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We investigated the structural stability as well as the mechanical, electronic and magnetic properties of the Full-Heusler
alloy CoNiMnSi using the full-potential linearized augmented plane wave (FP-LAPW) method. Two generalized gradient ap-
proximations (GGA and GGA + U) were used to treat the exchange-correlation energy functional. The ground state properties
of CoNiMnSi including the lattice parameter and bulk modulus were calculated. The elastic constants (C;j;) and their related
elastic moduli as well as the thermodynamic properties for CoNiMnSi have been calculated for the first time. The existence of
half-metallic ferromagnetism (HM-FM) in this material is apparent from its band structure. Our results classify CoNiMnSi as
a new HM-FM material with high spin polarization suitable for spintronic applications.
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1. Introduction

The first half-metallic ferromagnetic (HMF)
material, the half-Heusler alloy NiMnSb, was dis-
covered by de Groot using first-principles calcu-
lations [1]. In recent years, HMF materials have
been intensively investigated because they exhibit
metallic character for majority spin and semicon-
ducting behavior for minority spin. Therefore, they
are good candidates for spintronic applications,
in which tunneling magnetoresistance (TMR) and
giant magnetoresistance (GMR) are required [2].
In particular, Co-based Heusler alloys are ideal
compounds for spintronic applications because
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they exhibit a high Curie temperature and a high
spin polarization at the Fermi energy (Ep).

Rai and coworkers [3], using the LSDA +
U exchange correlation contribution, showed that
CoyFeGe is a HMF. Candan and co-authors [4]
used first-principles self-consistent pseudopoten-
tial plane wave calculations to study the magnetic
moments, density of states and half-metallicity of
L2,-type full-Heusler alloys with the empirical for-
mula CooMnX (X = Si, Ge, Al or Ga). The afore-
mentioned authors indicated that the Co,MnAl,
CoyMnGa, CoyMnSi and CooMnGe compounds all
exhibit half-metallic (HM) character.

Full-Heusler alloys are intermetallic com-
pounds with the stoichiometric composition X, YZ,
where X and Y are transition metal elements and
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Z is a III-, IV- or V-group element. These com-
pounds crystallize in a cubic structure, as shown
in Fig. 1. Full-Heusler compounds are found in ei-
ther Hg,CuTi-type, denoted X-type, or CupMnAl-
type, denoted L2;-type. When the valence elec-
tron number of the X element is higher than that
of the Y element, the compound takes on the
L2;-type structure, while the X-type structure is
favored in the reverse case. The unit cell of the
L2;-type structure has the following occupied
Wyckoff positions: X; = (0 0 0), X, = (1/2 1/2
1/2), Y = (1/4 1/4 1/4) and Z = (3/4 3/4 3/4). For
the X-type structure, in which the occupancy pa-
rameters of the X; and Y elements are exchanged,
the two X atoms are no longer equivalent, pro-
ducing ternary and quaternary Full-Heusler alloys.
Quaternary Heusler alloys with a stoichiometric
composition of XX’ YZ generally crystallize as the
LiMgPdSb-type Heusler structure, denoted Y-type,
which belongs to the F43m space group [5, 6]. The
unit cell for the Y-type structure has the follow-
ing occupied Wyckoff positions: X = (1/2 1/2 1/2),
X =000),Y = (1/4 14 1/4),Z = (1/4 1/4
1/4). Several recent studies regarding quaternary
Heusler alloys have demonstrated that these com-
pounds exhibit HMF [7-10]. Considerable theo-
retical work has been performed on quaternary
Heusler compounds, particularly Co-based com-
pounds. For example, a study carried out by Gao
et al. [11] showed that all of the investigated alloys
were excellent HM ferromagnets with large HM
gaps. Motivated by the previous studies, our main
purpose in this work was to carry out a computa-
tional investigation based on first-principles calcu-
lations focusing on the structural, mechanical, elec-
tronic and magnetic properties of the new hypo-
thetical quaternary CoNiMnSi Heusler alloy. The
primary objective was to observe a new instance
of HMF in full-Heusler alloys. Our calculation was
performed using the full-potential linearized aug-
mented plane wave (FP-LAPW) method, as imple-
mented in the WIEN2k code, in the framework of
density functional theory (DFT) with the GGA and
GGA + U approximations. To our knowledge, no
theoretical or experimental work on the electronic
states, spin polarization or magnetic properties of
this Heusler alloy has been performed.
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Fig. 1. Three crystalline structures of CoNiMnSi.

2. Calculation method

The calculations reported in this work were
performed using the full-potential linearized aug-
mented plane wave (FP-LAPW) method [12-
14] within the framework of density-functional
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theory (DFT) [15, 16] and implemented in
WIEN2k code [17]. The exchange-correlation
(XC) potential was treated with Perdew-Burke-
Ernzerhof generalized gradient approximations
(GGAPBE) [18, 19]. The parameter of the plane
wave cut-off (Ryr-Kmax), which controls the
number of basis functions, was set to 9.0 to en-
sure sufficient accuracy in our computed results.
The muffin-tin radii (MT) for Co, Ni, Mn, and Si
were 2.22,2.22,2.22 and 2.08 (a.u.), respectively.
Within the spheres, the charge density and poten-
tial were expanded in terms of crystal harmonics
up to an angular momentum of L=10, and a plane
wave was used in the interstitial region. The pa-
rameter Gp,ax, Which defines the magnitude of the
largest vector in the charge density Fourier expan-
sion, was chosen to be 14. The Brillouin zone inte-
gration was performed using the Monkhorst-Pack
method with 3000 k-points in the first Brillouin
zone [20]. The cut-off energy, which defines the
separation of valence and core states, was chosen
to be -6 Ry. We selected the charge convergence
to be 0.0001 during self-consistency cycles. In this
framework, the strong Coulomb repulsion between
localized f states was treated by adding a Hubbard-
like term U to the effective potential, following the
approach of Anisimov et al. [21, 22] and Loschen
et al. [23]. The addition of this term in the calcula-
tion leads to an improved description of correlation
effects. The U values were chosen to be 3 eV for
Co-3d and Mn-3d and 2 eV for Ni-3d.

3. Results and discussion

3.1. Structural and mechanical properties

We first optimized the unit cell volume by cal-
culating the total energy as a function of volume of
the quaternary Heusler alloy in its three structural
phases, namely the HgoCuTi-type, CupMnAl-type
and LiMgPdSb-type structures for the ferromag-
netic states. The calculated total energies within
the GGA approximation as a function of the vol-
ume are displayed in Fig. 2. From the figure, one
can see that the LiMgPbSb-type structure is the
most stable due to its lowest total energy. The cal-
culated total energies were fitted to Murnaghan’s

equation of state [24] to obtain ground state prop-
erties, such as the equilibrium lattice constant, the
bulk modulus B and its pressure derivative B’. The
theoretically calculated ground state properties of
this compound at zero pressure and ambient tem-
perature for its different phases are given in Ta-
ble 1. Because there are, to the best of our knowl-
edge, no comparable studies of this compound in
the literature, we compare our results to previously
reported theoretical data on the Co,MnSi com-
pound [4, 25, 26]. Based on the good agreement
between the present calculated values and the theo-
retical results for Co,MnSi obtained from the lite-
rature, we believe that our calculations of the struc-
tural properties of the three structural phases are re-
liable, and we encourage future experimental work
to corroborate our calculated results.
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Fig.2. Calculated total energy versus volume for
CoNiMnSi.

We now turn our attention to discuss the me-
chanical properties of the CoNiMnSi compound. In
particular, we will confirm its mechanical stability
in the LiMgPbSb-type structure via calculation of
the elastic constants Cj;. These constants are fun-
damental and indispensable for describing the me-
chanical properties of materials because they are
closely related to various fundamental solid-state
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Table 1. Calculated equilibrium lattice parameters ag (A), bulk modulus B (GPa), its pressure derivative B, (GPa)
and equilibrium energy Eg (Ryd) for the CoNiMnSi compound in the different structures considered in

this work.
Material Structure ag(A) Bo (GPa) B’ Eop (Ryd)
CoNiMnSi Hg,CuTi-type 5.6256 179.51 3.50 —8726.0826
CusMnAl-type 5.6810 187.89 5.06 —8726.1164
LiMgPbSb-type 5.6787 187.6 4.81 —8726.1177
Co,MnSi Cup;MnAl-type 5.6332 212.82 4.68% -
5.6345  226° - -
5.639¢ 214¢ 4.674¢ -

a[4], ®[25], °[26]

phenomena, such as interatomic bonding, equa-
tions of state and phonon spectra. Elastic properties
are also linked thermodynamically with specific
heat, thermal expansion, Debye temperature, and
the Griineisen parameter. Most importantly, knowl-
edge of the elastic constants is essential for many
practical applications related to the mechanical
properties of a solid. The elastic constants Cj; are
the proportionality coefficients relating the applied
strain ¢; to the stress o, where 0; = Cjj¢;. There-
fore, the Cj; determine the response of the crystal
to external forces. For a completely asymmetrical
system, there are 21 independent elastic constants
Cjj; however, the cubic symmetry of the studied
crystal reduces this number to only three (Cy1, Cy2
and Cy44) independent elastic constants. The elastic
constants Cj; are obtained by calculating the total
energy as a function of volume, while conserving
strains that break the symmetry. Further details of
the calculation can be found in the literature [30].
The presence of mechanically stable phases or
macroscopic stability depends on the positive def-
initeness of the stiffness matrix [31]. The follow-
ing conditions are known as the Born Huang crite-
ria [32], and they are defined as C;; > 0, C44 > 0,
Ci1 > Cyz and (Cy;+ 2Cy2) > O for a cubic struc-
ture. The elastic constants Cj; are estimated from
first-principles calculations for a single crystal of
our compound. However, the prepared materials
are in general polycrystalline, therefore, it is im-
portant to evaluate the corresponding moduli for
the polycrystalline species. For this purpose, we
have derived other mechanical parameters, namely
the shear modulus G, Young’s modulus E and

Poisson’s ratio v, which are the important elastic
moduli for applications, using the following stan-
dard relations [33, 34]:

_ Ci1 —Ci2+3Cy

G 5 (1)
- 3195‘iGG @

- 35516 )

A= anf“‘cu @)

Table 2 lists the elastic constants and elas-
tic moduli for polycrystalline materials calculated
within the GGA approximation. One can see that
the LiMgPbSb-type structure for CoNiMnSi is me-
chanically stable at ambient conditions because the
Born Huang criteria are satisfied. The C;; value,
which is related to the unidirectional compression
along the principal crystallographic direction, is
much greater than that of Cy4, indicating a weak
resistance to shear deformation compared with the
resistance to unidirectional compression. We also
note that this compound possesses a high bulk
modulus and Young’s modulus, what classifies this
compound as a strong incompressible material. The
typical value of Poisson’s ratio (v) for ionic ma-
terials is 0.25 [35]. The calculated value of Pois-
son’s ratio for the studied compound is less than



Structural stability, electronic structure and magnetic properties of the new hypothetical. . . 89

Table 2. Calculated single crystal elastic constants C;; (GPa), polycrystalline elastic modulus (GPa), shear modulus
G (GPa), Young’s modulus E (GPa), Poisson’s ratio v and shear anisotropic factor A for the CoNiMnSi

compound.
Material Cii Cip Cyq G E v A
CoNiMnSi 425.75 68.52 172.49 174.94 400.37 0.144 0.966
Co,MnSi 311.162 164.752 153.262 - - - -
3160¢ 174b¢ 143be

“[4], °[27], °[28]

0.25, indicating a covalent contribution in the inter-
atomic bonding. The calculated value of the shear
anisotropic factor A for this compound obtained
from GGA calculations is given in Table 2. The
value of A must be one for an isotropic crystal,
while any value smaller or greater than unity is a
measure of the degree of elastic anisotropy pos-
sessed by the crystal [38]. The calculated value is
slightly below unity, which means that this com-
pound has a lower anisotropy and possesses a low
probability to develop micro-cracks or structural
defects during its growth process.

Once we have calculated the Young’s modulus
E, bulk modulus B and the shear modulus G, we
may estimate the Debye temperature from the av-
erage sound velocity vy, [36]:

1

o _ (37
D™ kg \4nv, "

where h is Plank’s constant, kg is Boltzmann’s con-
stant and V, is the atomic volume. The average
sound velocity in the polycrystalline material is
given by [36]:

i3]
B\ Y

where v; and v, are, respectively, the longitudinal
and transverse sound velocities obtained using the
shear modulus G and the bulk modulus B from
Navier’s equation [37]:
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The calculated sound velocities and Debye
temperature for the CoNiMnSi compound in the
LiMgPbSb-type structure are listed in Table 3. To
the best of our knowledge, the sound velocities,
Debye temperature, elastic constants and their re-
lated properties have not yet been established for
this compound. We hope that our calculations can
be used to make up for the lack of data on this
compound.

Table 3. Calculated longitudinal, transverse and aver-
age sound velocity (v, v¢, and vy, in ms™1)
and Debye temperature (0p, K) for the

CoNiMnSi compound.
(T = 0) Material Vg Vi Vi Op
P=0 [m/s]  [m/s]  [m/s]  [K]
CoNiMnSi  4902.70 7604.25 5381.81 445.20

3.2. Electronic and magnetic properties

In the following paragraph we shed more light
on the electronic properties of the CoNiMnSi com-
pound in its stable phase by calculating the total
and atomic site-projected I-decomposed densities
of states (TDOS and PDOS) for the spin-up and
spin-down electrons using the GGA and GGA +
U approximations. The electronic valence states
for the studied compound are 4s/4p/3d for Co, Ni
and Mn and 3s/3p for Si. The plots of the TDOS
and PDOS functions computed with both GGA and
GGA + U are displayed in Fig. 3 and Fig. 4, re-
spectively. One can see, no energy gap at the Fermi
level for the minority spin states with the GGA
approximation, indicating that this compound has
ferromagnetism-false half-metallic character at the
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equilibrium state. However, the GGA + U approx-
imation yielded a gap of 0.17 eV in the minor-
ity spin, as shown in Fig. 4. This gap is due to
the strong hybridization between the Co/Ni/Mn-d
states, thus, confirms that our compound exhibits
half-metallic ferromagnetism. From a visual in-
spection, the TDOS spectrum is divided into two
regions. The first one situated between —5 eV and
2.5 eV is due to the strong hybridization of the 3d-
Co, 3d-Ni and 3d-Mn states. The second is the re-
gion outside of the energy range of -5 to 2.5 eV,
which is dominated by Si-s,p states.
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Fig. 3. Total and partial densities of states (TDOS,
PDOS) for CoNiMnSi in its stable structure
types calculated using the GGA approximation.

To understand the nature of the chemical bond-
ing, we have also calculated the contours of the
charge densities in the (1 1 0) plane with both
the GGA and GGA + U approximations, and
the results are displayed in Fig. 5 and Fig. 6,
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Fig. 4. Total and partial densities of states (TDOS,
PDOS) for CoNiMnSi in its stable structure
types calculated using the GGA + U approxi-
mation.

respectively. From the figures it can be observed
that the charge contours are similar and that the
near spherical charge distributions around the Si
atom sites are negligible, indicating that the Si—-Mn,
Si—Ni and Si—Co bonding is expected to be ionic
in character. However, between the transition metal
elements, the Co and Ni atoms hybridize with an
Mn atom for minority and majority spin, suggest-
ing a covalent interaction between Co and Ni with
Mn atoms. Therefore, the bonding character may
be described as a mixture of covalent and ionic
character.

We will now also report on the magnetic prop-
erties of the studied compound. For this pur-
pose, we have evaluated the total and the local
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Fig. 5. Charge density distribution in the (1 1 0) plane

of the CoNiMnSi quaternary Heusler compound
calculated using the GGA approximation.
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Fig. 6. Charge density distribution in the (1 1 0) plane
of the CoNiMnSi quaternary Heusler compound
calculated using the GGA + U approximation.

magnetic moments, which are presented in Table 4.
We have found that the magnetic moment of the
Mn atom is much higher than those of the other
atomic constituents. We have also observed that
the magnetic moments calculated with GGA +
U are greater than those calculated with GGA as
well as those previously obtained for the Co,MnSi
compound [4, 25, 26, 29]. The local moment of
the Si atom is negligibly small and aligned anti-
parallel to the Co, Ni and Mn moments. It origi-
nates from the hybridization of the transition metals

Fig. 7. The antiferromagnetic (AFM) configuration of
CoNiMnSi.

and is caused by the overlap of the electron wave
functions, as reported by Kandpal et al. [29]. In
Table 5, we report the computed spin-polarization,
magnetic exchange energy between ferromag-
netic FM and anti-ferromagnetic AFM states
(AE(rm-arm)) and Curie temperature (Tc). The
electron spin polarization (P) at the Fermi energy
(Ep) of a material is defined by:

_p1(Er)—p | (Er)
p T (EF)+p ) (EF)

where p T(Er) and p J(Er) are the spin dependent
densities of states at the Fermi level (Efp). The 1
and | symbols denote the majority and the mi-
nority states, respectively. We note from the re-
sults of the calculated electron spin polarization
at Ep that the 100 % spin polarization character-
istic of HM materials is observed in the studied
compound when Coulomb interactions are consid-
ered. To find the ground state magnetic structure,
we have performed total-energy calculations of dif-
ferent magnetic configurations, i.e. the ferromag-
netic (FM) and anti-ferromagnetic (AFM) phases,
to verify the magnetic stability of the investigated
compound. The anti-ferromagnetic AFM configu-
ration is shown in Fig. 7. By comparing the to-
tal energies, we find that the FM configuration for
our compound is more stable than the AFM config-
uration. The calculated total energy difference of
the FM state is lower than that of the AFM state

(€))
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Table 4. Total, interstitial and local magnetic moments.

Total

interstitial

Compounds H H O™ (p/Cell)
(up/Cell) (ug/Cell)
Col Ni/Co» Mn Si
CoNiMnSi GGA 4.69 0.038 1.036 0.458 3.18  0.0220.038
GGA+U 5.99 —0.03377 1.613 0.567 3.89
Co,MnSi 5.002bcd - - - - -

“4], °[25], ¢[29], “[26]

Table 5. Calculated spin-polarization, exchange energy

(AE(Fm- ArM ), and Curie temperature (T.).

Compounds AE Fm-AFM) Tc (K) Spin polarization ratio (%)
(mRy/Atom)
CoNiMnSi —0.011 871.89 GGA 56 % GGA
1107.19 GGA + U 100 % GGA+U
Co,MnSi 9282 100 %
985°¢

A[41,°127], °[28]

by about —0.011046 mRy/atom, as shown in Ta-
ble 5. The Curie temperatures T, for CoNiMnSi
were estimated according to the model presented in
the literature [4, 39] by applying the linear relation
T. = 23 + 181u™2 where u™@ is the total mag-
netic moment. The values obtained are 871.89 K
and 1107.19 K for the GGA and GGA + U ap-
proximations, respectively.

4. Conclusions

In this study, we performed first-principles cal-
culations of the structural stability as well as the
mechanical, electronic and magnetic properties for
the quaternary Heusler alloy CoNiMnSi by em-
ploying the FP-LAPW method. The exchange-
correlation functional was evaluated within the
GGA and GGA + U approximations. The ground
state properties, including the lattice parameter and
the bulk modulus for the LiMgPbSb, Hg,CuTi and
Cuy;MnAl-type phases have been determined. The
CoNiMnSi compound was found to be stable in the
LiMgPbSb-type phase. The high values of the bulk
modulus and Young’s modulus revealed the strong
incompressibility of this compound. The analy-
sis of the electronic properties revealed that this

compound exhibits a gap in the minority states
band and is a half-metallic ferromagnet. From the
total energy calculation, we can state that this com-
pound has a ferromagnetic ground state with a high
spin polarization. The magnetic moments of the
studied compound were calculated to be 4.69 pg
and 5.99 up using the GGA and GGA + U ap-
proximations, respectively. The Curie temperature
for this compound was also determined. Finally,
we state that our study demonstrates that this com-
pound is adequate for spintronic applications.
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