-correlation potential was calcu-
lated using the generalized gradient approximation based
on Perdew, Burke, and Ernzerhof scheme (PBE-GGA) [41].
The charge density and potential function in the interstitial
region were expanded up to Gax = 12(Ryd Y1/2 A mesh of
84 special k-points was made in the irreducible wedge of the
Brillouin zone. The self-consistent calculations converge
only when the integrated charge difference per formula
unit [ f |on — pn—1ldr] between the input charge density
[,o,,_l (r)] and the output charge density [p, (r)] is less than
0.00001.

3 Results and Discussion
3.1 Structural Properties

The quaternary Heusler compounds in the LiMgPdSn-type
crystal structure have three possible structures of Y7, Y7y,
and Yqyp. For the Y7 structure of CoMnTiZ compounds, the
Wyckoff positions of 4a (0, 0, 0), 4b (1/2 1/2 1/2), 4c (1/4,
1/4, 1/4), and 4d (3/4, 3/4, 3/4) were occupied by Co, Mn, Ti
and Z atom, respectively. The crystal structure of CoMnTiP
compound in the Y7 structure is shown in Fig. 1. The Y11/Y11
structure is formed by placing Co, Mn, Ti and Z at (4a, 44,
4b and 4c)/(4a, 4d, 4c and 4D), respectively. In order to
obtain the true ground state of CoMnTiZ (Z = P, As, and

Fig. 1 Crystal structure of CoMnTiP quaternary Heusler compound
in the Y7 structure
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Sb), the structural optimization was performed by minimiz-
ing of energy as a function of unit cell volume for the three
structures. The calculated total energies versus unit cell vol-
ume were fitted to the Murnaghan equation of state [42].
The total energy versus volume for the three structures was
shown in Fig. 2. Accordingly, the Y7 structure has the low-
est energy among three structures making it the ground state
structure for all compounds. Hence, all the further results
only focus on this structure.

The equilibrium structural parameters including the lat-
tice parameter, bulk modulus and derivative of bulk modulus
are listed in Table 1 for CoMnTiZ (Z = P, As, and Sb) com-
pounds. There is a good agreement between the calculated
lattice parameter of CoMnTiAs with the only available value
(5.83 A) reported by Ozdogan et al. [43].

The cohesive energy (Ec) of a solid is defined as the
energy required for separating the condensed material into
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Fig. 2 Total energy as a function of unit cell volume for the CoMnTiZ
(Z =P, As, and Sb) compounds in the Y7, Yi1, and Yyyp structures

isolated free atoms. The cohesive energy of CoMnTiZ com-
pounds per formula unit is obtained from the following
relation:

EEOMITIZ. — pCOMNTZ (g 4 By + Ei + Ez);

(Z = P, As, and Sb) €))]
where ESOMNTIZ jg the equilibrium total energy of the CoM-

nTiZ compounds, and Eco, Evn, ETi, and E7z are the total
energies of the pure atomic components. The estimated
values of cohesive energy (Table 1) guarantee the struc-
tural stability of CoMnTiZ Heusler compounds in the Yj
structure.

The formation energies (Ef) were also calculated for
CoMnTiZ Heusler compounds by subtracting the equilib-
rium total energies with bulk energies of Co, Mn Ti, and Z
as

EfCoMnTiZ — ES?MnTiZ . ( Egl(l)lk + E]l\)/l[xr]lk + E%llk + Egulk)
2

The negative values of Ef for the CoMnTiZ compounds
(Table 1) show that these compounds are stable in both
structures and can be synthesized experimentally

3.2 Electronic Properties

The calculated spin-polarized band structures of CoMnTiZ
(Z = P, As, and Sb) compounds at the equilibrium lattice
constant along high-symmetry directions of the first Bril-
louin zone were displayed in Fig. 3. Accordingly, for all
compounds, the Fermi level crosses energy bands in spin-up
(majority spin) state and the band structure shows a metallic
characteristic, while in the spin-down (minority spin) state,
the Fermi level is located within band gap and the band
structure shows a semiconducting nature. Therefore, there is
a 100 % spin polarization at the Fermi level and CoMnTiZ
compounds are HM ferromagnets at the equilibrium lattice
constant.

In order to get more information about the characteristic
of the energy bands around the Fermi level, the band struc-
ture of CoMnTiZ compounds was investigated in detail. In
the usual XX'YZ Heusler compounds, the Z atoms offers
a single s and a triple-degenerated p band per spin direc-
tion which are located at low energy levels (below the d
bands). These bands are important since they accommodate
charge from the transition-metal atoms which reduces the
effective d charge and stabilizes the structure. According
to Fig. 3, the three energy bands between —8 and —4 eV
belong to Z p states, and the single band, which is isolated
from other bands and located at lower energies, is relative
to Z s states. Concerning the hybridization between the d
orbitals of the transition-metal atoms, the X—X’ interactions
should be considered at first. The d orbitals of the X and
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Table 1 The calculated bulk parameters of CoMnTiZ (Z = P, As, and Sb) compounds in Y7, Yy1, and Yyjp structures

Compound Structure a(A) B (Gpa) By E: (Ry) Er (Ry)
CoMnTiP YI 5.69 220.10 4.75 —1.46 —0.20
YII 5.83 162.95 4.48 —1.37 —0.10
YIII 5.76 190.30 5.31 —1.40 —-0.13
CoMnTiAs YI 5.83 190.20 5.03 —1.38 —0.13
YII 5.99 136.88 4.88 —1.33 —0.08
YIII 6.02 116.30 4.83 —1.37 —0.09
CoMnTiSb YI 6.07 177.85 4.44 —1.46 —-0.21
YII 6.61 131.59 4.14 —1.04 —0.16
YIII 6.26 105.08 4.56 —1.39 —-0.14

a(A) lattice parameter, B(GPa) bulk module, By derivative of bulk module, E; (Ry) cohesive energy, Et(Ry) formation energy

X’ atoms hybridize strongly creating five bonding d hybrids
(the double-degenerated e, and the triple-degenerateds,g
hybrids which obey the tetrahedral symmetry) and five non-
bonding d states (the double-degenerated e, states and the
triple-degenerated ¢, states which have octahedral symme-
try). Due to similar symmetry of bonding d hybrids and
d orbitals of the Y atom (with tetrahedral symmetry), they
can hybridize and create five bonding and five antibond-
ing hybrids. The five non-bonding d states, which have
octahedral symmetry, cannot couple with the d orbitals of
the Y atoms with tetrahedral symmetry (a schematic repre-
sentation of the d—d hybridizations in the XX'YZ Heusler
compounds is shown in Fig. 4). This mechanism is observed
in Fig. 3 for CoMnTiZ (Z = P, As, and Sb) compounds. For
example, the energy bands in spin minority state between
—4 and —2.5 eV are mainly relative to five bonding states
for CoMnTiP compound. The three bands between —2.5
and 0 eV belong to the triple-degenerated 71, states. There
is an energy gap between the non-bonding occupied 71, and
the unoccupied e, states. The non-bonding e, states and the
anti-bonding e, and #5, states are above the Fermi level from
Oto5SeV.

Comparing the p bands of CoMnTiZ compounds (Fig. 3)
shows that the p states of CoMnTiP have lower energies rel-
ative to the Fermi level than those of CoMnTiAs. Therefore,
the p states of CoMnTiAs were pushed to higher energies.
Besides, the p bands of CoMnTiSb were higher than those
of CoMnTiAs due to the higher energy of their p states than
those of CoMnTiAs. In fact, with increasing the valence
electrons of Z atoms (P — As — Sb), the energy of the
p states of these atoms increase and p bands shift toward
higher energies.

The minority-spin band gap (E,), which is determined
by subtracting the energies of the highest occupied and the
lowest unoccupied bands in the minority-spin state and HM
gap (Eum), is defined as the minimum energy required
to flip a minority-spin electron from the valance band
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maximum to the majority-spin Fermi level are listed in
Table 2 for CoMnTiZ (Z = P, As, and Sb) Heusler com-
pounds. The existence of a non-zero spin-flip gap in the
three compounds shows that they are true HM ferromag-
nets. Among three compounds, the largest values of E,
and Epyv belong to CoMnTiP. According to Table 2, as the
valence electrons of Z atom increase (along P — As — Sb
sequence), the Eypy values decrease In fact, the difference
between the electronic configurations of the Z elements may
influence the position of the Fermi level and the size of the
band gap.

To investigate the origin of minority band gap in the
CoMnTiZ (Z = P, As, and Sb) compounds, the total and
orbital density of states (DOSs) for CoMnTiP are presented
in Fig. 5 as representative of all compounds. Accordingly,
there was a strong hybridization between Co, Mn, and Ti
atoms, which splits the d orbitals of these atoms into bond-
ing egand t,orbitals (below the Fermi level), non-bonding
eyand f1, orbitals (around the Fermi level), and anti-bonding
egand fpgorbitals (above the Fermi level). This hybridiza-
tion puts the Fermi level in the minority band gap. In fact,
d—d hybridization between transition metals takes part in
the formation of minority band gap known as d—d band gap
The d—d band gap was the origin of the HM band gap in
the full-Heusler alloys with AlCu;Mn structure [44]. More-
over the bonding states mainly belong to the high-valent
transition metal atom Co. In contrast, while the unoccupied
antibonding states were mainly at the low-valent transition
metal atom Ti, which indicates the covalent hybridization
between high-valent and low-valent atoms, leading to the
appearance of minority-spin energy gap. The covalent band
gap exists in the half-Heusler compounds with Cy;, structure
[44]. Bothd—d and covalent band gaps have been recently
observed in inverse Heusler compounds such as TipCoSn
[45] and ScoMnZ (Z = C, Si, Ge, and Sn) [46]. A weaker
hybridization is also observed between d states of Co, Mn,
and Ti atoms with p states of P atom, which determine the
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degree of occupation of the p—d orbital. This hybridization
affects the width of energy gap.

3.3 The Effect of the Lattice Parameter
on Half-Metallicity

In order to study the effect of lattice constant on the band
gap and the stability of the HM property, it was necessary to

investigate the influence of the compression and expansion
stress on the band gap by changing the lattice constant of
the compounds. The values of the minority band gaps ver-
sus lattice constants are plotted for CoMnTiZ (Z = P, As,
and Sb) compounds in Fig. 6 Accordingly the CoMnTiP,
CoMnTiAs, and CoMnTiSb compounds were respectively
half-metals in the range of 5.43-5.91, 5.44-5.89 and 5.46—
6.22 A. Among these compounds the CoMnTiSb has a
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Fig.4 A schematic
representation of the d-d
hybridizations between
spin-down orbitals of transition
metals sitting at different sites
for the CoMnTiZ quaternary
Heusler compounds

Co-Mn

considerable region of half-metallicity which makes it sta-
ble against negative and positive pressures. Moreover, in
the CoMnTiP, the Fermi level was located in the middle
of the minority band gap and therefore, this compound
is the most stable compound against the effects which
destroy the half-metallicity (such as temperature or quasi-
particle excitations). A common behavior in the CoMnTiP
and CoMnTiAs compounds is observed that with increas-
ing the lattice constant, the minority valence band edge
smoothly changes, while the minority conduction band edge
initially increases and subsequently shifts quickly toward
the Fermi level. In both compounds, for high and low lat-
tice constants the minority conduction band edge crosses
the Fermi level and destroys the half-metallicity. There is
a different behavior in the CoMnTiSb, that with increas-
ing the lattice constant, the minority valence band edge
smoothly increases and subsequently cuts the Fermi level,
while with decreasing the lattice constant the minority
conduction band edge smoothly decreases and disappears
the half-metallicity. Galanakis et al. [47] showed that the
contraction and expansion of the lattice constant mainly
influence the delocalized pelectrons and do not affect
the well localized d electrons of the transition metals
considerably.
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3.4 Magnetic Properties

The total and atomic magnetic moments of CoMnTiZ
(Z = P, As, and Sb) compounds are listed in Table 3.
Accordingly, the total magnetic moment (M) of CoMn-
TiZ compounds was an integer value of 1 up. The integer
total magnetic moment (M) is a typical characteristic of
HM ferromagnets. The M, of HM materials usually fol-
lows Slater—Pauling (SP) law. To find the proper SP rule
for CoMnTiZ compounds, the minority-spin band struc-
ture of each compound should be considered According
to Fig. 3 the minority-spin bands of CoMnTiZ compounds
were occupied by a total of 12 electrons per unit cell: one

Table 2 The calculated minority-spin (Eg) and half-metallic (Exm)
band gaps of CoMnTiZ (Z = P, As, and Sb) compounds at equilibrium
lattice constant

Compound Eq (eV) Exm(eV)
CoMnTiP 0.60 0.27
CoMnTiAs 0.36 0.16
CoMnTiSb 0.43 0.10
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Table 3 The total and atomic magnetic moments of CoMnTiZ (Z = P, As, and Sb) compounds

Compound Mo Mco My Mr; Mz M

CoMnTiP 1.00 0.67 0.43 —0.06 0.006 —0.05
CoMnTiAs 1.00 0.66 0.48 —0.08 0.003 —0.07
CoMnTiSb 1.00 0.67 0.53 —0.10 0.005 —0.09

Mo (uB) total magnetic moment, Mc, () Co magnetic moment, My, () Mn magnetic moment, M; («p) Ti magnetic moment, Mz (ug)

Z magnetic moment, My, (up) magnetic moment in the interstitial region

with a s character, three with a p character, five bonding d
hybrids (eg and 2, hybrids), and two non-bonding d states
(e, states). Thus, the number of occupied spin-up states
(N 1) is calculated as

N T= Ziot — N ¢= Ziot — 12 (3)

where N | is the number of occupied spin-down states and
the M, tot is

Mot = (N1 =N Du = (Ziot — 2N {)uB
= (Ziot —24)up “4)

The CoMnTiZ (Z = P, As, and Sb) compounds have 25
valence electrons. Therefore, M\, of these compounds sat-
isfy Eq. 4. The Mo contain five contributions from the Co
atom, the Mn atom, the Ti atom, the Z atom, and the inter-
stitial region. Table 3 shows that the main contribution to
the My comes from the Co and Mn atoms. The Co and
Mn atoms have positive magnetic moments, while Ti atom
has a negative magnetic moment. The magnetic moment of
Z atom is very small. As a result, the atoms in the CoM-
nTiZ (Z = P, As, and Sb) compounds are in ferrimagnetic
arrangement.

The total and atomic magnetic moments of CoMnTiZ
(Z = P, As, and Sb) compounds as functions of the lattice

Fig. 7 Total and atomic 1.002

constant are also calculated and presented in Fig. 7. As can
be seen, for CoMnTiP compound, the M, was 1 up inte-
ger value in a relatively wide range of lattice parameters
(about 0.5 A), but by applying positive and negative pres-
sures on lattice, the My, decreases to values below 1 up
In CoMnTiAs and CoMnTiSb compounds, the M, was an
integer value for a wider range of lattice parameters. How-
ever, for the three compounds, the partial spin moments of
Co, Mn, Ti, and Z atoms were quite sensitive to the lattice
distortion. The absolute values of the moment of Co and
Mn atoms (with positive sign) increase with increasing lat-
tice constant, while the partial moment of Ti decreases with
the expansion of the lattice constant to achieve a constant
Mo in the unit cell. With expanding the lattice constant,
the hybridization between neighboring atoms may decrease
and their atomic-like character increases which leads to an
enhancement in their spin moments. This behavior was also
observed in several Heusler alloys [48].

4 Conclusion
The electronic structure and magnetism of the CoMnTiZ

(Z = P, As, and Sb) quaternary Heusler compounds were
investigated using FPLAPW method. The results showed
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that all compounds in stable Y structure have HM charac-
teristic. The HM band gaps were mainly determined from
the hybridizations of the d states between Co, Mn, and Ti
atoms The sensitivity of the half-metallicity was analyzed
under uniform distortion. The halfmetallicity was robust for
lattice constants range of 5.43-5.91, 5.44-5.89 and 5.46—
6.22 for Z elements of P, As, and Sb, respectively. The M
of CoMnTiZ compounds was found to be an integer value of
1 up which was in agreement with the Slater—Pauling rule
(Mot = Zior — 24). The stability of HM character of CoM-
nTiZ compounds against relatively large uniform strains
would make them promising materials for future spintronic
applications.
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