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Abstract

The structural stability, electronic structure, and magnetic and optical properties of
CoMnZnSi quaternary Heusler alloy (QHA) in the bulk and (111)-slab forms have been
investigated by performing density functional theory (DFT) calculations. Formation and
cohesive energies, and elastic constants confirm that the bulk CoMnZnSi is chemically and
mechanically stable at an equilibrium lattice parameter of 5.81 A. The calculated elastic
constants also indicate that this QHA has ductile and anisotropic features. We investigate
and discuss the bonding behavior from charge density distribution and density of states.
These calculations in the bulk phase show a perfect half-metallic behavior with an integer
value of magnetic moment (4 us) and a large spin-flip gap of 0.39 eV. On the other hand,
the Co (111) and Si (111)-slabs exhibit semi-metallic nature at the Fermi level. These
results indicate that CoMnZnSi qualifies for spintronic applications. In the bulk and Co
(111), Zn (111), and Si (111)-surfaces, the magnetic moment of Co and Mn atoms are
ferromagnetically aligned, while the ferrimagnetic alignment of Co with Mn has been
found in Mn (111)-surface. We also investigate the optimal conductivity, dielectric
functions, reflectivity, absorption coefficient, refractive index, and loss function to
understand the underlying optical properties of this alloy.

Keywords: Heusler alloy; Phase stability; Electronic structure; Magnetic nature;
Spintronic



1. Introduction

Magneto-electronic (spintronic) devices have drawn a considerable attention as future
generation electronics[1]. These spintronic devices make use of both spin and charge
degrees of freedom in which a highly effective spin source is vital. Half-metallic Heusler
alloys are one of the most suitable spin sources owing to high spin-polarization arising
from an energy gap for one spin channel[2]. Some quaternary Heusler alloys (QHAs), the
so-called Y-type, have 100% spin-polarization with half-metallicity and with Curie
temperature higher than the room temperature, which are essential for spin-dependent
devices. The Co-based QHAs are among the most commonly explored (theoretically and
experimentally), including CoFeMnSi for magnetic tunnel junctions[3], CoFeMnZ (Z = Si,
As, Sb)[4] for physical properties, CoFeCrX (X = Si, Ge)[5] and CoFeZrZ (Z = Ge, Sb,
Si)[6] for magnetic and electronic structure, and CoFeHfGe[7] for bulk and surface
properties.

The element-specific magnetic moments and spin-resolved density of states (DOS) of
CoFeMnZ (Z = Al, Ga, Si, Ge) alloys have been measured using circular dichroism in X-
ray-absorption spectroscopy[8] and correlated with ab initio results. The CoMnCrZ (Z =
Al, Si, Ge, As)[9] QHAs have been investigated for their chemical and mechanical
stabilities using generalized gradient approximation (GGA)-based exchange-correlation
functionals. These compounds are half-metallic ferromagnets, in particular CoMnCrAs has
the most significant bandgap of 1.14 eV and half-metallic gap of 0.50 eV. The electronic
structure, magnetism, mechanical and thermoelectric properties of the CoXMnAs (X = Ru,
Rh)[10] QHASs have been investigated using GGA, modified Becke-Johnson (mBJ), and
GGA+U approaches. Nevertheless, for CoXMnAs, GGA and mBJ did not predict a half-
metallic behavior; however, GGA+U depicted a half-metallic character in the spin-down
channel. The elastic constants confirmed structural stability with ductile nature and, the
alteration of the Seebeck coefficient and electronic conductivity signified the half-metallic
behavior. The half-metallic and magnetic properties of the CoFeZrSi[l11] alloy with
tetragonal and triclinic distorted primitive cell was studied using first-principles. The
CoFeZrSi alloy possesses half-metallic characteristics when the primitive cell is
tetragonally distorted, whereas the half-metallicity disappears when the unit cell is
triclinically deformed.

The electronic and magnetic properties for the (001) and (111)-surfaces of
YCoCrGe[12] QHA have been investigated from first-principles. The half-metallicity with
100% spin-polarization was found in bulk and destroyed in surfaces except for the Cr
(111)-slab. The magnetic moment for bulk composition is found to be an integer value.
The (111), (110), and (001) surfaces of QHA CoRuMnSi[13] were computed by density
functional theory (DFT). These calculations showed half-metallic nature for the Si-
terminated (111) surface while the half-metallicity preserved in the bulk CoRuMnSi which
is destroyed at Co, Ru, and Mn-(111) surfaces. The surface states destroyed the band gap
in the spin-down channel at both MnSi- and CoRu-terminated (001)-surfaces, while a
nearly half-metallicity is found for the (110)-surfaces.



These previous theoretical and experimental studies motivated us to investigate the
phase stability, half-metallicity, and magnetism in the bulk as well as (111)-surfaces of
CoMnZnSi. In addition, mechanical and optical properties of bulk CoMnZnSi have been
investigated. Here, we have systematically studied the half-metallicity and magnetism of
these materials using DFT based on GGA exchange-correlation functional. The results
show that the half-metallicity is retained in the bulk form, while semi-metallic nature is
revealed in Co (111) and Si (111)-surfaces.

2. Computational details

Here, we have employed DFT based plane-wave pseudopotential method implemented
in Cambridge Serial Total Energy Package (CASTEP)[14,15]. There are several
approximations that have been developed, namely, the local density approximation (LDA),
GGA, meta-GGA, and hybrid functionals. Each of these approximations conveys different
definitions and approaches and is suitable for specific materials. Among them, the LDA
and GGA are the ones widely used in DFT calculations of QHAs. The extension to
improve the accuracy of LDA is provided by the second approximation known as GGA.
This formalism uses two variables instead of one variable as in LDA (the electron density):
the electron density and its gradient, as given by the equation:
EggA[n(r)]zjn(r)e?%m[n(r),Vn(r)]dr. Besides, several corrected functionals are developed in

GGA formalism to include different contributions from the exchange and correlation part.
These functionals are Perdew, Burke, and Ernzerhof (PBE); Perdew, Burke, and Ernzerhof
for solid (PBESol)[16]; and Perdew-Wang 1991 (PW91). We have used widely recognized
PBE[17]. The reciprocal space was sampled by a mesh of 12x12x12 k-points in the
Brillouin zone, and the cut-off energy of 450 eV was fixed for all measures after numerous
tests. In these tests, the cut-off energy was set from 300 to 600 eV at the interval of 20 eV,
and k-points were set from 4x4x4 to 15x15%15 with 1x1x1 interval. The ground state
structural properties were investigated using Broyden-Fletcher-Goldfarb- Shanno
(BFGS)[18] technique, while the convergence tolerance were set as follows: total energy
tolerance = 5x10 eV/atom, stress component = 0.02 GPa, maximum force = 0.01 eV/A,
and the maximum displacement of an atom during the geometry optimization = 0.0005 A.
The surface layers were constructed by cleaving the optimized bulk structure of CoMnZnSi
along the (111) planes; a vacuum space of 10 A is inserted along the z-direction. A mesh
of 12x12x1 k-points was used in the Brillouin zone for all slabs. The energetically
favorable (111) surface was considered as also indicated in the literature[19,20].
Furthermore, the optical properties have been calculated using a complex dielectric
function relation[21].

3. Results and discussion
3.1 Stability: structural and mechanical

The compound CoMnZnSi retains LiMgPdSn[22] or Y-type QHA with the space
group of F43m (Fig. 1a). In Y-type structure, there are four interpenetrating face-centered
cubic sub-lattices with atomic positions: Co (0, 0, 0), Mn (0.25, 0.25, 0.25), Zn (0.5, 0.5,



0.5), and Si (0.75, 0.75, 0.75). We performed energy minimization as a function of lattice
constant within ferromagnetic (FM, or spin-polarized) and nonmagnetic (NM, or non-spin-
polarized) configurations to obtain the accurate ground state (Fig. 1b). The total energy
with FM configuration is lower (equilibrium lattice parameter of 5.81 A) than that of the
NM configuration, which suggests that the FM configuration is more stable than the NM
configuration. The properties with the FM configuration are therefore discussed below.

(b)
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Fig. 1. (a) Crystal structure of CoMnZnSi and (b) energy difference as a function of
lattice parameter for FM and NM configurations.

Table 1. Lattice parameter a (A), cohesive energy E<"#* | formation energy EMS

AllOy a (A) Ref. a E oM EfCoMnZnSi
(A)
CoMnZnSi_ 581 581[23] 285 027

To find and understand the structural stability of CoMnZnSi, we have calculated
and analysed formation and cohesive energies, and elastic constants. We note that there is
no experimental structural data available for this compound. The formation energy, Et, is
computed using the formula:

CoMnZnSi CoMnZnSi bulk bulk bulk bulk
Ef :E _(ECo +EMn +EZn +ES1' )5 (1)

tot

where g covnzisi is the equilibrium total energy per unit formula for CoMnZnSi alloy; g 2+
E e prorand g e relates to the total energy per atom for the Co (HCP), Mn (BCC), Zn
(HCP), Si (FCC), respectively. The computed formation energy of -0.27 eV/atom indicates
the chemical stability from the point of view of enthalpy, and could be synthesized
experimentally. Also, the cohesive energy, Ec, is investigated using the following
expression:



CoMnZnSi __ CoMnZnSi iso iso iso iso
Ec _Etot _(ECO +EMn+EZn +E Si)a (2)

where g covrzrsi is the total energy per unit formula at optimized state; g, i, gi,

Mn

and g relate to the total energy per isolated atom for Co, Mn, Zn, and Si, respectively.

The negative value of Ec (-2.85 eV/atom) confirms the structural stability at the optimized
state. The high Ec indicates the difficulty in deforming this alloy due to its strong chemical
bond.

Moreover, to check mechanical stability, the elastic constants (Cij) are investigated.
The elastic constants are attributed to various underlying solid-state phenomena and are
directly connected to thermodynamic properties such as heat capacity, thermal expansion,
and Debye temperature. The cubic crystal consists of Ci1, Ci2, and Ca4 elastic constants
among 21 impartial elastic constants Cij, which are obtained by investigating total energy
as a function of volume-preserving strains that break the symmetry. Born and Huang[24]
defined the  mechanical stability  criteria  for  cubic  structure  as:

¢, >0,G,-C,>0,G,+2C, >0,C, >0,G, +C, >0. These elastic constants, C11 = 169.38

GPa, Ci2 =134.38 GPa, and Ca4 = 86.50 GPa show that this alloy is mechanically stable at
the optimized state.

Table 2 Calculated elastic constants Ci1, Ci2, and Ca4 (GPa), bulk modulus B
(GPa), shear modulus G, Young’s modulus E, and Poisson’s ratio v.

Compound Cii Ci2 Cs By Br Bu Gr Gv GH E v B/G

CoMnZnSi 169.38 134.38 86.50 146.05 146.05 146.05 5890 33.56 46.23 12546 035 3.15
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Fig. 2. Directional dependent 2D projections and 3D plots of Young’s modulus (a), Shear
modulus (b), and Poisson’s ratio (c).

It is known that the mechanical properties of anisotropic materials are direction-
dependent, which means that the properties are not identical in all crystallographic planes.
Therefore, mechanical anisotropy is an essential factor that helps to understand the
anisotropic deformation of materials. The open-source software packages AnisoVis and
ELATE are used to visualize the anisotropic behavior in 2 dimensional (2D) and 3
dimensional (3D) of Young’s and shear moduli, and Poisson’s ratio in different crystal
planes[25]. Figure 2a shows the 2D projections and 3D plots of Young’s modulus (Y). It
is noticed that Young’s modulus exhibits anisotropic nature in all crystallographic planes,
which can be seen from the non-circular 2D projections. For isotropic materials, the 2D
projections (3D plots) are perfectly circular (spherical). The anisotropic nature of Young’s
modulus can also be seen from the 3D plot. In 2D projections, the minimum values of Y
are at around 45° of the horizontal and vertical axis in all planes.

Figure 2(b) shows the anisotropic behavior of shear modulus (G), which consists of
two surfaces. The blue (green) line in 2D projections represent the maximum (minimum)
values of G in a particular crystallographic plane. The 2D projections of outer surface (blue
lines) of G are circular and have maximum values at the horizontal and vertical axis in all
planes, while the inner surface (green lines) exhibits the maximum values at the horizontal
and vertical axis and minimum values are at around 45° of the vertical and horizontal axis.
The 3D plots of G gives better visualization of anisotropy. Similarly, the anisotropy of
Poisson’s ratio (v) is demonstrated in Fig. 2(c). The 2D projections of v consist of three
surfaces (outer-middle-inner) which are represented by the blue-green-red lines. The
Poisson’s ratio also shows similar behavior as that of shear modulus. The 3D plot exhibits
different colors which are associated with maximum and minimum values of v.

3.2. Electronic and magnetic properties
a) Bulk

The electronic structure at the Fermi level shows half-metallic band gap. Due to the
hybridization of 3d states of Co and Mn, a gap in the minority spin channel emerges. Figure
3 shows the predicted spin-polarized band structure and density of states (DOS). The band
structure is investigated along the W — L — G — X — W — K high symmetry direction. The
majority channel shows metallic character whereas minority channel indicate a band gap
at the Fermi level (Fig. 3a). The indirect band gap of 0.27 eV (Table 3) is found in the spin-
down (minority) channel. The valence band maximum (VBM) and conduction band
minimum (CBM) are at the L and X points of the Brillouin zone. The half-metallic (spin-
flip) gap, which is the minimum energy required to flip a minority-spin electron from the
valence band maximum to the Fermi level, is of 0.39 eV (Table 3). The results revealed
that CoMnZnSi is a true half-metallic ferromagnet.
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Fig. 3. (a) Bulk band structure, (b) total and partial density of states.

To further understand the characteristic of electronic structure, the total density of
states (DOS) and atom-projected DOS have been analyzed. Figure 3b represents the spin-
polarized total DOS and atom-projected DOS in the ground state structure. The total DOS
shows the metallic nature for majority spin channel and semiconducting or insulating
nature in the minority spin channel. The band gap in the minority spin is mainly due to the
splitting of bonding #2¢ and antibonding ¢/, coming from Co and Mn (Fig. 3b). Zn-3d states
contribute below -7.39 eV with negligible effect on the magnetic moments and half-
metallicity. A similar mechanism of band gap formation due to the hybridization of 3d-3d
orbitals has been found in other quaternary Heusler compounds[9,26-28]. The spin-
polarization, P = [(D1-D|)/(D1-D|)], calculations revealed that the CoMnZnSi is a true
half-metallic compound with 100% spin-polarization.

Table 3 shows the ground state total and atom projected magnetic moments. The perfect
half-metallic Heusler alloys have the integer total magnetic moment per formula unit and
obey Slater-Pauling rule[29-32](Mr = Nyv-18)us, where Ny is the total number of valence
electrons/formula unit. The result indicates that CoMnZnSi is a ferromagnet with a total
magnetic moment of 4 ps/f.u. Here the Mn atom contributes the most of the magnetic
moment. The magnetic moments of Co and Mn are positive (Table 3) exhibiting the
existence of ferromagnetic coupling. However, Zn and Si with negative magnetic moments
reveal their antiferromagnetic coupling with Co and Mn.

Table 3 Total and atom projected magnetic moments, bang gap and half-metallic (spin-

flip) gap.
Alloy Lco UMn Uzn Usi UTotal Ebyg Enm
CoMnZnSi 0.64 3.55 -0.09 -0.10 4.00 0.66 0.39

To elucidate the bonding nature, we study the charge density distribution along the
(110) crystallographic plane (Fig. 4). The charge accumulation and deficiency is



represented by red and yellowish-green color, respectively. These colors indicate ionic and
covalent characteristics, respectively. The overlap of charges between Co and Mn is larger
than Mn and Zn due to the stronger hybridization between Co-3d and Mn-3d (Fig. 3b). The
spherical shape of charge accumulation in Co, Mn, and Zn results in a strong covalent bond,
which allows CoMnZnSi to be a stable structure. This is an agreement with other
quaternary Heusler alloys such as NiCuMnZ (Z = In, Sn, and Sb)[27].

Fig. 4. Charge density distribution map in the (110) plane. Charge density distribution
spans from 0 to 1 e/A3. 0 and 1 represent metallic and covalent bonding respectively. The
yellowish-green color represents ionic bonding.

b) Surface

To examine half-metallicity and spin-polarization in thin-film form of CoMnZnSi, we
investigate (111) terminated surface electronic structure. Figure 5 shows majority and
minority spin band structure of Co (111), Mn (111), Zn (111) and Si (111) surfaces. The
Fermi level has a metallic intersection in both minority and majority spin channels,
indicating the destruction of half-metallicity. The computed total DOS for Co (111), Mn
(111),Zn (111), and Si (111) surfaces are shown in Fig. 7. The Co (111) and Si (111)-slabs
indicate the semi-metallic behavior with spin-polarization of 80.3% and 90.8%, while Mn
(111) and Zn (111) indicate metallic characteristics with spin-polarization of 31.7% and
10.9%, respectively.
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Fig. 5. Surface layers of a) Co (111), b) Mn (111)-surface, ¢) Zn (111), and Si (111).
A, B, and C represent the axes.

The atom projected magnetic moments (APMM) for Co (111), Mn (111), Zn (111),
and Si (111)-surfaces in the layer 1 (S1), layer 2 (S2), layer 3 (S3), layer 4 (S4), and layer
9 (S9) are shown in Fig. 8. For the Co (111)-surface, Mn (S4) shows the highest magnetic
moment (3.35 pus), which is very similar to the bulk APMM. The Co atom shows the
ferromagnetic interaction with other atoms in S1 and S9, while Zn and Si show the
ferrimagnetic interaction in S2 and S3. For the Mn (111)-surface, the APMM of the Mn
atom increases as we move from S1 to S9 but the Co atom shows negative magnetic
moments indicating ferrimagnetic interaction between other atoms in S3. The Mn (S4) also
shows the highest magnetic moment (4.05 us) in the Zn (111)-surface, while Zn in S9 is
nearly equal to the corresponding atom with the bulk counterpart.
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(111) terminations.
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3.3 Optical characteristics

The optical properties are determined by the complex frequency-dependent
dielectric function g(a)) =g (a))+i82 (a)) . Here 81(60) and 82(60) are real and imaginary

part of the dielectric function, respectively. We use the following equations to calculate the
imaginary and real part of dielectric functions.

47e’

“ e .[dkzn,n"<kn‘p‘ e >‘2 X fiu(1= fow ) 0 (B = B,y — ) (6)
gl(a))=1+%MTa;i2—_(ww;)da)’ (7)

Once the complex dielectric function is known, then all other properties, i.e., optical
conductivity (o), reflectivity (R), energy loss (L), absorption coefficient (I), and refractive
index (n) can be derived. These properties within photon energy up to 30 eV are shown in

Fig. 9. The real part of 81((0) and imaginary part of 82((0) of dielectric functions with

incident photon energy is shown in Fig. 9(a). The dielectric function's real part 81(0))
corresponds to the permeability component that measures the energy stored in the material.

The imaginary part 82((0) is associated with the energy loss of the optical system into the

medium. The &, (a)) approaches to zero from above at around 25 eV and & (a)) gets to zero



from below at approximately 19.7 eV. The trend of 81(60) and 82(a))0f dielectric function

while approaching zero represents the metallic nature. Moreover, 82((0) has its maximum

value within the IR region and becomes zero in the UV region.
Refractive index n(a)) is one of the optical constants calculated by:[33]

2 2
\/51"‘ (51 +&, )

2

n(w)=

Figure 9b represents the imaginary and real part of the refractive index. The refractive
index is 8.20, which decreases with an increase in photon energy. Energy loss function or

(8)

bulk plasma frequency ( @),) is defined as the peak, which appears where the imaginary part

of dielectric function is less than zero, and the real part of dielectric function is approaching
to zero (Fig. 9¢). The energy loss function peak is located at ~19.7 eV.

Figure 9d represents conductivity (o) due to the absorption of photon. The first peak of
optical conductivity lies within the visible region, and the highest peak in the UV region,
indicating that CoMnZnSi is photoconductive in the visible and UV region. Reasonable
value of o in the visible region also implies that this alloy has a potential for solar cell
application[34,35].

Figure 9e represents absorption coefficient (o). The values a increases with an
increase in photon energy. The value of the absorption coefficient is weak in the IR region
and increases in the visible region with its maximum value in the UV region indicating the
high absorbent feature. The maximum value of a is observed at ~6.9 eV. The first
significant peak of reflectivity is in the visible region. The highest peak lies in the UV
region and approaches to zero at ~31 eV. The reflectivity in the visible region is above
45%. This feature may enable CoMnZnSi to be used as a coating material to minimize
solar heating[36—38].
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Fig. 9. Optical response as a function of energy. (a) Reflectivity, (b) absorption, (c)
refractive index, (d) real and imaginary dielectric function, (e) real and imaginary
conductivity and (f) loss function.

4. Conclusion

In summary, phase stability, electronic structure, magnetism, elastic and optical properties
of bulk and (111)-surfaces of CoMnZnSi QHA have been systematically studied using
DFT. Negative formation and cohesive energies, and elastic properties, confirm that the
CoMnZnSi alloy is chemically and mechanically stable. The calculated shear modulus G,
bulk modulus B, Young’s modulus E, Poisson’s and B/G ratios indicate that this alloy in
the bulk form is ductile and shows the elastic anisotropic nature. The calculations revealed
that the CoMnZnSi is half-metallic, with a band gap of 0.66 eV and with a large spin-flip



gap of 0.39 eV qualifying it for spintronic applications. The band gap is mainly contributed
by the Co-3d and Mn-3d orbitals. The total magnetic moment of 4 us is mainly originated
from 3d electrons of Co, and the Mn atoms, which satisfies the Slater-Pauling M = Z-24
rule with 100% spin-polarization. The charge accumulation and depletion in CoMnZnSi
reveals the mixture of covalent and ionic bonding within comprising elements. The Co
(111) and Si (111)-slabs showed the semi-metallic nature with 80.3 % and 90.8 % spin-
polarization, while Mn (111) and Zn (111)-slabs exhibited metallic nature. The Co atom
showed that the ferrimagnetic interaction in Mn (111)-surface, which is opposite as
compared to the bulk counterpart. The Mn atom mainly contributes to the atomic magnetic
moment in all surfaces, which agrees well with the corresponding value in the bulk form.
In relation to the optical properties, the absorption coefficient is weaker in the IR region
and stronger in the UV region indicating the high absorbent feature and potential
application to coating.
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