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Abstract Half-Heusler alloys RuMnZ ( Z = P, As ) are stud-
ied in the framework of Density Functional Theory (DFT).
Structural, electronic, magnetic, and optical properties are
calculated and analyzed using the WIEN2k simulation code.
All the calculations are done using the full potential lin-
earized augmented plane wave (FP-LAPW) method. Equi-
librium lattice parameters are found to be in the range
5.5–5.6 Å. Band gaps of the compounds and density of
states (DoS) analysis reveal that the minority spin-down
states are semi-conducting while the majority spin-up states
are conducting confirming the half-metallic nature of the
compounds. Hence, at Fermi level, states are 100% polar-
ized. The value of the total magnetic moment is found to
be 2, i.e., MTot = 2μB. Several optical properties, including
dielectric function, reflectivity, refractive index, conductiv-
ity, and absorption coefficient are calculated as well. It is
revealed from the imaginary part of the dielectric function
that the compounds are optically metallic.

Keywords Half-Heusler alloys · Half-metallic
compounds · Optical properties · Ferromagnetic materials

1 Introduction

In the seminal work of de Groot et al., two ternary half-
Heusler compounds namely NiMnSb and PtMnSb were
investigated, and they predicted their half-metallic nature
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[1, 2]. Later, an important class of materials chromium
dioxide CrO2 was shown to be half-metallic ferromagnetic
by Shwarz [3]. Matar et al. have calculated its electronic
and magnetic properties under pressure [4]. Full and half-
Heusler alloys are two major types of Heusler alloys. They
have four fcc lattices and usually crystallize in L21 and C1b

structures correspondingly. Ternary form of half-Heusler
alloys is XYZ and of full-Heusler alloys X2YZ. In these
formulas, X and Y represent high and low valent transition
metals, respectively, and Z denotes sp electron atom. There
has been recently an increasing interest in calculating differ-
ent properties and aspects of half-Heusler materials. Some
of the very recent works include simulation study of vari-
ous properties such as structural, electronic, and magnetic
properties of YMnSb and YCrSb in [5]. Structural and elec-
tronic properties of half-Heusler alloys PtXBi (with X = Mn,
Fe, Co and Ni) calculated from first principles in [6]. Opti-
cal properties of RbSrZ where Z representing C, Si, Ge are
examined in [7]. Thermoelectric properties of half-Heusler
alloys are calculated in [8]. Half-Heusler alloys with the
direct band gap of 1.7 eV for solar cell applications are
analyzed in [9].

Half-metallic materials, have the minority spin channel
(usually spin-down) of semiconducting nature while the
majority spin channel (usually spin-up) of metallic behavior.
The occurrence of such a hybrid behavior at the Fermi level
produces full (100%) spin polarization. These materials then
develop fully spin-polarized current, which helps to maxi-
mize the efficiency of magneto-electronic devices. A wide
variety of materials, including transition metal pnictides and
metal-chalcogenides [10, 11], different types of perovskites
[12, 13], oxides [14, 15], magnetic semiconductors [16, 17],
and all types of Heusler alloys [18, 19] have shown to be
half-metals. Such magnetic materials have found important
applications in the field of spintronics [20–22].
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In this work, we analyze structural, electronic, magnetic,
and optical properties of the half-Heusler alloys RuMnZ
(P, As). The RuMnAs alloy is already experimentally syn-
thesized [23]. The computational study of 378 XYZ com-
pounds, including RuMnZ (Z = P, As) is done in [24]. They
are half-metallic half-Heusler alloys, which are not investi-
gated theoretically. We, therefore, present a comprehensive
study of their properties.

The rest of this manuscript is organized as follows. In the
Section 2 we have described the computational setup, values
of different parameters and methods used in this work. The
next Section 3 includes the results obtained, and the discus-
sion on all properties examined in the work. Summary and
conclusions are presented in the last Section 4.

2 Simulation Setup

We have used the WIEN2k code [25] to simulate the alloys.
Their different properties are determined using the FP-
LAPW method [26]. Furthermore, to examine the exchange-
correlation (EC) effects Perdew–Burke–Ernzerhof (PBE)
[27, 28] exchange-correlation functional (ECF) in the gener-
alized gradient approximation (GGA) approach is used. We
have optimized the geometry and electronic structure by the
FP-LAPW method using the spin-polarized Density Func-
tional Theory (SDFT). To determine densities of majority
spin-up (↑) and minority spin-down (↓) states, the Kohn–
Sham system of equations are solved self-consistently [29,
30]. The core and valance-states-energy-gap is chosen to
be −6 Ry. The spherical harmonic functions with cut-off
(l-max = 10) inside the muffin-tin-spheres are used. Further-
more, the RK max is 2.5, KPoints are taken to be 1000 and
G-max is 12.

Ternary half-Heusler alloys are inter-metallic alloys in
the chemical composition of XYZ where X and Y represent
different transition metals and Z is an element from the main
group. The space group is F43m (No. 216) and X atoms
are located at Wyckoff positions in the non-equivalent 4a
(1/4,1/4,1/4) whereas the Y and Z atoms are positioned at
the 4b (1/2,1/2,1/2) and 4d (0,0,0), respectively, as shown in
the Fig. 1. In the Table 1, we have listed five configurations
of atomic arrangements. Type 4 is the only configuration
where the alloys show the half-metallic behavior.

3 Results and Discussions

This section is dedicated to the detailed explanations of
properties of half-Heusler alloys RuMnZ (Z = P, As). We
have, first of all, checked the stability of the crystal struc-
ture of the alloys. The variation of total energies of RuMnZ
(Z = P, As) with respect to volume is shown in the Fig. 2.

Fig. 1 Crystal structure of half-Heusler alloys a RuMnP b RuMnAs

It is evident that the equilibrium value of unit cell volume
increases as we move from P to As. The equilibrium lat-
tice constants of both compounds are calculated and listed
in the Table 2. We can see that the values of lattice con-
stant increases with the increase in atomic number Z. This
increase is due to the larger radius of Phosphorus (P) as
compared to Arsenic (As). These calculations are performed
with spin-polarization included.

Table 1 Various configurations of atomic arrangements in half-
Heusler structure

X Y Z HM

Type 1 (0, 0, 0) (1/2, 1/2, 1/2) (1/4, 1/4, 1/4) No

Type 2 (1/2, 1/2, 1/2) (0, 0, 0) (1/4, 1/4, 1/4) No

Type 3 (1/4, 1/4, 1/4) (0, 0, 0) (1/2, 1/2, 1/2) No

Type 4 (1/4, 1/4, 1/4) (1/2, 1/2, 1/2) (0, 0, 0) Yes

Type 5 (1/2, 1/2, 1/2) (1/4, 1/4, 1/4) (0, 0, 0) No

Only type 4 shows the half-metallic nature
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Fig. 2 Total energy variation with respect to volume for a RuMnP and
b RuMnAs

3.1 Electronic Properties

The electronic properties of materials are essential to reveal
the half-metallic nature of the materials. Density of States
(DoS) for both alloys are shown in the Fig. 3. We can see
that the major contributions come from Z-p and the d states
of Ruthenium (Ru) and Manganese (Mn).

We have also calculated the band structure to determine
their half-metallicity using GGA approximation. In spin-
down configuration, Z-p dominated the conduction band
and has produced the band gap, while, in spin-up configu-
ration Z-p state cross over by the Fermi level and produce
the metallic nature in this channel and hence compounds
becomes half-metallic.

Table 2 Lattice constants a0(Å) of the half-Heusler alloys RuMnZ (Z
= P, As)

Alloy a0(Å) (this work) a0(Å) (other work)

RuMnP 5.50 5.59 [24]

RuMnAs 5.56 5.76 [24]
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Fig. 3 The calculated total DoS’s for the a RuMnP and b RuMnAs
compounds. DoS-positive values represent majority spin electrons and
negative-value minority electrons. The zero value of energy corre-
sponds to Fermi Level

The band structure of minority and majority spin chan-
nels can also show that if materials are metallic or semi-
conducting in the particular channel. The spin-polarized
band structures of RuMnZ (Z = P, As) are shown in the
Fig. 4 where the panels at the left are the majority chan-
nels (spin-up (↑)) and right panels are the minority channels
(spin-down (↓)). It is evident that in the majority channel,
there is no band gap, which shows the metallic nature of
the compounds in this channel and in the minority chan-
nel, there is a band gap which reveals the semiconducting
nature of the compounds in the channel. There are indirect
small band gaps of 0.54 and 0.58 eV, respectively, where
the maximum of the valence band occurs at the L-point and
conduction band minimum is at the X-point; therefore, the
compounds RuMnZ (Z = P, As) show half-metallic behavior
(Table 3).

The band gaps completely (100%) spin polarize both the
alloys at Fermi energy EF , resulting in the half-metallic
nature. Additionally, the energy gaps are found to be respon-
sive to the lattice parameters.
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Fig. 4 At the equilibrium lattice
parameter, the band structure of
RuMnZ (Z = P, As) is shown.
The dashed horizontal line at
zero eV (EF ) represents the
Fermi Level
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It can be seen from the Fig. 3 that the number of states
occupied at the specific energy level are determined by the
DoS. The partial DoS are depicted for both the alloys in the
Fig. 3. Large spin splitting comes from Mn (d − t2g) states,
and the contribution from Ru (d − t2g) states is relatively
small. However, P and As atoms contribution is very small.

Table 3 Band gaps of RuMnZ (Z = P, As)

Alloy EW−W
g EL−L

g E�−�
g EX−X

g Ek−k
g EL−X

g

RuMnP 1.49 1.37 2.60 2.00 1.86 0.54

RuMnAs 1.37 1.32 2.33 2.06 0.78 0.58

3.2 Magnetic Properties

Slater-Pauling 18 electron-rule MTot = 18 − ZTot is the
basis for magnetic behavior in half-Heusler alloys reported
by Kubler for the first time. According to the model [31,
32] presented by Galanakis the spin-magnetic moment of
half-Heusler alloys is equal to the difference of occupied
bands in up and down spin states. Such compounds have
the C1b structure where three atoms are located per unit
cell and follow the Slater-Pauling rule. In the above rela-
tion, MTot and ZTot mean spin-magnetic moment and a total
number of valence electrons respectively, where the number
of occupied states is 18 in the spin bands. In this work for
ternary 1:1:1 half-Heusler compounds the calculated MTot
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Table 4 The magnetic moments in terms of (μB), are given where MZ
represents P and As atoms, and the unit cell total magnetic moment is
given MTot. MInst is interstitial magnetic moments for RuMnZ (Z = P,
As)

Alloy MTot MTot MRu MMn MZ MInst

(this work) (other work)

RuMnP 2.00 2.00 [24] −0.16 2.22 −0.02 0.034

RuMnAs 2.00 2.00 [24] −0.27 2.34 −0.03 −0.007

is 2μB. We have shown in the Table 4 the total magnetic
moment, and contributions from atomic resolved and inter-
stitial magnetic moments for RuMnZ (Z = P, As). The major
contributions to the total magnetic moments come from Mn
atoms.

3.3 Optical Properties

The optical properties of materials are determined by dielec-
tric function ε(ω). In specific, linear response of a system
to an external electromagnetic field is given by it. The
mathematical form is given by the Ehrenreich and Cohen’s
equation

ε(ω) = ε1(ω) + iε2(ω). (1)

The imaginary part ε2(ω) is shown in the following
formula

ε2(ω) = 4πe2

m2ω

∫
dk�n,n′ |< kn | p | kn′ >|2

×fkn(1 − fk′n′)δ(Ekn − Ekn′ − �ω). (2)

The Kramers–Kronig Transformation (KKT) is used for
the value of the real part of ε(ω) i.e. ε1(ω)

ε1(ω) = 1 + 2

π
M

∫ ∞

0

ω′ε2(ω
′)

ω′2 − ω2
dω′ (3)

An important optical parameter is refractive index n(ω)

which is obtained in terms of the complex dielectric function
as given in [33, 34]

n(ω) = 1√
2

(
ε1 +

(
ε2

1 + ε2
2

) 1
2
) 1

2

(4)

Another optical property known as reflectivity R(ω) of
RuMnZ (Z = P, As) is derived immediately from ε1(ω) and
ε2(ω).

Figure 5a, g shows the real and imaginary parts of the
total dielectric function of RuMnP and RuMnAs, respec-
tively. Analyzing the band structure and DoS, it is realized
that the peaks mainly result from transitions in spin-down
channel. The calculated values of real and imaginary parts
ε(ω) at (0eV) for both compounds are almost the same.

The ε2↑(ω) and ε2↓(ω) are plotted in the Fig. 5b, h. The
peaks are observed in the small energy range and it vanishes
at about 11 eV.

The high value of imaginary part of the dielectric func-
tion ε↑(ω) reveals the metallic nature of the compounds.

Refractive index of a material is an important parameter
for photoelectric applications. Refractive indices of RuMnZ
(Z = P, As) are shown in the Fig. 5c, i, respectively. It is clear
that refractive indices have several peaks in the infrared
region and gradually decrease in the visible region. These

0

20

40

0

20

0

2

4

6

0

0.2

0.4

0.6

0

5000

10000

0 2 4 6 8 10 12
0

100

200

Re ε
Im ε

spin up ε2

spin dn ε2

n(ω)
k(ω)

R(ω)

σ(ω)

α(ω)

D
ie

le
ct

ri
c 

fu
nc

tio
n

R
ef

re
ct

iv
e 

in
de

x
R

ef
le

ct
iv

ity
C

on
du

ct
iv

ity
A

bs
or

pt
io

n 
co

ef
fi

ci
en

t

Energy(eV)

RuMnP

0

20

40

0

20

0

2

4

6

0

0.2

0.4

0.6

0

5000

10000

0 2 4 6 8 10 12
0

100

200

RuMnAs Re ε

Im ε

ε2spin up

spin dn ε2

n(ω)

k(ω)

R(ω)

σ(ω)

α(ω)

Energy (eV)

a

b

c

d

e

f

g

h

i

j

k

l

Fig. 5 Optical properties of RuMnZ (Z = P, As)
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peaks arise from the interband transition between the top-
most valence band and the lowermost conduction band. This
peaks in the infrared region show that the refractive index
has a nonlinear behavior.

The imaginary parts n(k) which is also called extension
coefficient is also shown in the Fig. 5c, i for RuMnP and
RuMnAs, respectively. It also have peaks in the infrared
region resulting from interband transitions. Both real and
imaginary parts start at opposite ends, i.e, their maximum
and minimum values and meet at about 3 eV and afterwards
show roughly same behavior.

For optical spectra shown in Fig. 5d, j, we see the
somehow stable reflectivity at all energies up to 12 eV.

It is also observed that the real part, i.e., ε1 of the dielec-
tric function becomes negative for energetic photons; hence,
reflectivity peaks are obtained, showing again the metal-
lic nature of the compounds, i.e., energy range of these
materials where they become more reflective to the incident
photons.

Optical conductivity in Fig. 5e, k characterizes the metal-
lic nature of the materials.

The absorption coefficient is shown in the Fig. 5f, l. The
peaks are resulting from peaks in the ε2. In the infrared
region, spectrum shows increase in the width which may be
due to transitions between closely separated energy levels.

4 Conclusions

We have investigated the half-Heusler alloys RuMnZ (Z =
P, As) using WIEN2K code and PBE-GGA in the frame-
work of DFT for structural, electronic, magnetic, and optical
properties. The values obtained of equilibrium lattice con-
stants show that compounds are structurally stable.

Half-metallic properties are observed so that, both the
compounds have the metallic nature in spin-up and semi-
conducting in spin-down with the indirect small band gap.

For magnetic properties, we observed that spin magnetic
moment is approximately equal to 2, i.e., MTot ≈ 2uB.

The real and imaginary parts of dielectric function,
refractive index, and the real part of reflectivity, optical con-
ductivity, and absorption coefficient are calculated whereas
imaginary part of dielectric function ε2 shows that the alloys
are optically metallic.
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