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Half-metallicity in new Heusler alloys Mn,ScZ
(Z = Si, Ge, Sn)
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Study of half-metallicity has been performed in a new series of Mn,ScZ (Z = Si, Ge and Sn) full Heusler alloys
using density functional theory with the calculation and implementation of a Hubbard correction term (U).
Volume optimization in magnetic and non-magnetic phases for both the Cu,MnAl and Hg,CuTi type
structures was done to predict the stable ground state configuration. The stability was determined by
calculating their formation energy as well as from elastic constants under ambient conditions. A half-
metal is predicted for Mn,ScSi and Mn,ScGe with a narrow band gap in the minority spin whereas
Mn,ScSn shows a metallic nature. The magnetic moments of Mn and Sc are coupled in opposite
directions with different strengths indicating that the ferrimagnetic order and the total magnetic moment
per formula unit for half-metals follows the Slater Pauling rule. And a strong effect was shown by the
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1. Introduction

The current pursuit in the field of materials research is to
develop a material for spintronics applications, where the spin
degree of freedom of an electron plays a significant role in
encoding, faster transfer and processing of data as compared to
a charged based equivalent transistor,"* as well as low power
consumption,® high circuit density* and non-volatility.> The
performance of a spintronic device depends on efficiency of
spin injection from electrodes to semiconductors and their
degree of spin polarization. The spintronic devices mostly
consist of a non-magnetic layer sandwiched between two
ferromagnetic  electrodes like giant-magnetoresistance
(GMR),*” tunnelling magnetoresistance (TM])® and magnetic
tunnel junction (MT])° devices. Half-metallic ferromagnets
(HMF) are becoming prominent in this context because of their
peculiar electronic structure at the Fermi energy level (Ex), with
100% electron spin polarization.'>'*

The systems like oxides, manganites, pyrites and double
perovskites belongs to HMF,”>™ but the Heusler alloys are
gaining preferences over them due to their stable half-
metallicity with high Curie temperature (7¢) (1520 K for Cr,-
CoZa," 1100 K for Co,FeSi*®) and compatible lattice structure to
construct a hetero structure with conventional semiconductor
for spintronic devices. The other interesting feature of Heusler
alloys is the predictability of their physical properties by simple
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size of the Z element in the electronic and magnetic properties.

empirical relation such as Slater-Pauling (SP) rule or by simply
knowing the valence electron count, atomic ordering in the
lattice, degree of atomic disorder and the strength of exchange
interactions.'”'® The diverse applicability of these Heusler alloys
also increases as one can easily tune their electronic and
magnetic properties by doping.**~**

In previous reports, researchers have predicted half-
metallicity in Fe,YSi (Y = Cr, Mn, Fe, Co and Ni), Ti,YAl and
Ti,Y'Ga (Y = Co, Fe and Y = Cr, Fe) from the theoretical and
experimental studies.””>* The recent development on the
experimental studies of HM in thin film structures of Heusler
alloys Co,MnSi, Co,FeAl, Fe,CoSi, Cr,CoGa, Co,MnGe and
Fe,CrGa***' also highlights some novel properties such as
perpendicular magnetic anisotropy (PMA) as their intrinsic
properties which is a requirement for spin transfer torque-
random access memory and for skyrmions-based research.

Among the Heusler alloys, Mn,YZ based members (Y being
a 3d or 4d transition element and Z an sp element) are of
significant interest due to the presence of Mn** ion with d*
electronic configuration that leads to Jahn-Teller tetragonal
distortion with partially filled degenerate orbitals.**** The
interaction of the long range strain due to Jahn-Teller distor-
tion with magnetic degrees of freedom gives way to multifunc-
tional properties such as exchange bias, magnetocaloric effect
and magnetic shape memory alloys.>**® Moreover the parallel or
antiparallel alignment of two Mn magnetic moments depend-
ing on interaction with the neighbouring atoms results in
ferromagnetic or ferrimagnetic ordering, respectively.’”®
Mn,YZ in ferrimagnetic structure are of more interest due to
anti-parallel alignment of two Mn magnetic moments that
results in low saturation magnetization reducing the stray fields
which makes the devices more resistant to external fields. This
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along with large PMA, high electron-spin polarization with high
Tc*° and efficient spin-transfer torque** are responsible for
making Mn,YZ Heusler alloys a promising material in future
spintronic devices.

Among the Mn,YZ compounds, Mn,VAIl is the first half-
metallic ferrimagnet (HMFi) that was studied both theoreti-
cally and experimentally*>** followed by Mn,YZ (Y =V, Cr, Cu,
Fe, Co, Ni and Z = Al, Ga, Si, Ge, Sb, Sn)** Heusler alloys. In
this context Wollmann and co-workers*®** have reported
a tetragonal distortion with reduced electron spin polarization
in series of Mn,YZ, with Y belonging to 3d, 4d and 5d transition
elements. Also, among X,YZ Heusler alloys there exist limited
studies predicting half-metal with Y = Sc based materials such
as V,ScP, Cr,ScAl and Fe,ScP/As/Sb.***" Likewise, to the best of
our knowledge, half-metallic properties in Mn,ScZ (Z = sp
elements) Heusler compounds has not been reported so far
using experimental or trending density functional theory (DFT).
The inefficiency of DFT based conventional exchange correla-
tion functional such as generalized gradient approximation
(GGA) and local spin density approximation (LSDA) to predict
ground state properties and understand the underlying physics
of the strongly correlated d and f transition metals based
systems limits to unfold their HM properties.*” Similar anomaly
was also observed in Mott insulators where DFT interpreted
metallic bands due to ignorance of the effect of localized d and f
orbitals®~° resulting in a self-interaction error.”® This effect is
also visible in narrow band oxides®**” and molecular systems.*®
The introduction of on-site Coulomb repulsion term (U) in the
Hubbard model (DFT+U)*® corrects the self interaction and
consider the effects of localized electrons and removes the
inconsistency observed in first principle calculations and
experimental results of strongly correlated systems. Heusler
alloys are no exception to the inadequacy of DFT and Co,FeSi is
a prototype where the experimental findings could be repro-
duced theoretically only with the inclusion of U.***° Bandyo-
padhyay and Sarma® have calculated the U values for 3d
transition and 5f actinide elements and showed its dependence
on the number of electrons. U values for 3d electrons have been
calculated experimentally as well.*»** At present there are large
number of studies in case of Heusler alloys in which calculation
of U value and its effect on the electronic and magnetic prop-
erties are reported.®**® A clear implication of U calculation and
its influence on Heusler alloys to predict exact ground state
properties can be found from the studies carried out by Rai
et al.®”°®

The effect of electron correlation in Heusler alloys are
evident from the above literature and it is expected to have
significant impact on alloys where highly localized d orbitals
based transition metals Mn and Sc are present whose exact
ground state properties are yet unexplored. Hence, in view of
importance of DFT+U calculation in the material research, an
effort have been made to investigate the half metallic behaviour
of highly localized Mn and Sc based sample alloys Mn,ScZ (Z =
Si, Ge and Sn) by adding U correction for 3d electrons of Mn and
Sc. Their stability at ground state fcc phases were verified by
calculating formation energy and their mechanical properties
are also estimated using elastic constants at ambient condition.
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2. Computational method

We have employed a plane wave pseuodopotential (PW-PP)*°
and full potential-linearized augmented plane wave (FP-
LAPW)™ methods based on density functional theory for the
study presented in this manuscript. In FP-LAPW method, the
space is divided into a non-overlapping muffin-tin (MT) spheres
centred on the atomic sites and in an interstitial region. Inside
the MT spheres, the basis set is consist of a linear combination
of product of radial functions and the spherical harmonics
whereas the basis consist of plane waves in IR region similar to
PW-PP method with a cut off value of 50 Ry and charge density
cut-off value of 800 Ry were used to expand the kinetic energy to
describe the Kohn-Sham orbitals. Whereas, the energy
convergence in the FP-LAPW method was achieved by expand-
ing the plane wave functions in the IR with a cut off Ryt X Kiax
= 8, where Ryt denotes the smallest muffin-tin sphere radius
and K., gives the maximum value of wave vector (K) in the
plane wave expansion. The MT sphere radii (Ryr) used were
2.42,2.30, 2.00, 2.22 and 2.50 (in a.u.) for Mn, Sc, Si, Ge and Sn,
respectively. The potential inside the MT sphere and the non-
spherical contributions to the charge density were expanded
up to lmax = 14, whereas the potential and charge density were
expanded as a Fourier series with the wave vectors up to Guax =
14. A uniform grid of 16 x 16 x 16 automatically generated k-
points following the convention of Monkhorst and Pack™ cen-
tred at I'-point for integration over the Brillouin zone was
considered with energy convergence of 10~ ® Ry. We have used
the spin polarized Perdew-Burke-Ernzerhof scheme of gener-
alized gradient approximation (PBE-GGA)”> for the exchange
correlation functional by treating onsite strong correlation of
the 3d electrons by Coulomb repulsion U term (GGA+U).”*7° The
system dependent U term is calculated based on Hubbard
Hamiltonian model (eqn (1)) for the onsite Coulomb
repulsion.>>%7:

Huw = IZ (clei0) + UZn,ng,gl (1)

ij>.0 i

where 7, j denotes the nearest-neighbour atomic sites, czaciyg are
creation and annihilation operators, creating and annihilating
an electron at atomic site i with spin ¢ = 1 or | and n;, is the
number operator. In case of strongly localized electrons, the
electrons hopes from one site to another with hoping amplitude
¢t and is the single particle energy term of the total energy. U is
the on-site Coulomb repulsion between electrons of the same
atom which is proportional to the product of occupation
numbers of atomic states on the same site. Gunnarsson
scheme’” was used to calculate the parameter U, in which the
atoms are considered to be embedded in polarized surrounding
with the onsite energies taken to be zero, then U will be the
energy required to take the electron from one atom to other. If E;
and E, are the ionization potential and electron affinity of the N
electron system, then ‘U (eqn (2)) is given as”™

U=E; — Ex = (EV' = ENy — (EY — EMY) (2)

This journal is © The Royal Society of Chemistry 2020
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where, EN®Y are the ground state energies. In our study, for
calculation of U value, we have used a 2 x 2 x 2 supercell and
the d occupancies for 3d ions were fixed at integral values by
removing the hoping whereas the hoping integral d shell of the
central transition ion were set to zero. The calculated values of U
in present system of study was found to be Uy, = 1.973 eV and
Us. = 0.435 eV for Mn and Sc respectively.

3. Results and discussion
3.1 Structural optimization and elastic properties

Full Heusler alloys X,YZ where X and Y are transition elements
and Z is an sp element crystallizes in a cubic fcc structure
with four atomic basis at 4a (0, 0, 0), 4b

1 1 1 1 1 1 3 3 3
-, =, =), 4c |-, -, =] and 4d (-, -, - ). Depend-
22 2 4° 4 4 4° 4 4

ing on the number of valence electrons of X atom being greater
than or less than that of Y atom, the alloy can crystallize in
either Cu,MnAl type structure (space group Fm3m) with X in 4a
and 4b positions, Y in 4c and Z in 4d position or in Hg,CuTi type
structure (space group F43m) with X occupying 4a and 4c posi-
tions, Y in 4b and Z in 4d positions respectively. The Cu,MnAl
structure is also known as L2; structure or regular Heusler
alloys whereas the Hg,CuTi structure is known as XA structure
or inverse Heusler alloys.

The type of structure depending on the valence electron
count rule as described above is generally true for almost all the
Heusler alloys however, Galehgirian et al. found Ti,VZ(Z = Al,
Ga and In) to be stable in Hg,CuTi type structure,” against the
above rule. Similarly Luo et al.*® studied a series of X,CuAl (X =
Sc, Ti, V, Cr, Mn, Fe, Co, Ni) and found that although all should
crystallize in XA structure according to above rule, some of the
alloys crystallizes in Cu,MnAl type and the others in Hg,CuTi
type structure. In this context, an interesting result was reported
by Bensiad et al. in series of Mn,RhZ (Z = Si, Ge and Sn), where
Mn,RhSi and Mn,RhGe were found to crystallize in Cu,MnAl
type structure whereas the Mn,RhSn crystallizes in Hg,CuTi
type structure.®* Hence, following the above discrepancies, the
sample alloys were optimized for both the structure in magnetic
(M) and non magnetic phases in both Cu,MnAl and Hg,CuTi
type structure to understand equilibrium structure. The varia-
tion of total energy as a function of lattice constant fitted into
empirical Murnaghan's equation of state is presented in Fig. 1a.
Due to similar nature of the curves, we have presented the curve
only for Mn,ScSi (Fig. 1b) and the energy difference AE = Epp3,
— Erizm between the Cu,MnAl and Hg,CuTi type structure are
summarized in Table 1 which depicts, that the magnetic phase
of Cu,MnAl type structure are energetically stable and has been
used to further explore their physical properties at optimized
lattice constant (Table 1). The addition of bigger size atom (Si to
Sn) expand the overall size of the crystal in consistent to anal-
ogous Fe,MnZ (Z = Si, Ge and Sn)* and by Mn,RhZ (Z = Si, Ge
and Sn).*

The hypothetical compounds Mn,ScZ (Z = Si, Ge and Sn) are
thermodynamically stable and their experimental synthesis is
also possible as predicted from formation energy (Eform) (Table
1) obtained from relation®

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Volume optimization curve in the magnetic (M) and non-
magnetic (NM) phase for Hg,CuTi type (upper panel) and Cu,MnAl
type structure (lower panel), (b) Hg,CuTi type and (c) CuMnAl type
crystal structure (colour scheme, Mn = grey, Sc = red and Z = blue).

Table 1 Optimized lattice constant (a), total energy (E,), difference in
ground state energy (AE) between Cu,MnAl and Hg,CuTi type struc-
ture in magnetic phases and formation energy (E¢orm) of Mn,ScZ (Z =
Si, Ge and Sn)

z a (A) AF (Ry) Eo (Ry) Etom (eV)
Si 5.949 —9.133 —535.851 —3.209
Ge 6.036 —5.372 —701.9321 —5.105
Sn 6.396 —2.028 —688.582 —3.188
1
Eform = Z{Eo - (ZEMn + ESC + EZ)} (3)

where, E, is the ground state energy of Mn,ScZ (Z = Si, Ge and
Sn) and Ey, = —2317.0374 Ry, Es. = —1528.139 Ry, and E; (Si =
—579.734 Ry, Ge = —4192.046 Ry and Sn = —12358.061 Ry) are
the equilibrium energy of Mn, Sc, and Z (Si, Ge and Sn)
respectively in their solid state.

Elastic constants can be used to furnish the critical infor-
mations regarding the mechanical stability of a solid structure
against the arbitrary deformation and moreover, the physical
properties such as propagation of elastic waves in normal mode,
specific heat, chemical bonds, hardness and Debye temperature
are also related to them. The strain was used to determine the
independent elastic constants (Cj) in such a way that the total
volume of the system remains constant. The details about the
type of strains applied are given in ref. 84. The symmetry of the
cubic crystal reduces the total number of independent elastic
constants into 3 i.e. Cy5, Cy, and Cy4 and they are the elements
of elastic stiffness matrix of order 6 x 6, with 6 eigen values.
However there are only 3 different eigen values; C;4 + 2C;, (non-
degenerate), C;; — C;, (two fold degenerate) and C,, (threefold
degenerate), which corresponds to bulk, the tetragonal shear
and the shear moduli of the crystal and the cubic crystals
becomes unstable if these values become negative. The listed
elastic constants in Table 2 are found to satisfy the above
stability criteria as mentioned by Born and Huang.*

RSC Adv, 2020, 10, 7661-7670 | 7663
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The bulk modulus (B) and the isotropic shear modulus (G)
has been calculated using the Voigt-Reuss and Hill*® approxi-
mation as®

B= é(cll +2Cn) (4)
G= 1 (Gy+G) ©)
where,
Gy = %(c11 — Cip+3Cu) (6)
Gy — 5 Cii = C12) Cs ?)

3(Cii — Cpp) +4Cu

B defines the hardness of the material and characterizes the
resistance of the material to fracture whereas G gives the
resistant to plastic deformations. One can find from the table
that B > G, indicating the prominence of shear modulus in the
stability of the sample materials. Also the computed values of B
and G are comparable with of Mn,ZrSi (B = 187.015 GPa, G =
80.249 GPa), Mn,ZrGe (B = 175.478 GPa, G = 71.088 GPa)*” and
Fe,MnSi (B = 228 GPa, G = 73 GPa).*

Using the above B and G, one can find the Young's modulus
(E) and Poisson's ratio (v) as®

_ 9GB ®
" 3B+G
y—l 3B-2G ©)
T 2\3B+G

E is the ratio of tensile stress to tensile strain that measures
the stiffness of the material and here Mn,ScSn is the stiffest.

Table 2 Calculated independent elastic constants (Cj), bulk modulus
(B), shear modulus (G), Young modulus (E), elastic anisotropy (A),
Poisson's ratio (v), Cauchy's pressure (CF), Pugh's ratio (B/G) longitu-
dinal velocity (v), transverse velocity (vy), average sound velocity (vy)
and Debye temperature (Op)

Parameters Mn,ScSi Mn,ScGe Mn,SceSn
Ci1 220.449 222.949 227.029
Cqa 129.05 138.855 145.449
Cys 79.128 94.923 103.608
Ciy1 — Cra 91.399 84.094 81.58
Ci1+2Cq, 478.549 500.659 517.927
B (GPa) 159.517 166.886 172.642
G (GPa) 63.487 68.464 71.297
E (GPa) 168.152 180.683 188.010
A 1.731 2.258 2.540
v 0.324 0.320 0.318
c®? 49.922 43.932 41.841
(B/G) 2.5126 2.43758 2.42145
v (m s’l) 13012.672 12238.046 11753.483
ve (ms™) 3335.374 6302.145 6065.602
vy (M s’l) 7434.818 7057.058 6791.246
Op (K) 937.491 878.227 826.381
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The v determines the nature of atomic bonding present in the
material and its critical value is 0.26 (ref. 88) separating the
covalent and ionic nature. The Pugh's ratio (B/G) with a critical
value of 1.75 (ref. 84) predicts their ductile with ionic type of
bonding. One can also determine the type of atomic bonding by
calculating C* with large negative value for directional covalent
bonding whereas a positive value for non-directional metallic
bonding and all the materials are found to show non-directional
metallic bonding in the present study.

CP:C12 - C44 (10)
2C'44

A= —— 11

Cll - ClZ ( )

The anisotropy factor 4, which is the measure of the degree
of anisotropy of the material and the deviation from unity
indicates the probability of development of cracks during the
crystal growth process. Although it deviates from unity in
present case, it is quite less when compared to Fe,MnSi (7.21),
Fe,MnGe (8.30) and Fe,MnSn (25.88).%

The Debye temperature (@p) is an important elastic param-
eter which is related to many thermodynamic properties and its
estimation from elastic constants is expected to reflect the true
value at low temperatures because in such conditions the crystal
vibration is of acoustic type. It can be calculated from the
average mean velocity (vy,) as:*

-1
h( 3n \3

Op=——|—+ m
b kB <477Va) v

where h, kg, n and V, are Planck's constant, Boltzmann's
constant, number of atoms per formula unit and atomic volume
of the alloy respectively. One can find that the @, decreases with
the increase in atomic size of Z (Si to Sn) atom in Mn,ScZ (Z =
Si, Ge and Sn) as expected because on addition of heavier mass
Z atom, the v,,, will decrease as observed in analogous Fe,MnZ
(z = Si, Ge and Sn).*

(12)

3.2 Electronic structure and magnetic properties

Study of electronic structure in context of half-metallicity have
been performed earlier in analogous system like Fe,MnZ,
Mn,RhZ, Mn,TiZ, Mn,ZrZ and Co,MnZ (Z= Si, Ge and
Sn)#1#287899% where the decrease in HM gap or even lost of half-
metallicity with increase in size of Z atom has been reported. To
check similar feature in the sample materials and understand
their effect we have calculated spin-polarized electronic band
structure along the high-symmetric direction of the Brillouin
zone (BZ) (Fig. 2) and corresponding density of states (DOS)
(Fig. 3) in the equilibrium configuration. In present study, the
total number of valence electron is 21, thus according to Slater
Pauling rule (SP) of 24 we have spin down electron as the
majority spin and spin up electron as minority spin.”* From the
figures one can find both Mn,ScSi and Mn,ScGe shows half
metallic structure with continuous bands and DOS crossing the
Er for majority spin whereas a gap occurs at Er for minority
spin. For Mn,ScSn, the band crosses Er for both the spin

This journal is © The Royal Society of Chemistry 2020
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Fig.2 Energy band structure of (a) Mn,ScSi, (b) Mn,ScGe and (c) Mn,ScSn (colour scheme, solid blue lines = minority spin and dash red lines =

majority spin).
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Fig. 3 Total density of states of (a) Mn,ScSi (b) Mn,ScGe and (c) Mn,ScSn.

channels, showing a metallic nature. Moreover the profile of the
DOSs and bands are similar for two HMs whereas, completely
different for metallic Mn,ScSn. There are many peaks in the
minority DOS around —2 eV below Eg for Mn,ScSi and Mn,ScGe
which is visible as flat regions in their corresponding bands.
These peaks merge to form a more prominent one in magnitude
in case of Mn,ScSn as seen from a broader flat band at I' point.
Moreover the minority DOS peaks above Ey around 1 eV for
Mn,ScSi and Mn,ScGe moves below Ep at around —0.8 eV in
case of Mn,ScSn, thus destroying the half-metallicity. This
feature is again visible as flat regions between 0-1 eV for Mn,-
ScSi and Mn,ScGe at I' and L point which are pushed below Eg
for Mn,ScSn. Moreover the bands between —4 eV to —3 eV in
both the spins for Mn,ScSi and Mn,ScGe at I' are pushed
towards the Er in case of Mn,ScSn as seen in their respective
DOSs. The DOS also reveals the prominent role of Mn around
the Eg in comparison to Sc and Z (Si, Ge and Sn) atoms in all the
three sample materials. Moreover the asymmetry in the bands
and DOS between majority and minority spin of these alloys is
mainly due to Mn atoms. For the HMs, the band gaps are
indirect with the maximum of valence band and the minimum
of conduction bands occurring at I' and X points of the BZ
respectively. The band gaps are very narrow, 0.151 eV and
0.051 eV for Mn,ScSi and Mn,ScGe respectively. And as the size
of the Z atom increases from Si to Ge, the band gap decreases
and eventually disappears for Sn in consistent analogous

This journal is © The Royal Society of Chemistry 2020

Fe,MnZ (Z = Si, Ge and Sn),* Mn,TiZ (Z = Si, Ge and Sn)* and
Co,MnZ (Z = Ge and Sn).*® This indicate the prominence of size
of Z atoms in Mn,YZ compounds for controlling the size of the
lattice (Table 1) and eventually determining the strength of
interaction between the transition elements and overlap of
d orbitals resulting in half-metallicity.*® So, with the addition of
bigger atomic radius Z, the lattice constant increases and the
overlap of d orbitals reduces and ultimately results in loss of
HM in Mn,ScSn.

Further analysis of electronic structure is done by studying
their partial density of states (PDOS) as presented in Fig. 4,
which gives us insight into the hybridization between atomic
orbitals and formation of energy gap in minority spin resulting
in HM as explained by Galanakis et al.®* in full Heusler alloys
with L2; structure. The sp Z atom forms one s and three p
bands fully occupied by electrons. The s state forms band in
the core region (not shown in the PDOS) well below from the Eg
and are well separated from the d bands, whereas on the other
hand, the p electrons contribute at around —4 eV and are not
completely separated from the d bands. The PDOS clearly
shows that around Ep, it is the d electrons which play the
predominant role and as suggested by Galanakis,” we shall
consider formation of band gap in two steps. The whole crystal
has tetrahedral symmetry (74) but the Mn atoms at 4a and 4b
positions obey octahedral symmetry (Oy,) with respect to each
other and d orbitals splits into doubly degenerate e, and triply

RSC Adv, 2020, 10, 7661-7670 | 7665
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degenerate t,,. Therefore, in first step we should consider the
interaction of Mn atoms which is schematically shown in
Fig. 5. Due to symmetry, e, of Mn at 4a can hybridize only with
e; of Mn at 40 and t, orbitals follow the same trend giving 2 e,
and 3 t,, bonding and 2 e, and 3 t,, anti-bonding orbitals
(Fig. 5a). The numeral figures before the states give the
degeneracy of the orbitals. Now in the second step, these Mn-
Mn orbitals again combine with e, and t,, orbitals of Sc atom
(On) at 4c to give 2 e, and 3 t,, bonding below and 2 e; and 3 t,,
anti-bonding orbitals above Er respectively. These anti-
bonding e, and t,, orbitals can be seen as peaks in the
minority spin PDOS between 3 to 4 eV and the degeneracy of
orbitals can be verified by counting the number of bands in the
same energy range at I' point in the bands. The bonding t,,
orbitals peaks just below —2 eV in the minority PDOS and
which can be seen at I' point in the bands whereas the e,
bonding orbitals peak around —4 eV and is correspondingly
appears as doubly degenerate band at I" point in the band. The
2 e, and 3 ty, orbitals of Mn-Mn hybridization cannot couple
with the d orbitals of Sc atom due to their different symmetry
and the gap is formed between these non-bonding orbitals as
seen from the peaks in the valence band edge and conduction
band edge in the PDOS. In the PDOS the representation of e,
and t;, remains as e, and t,, respectively and can be seen as
doubly degenerate and triply degenerate bands just above and
below Ex minority spin bands.

For regular Heusler alloy with L2, structure, the SP rule for
total magnetic moment (M) per formula unit for HMs is My =
(Nt — 24) ug, where Nr is the total number of valence electron.
Thus in the present study with Ny = 21, we expect a M of —3 ug
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Fig. 5 Scheme of d orbitals of Mn,ScZ (Z = Si, Ge and Sn) in Cu,MnAl
configuration: (@) Mn—Mn and (b) Mn—Mn-Sc hybridization.
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Partial density of states (a) Mn,ScSi (b) Mn,ScGe and (c) Mn,ScSn (dashed lines are filled with same colour).

as presented in Table 3. The negative moment comes from the
fact that gap occurs in the minority spin states and DOS at Er of
majority spin states. The total magnetic moment (Mry) per
formula unit for Mn,ScSi and Mn,ScGe is almost an integral
value of —3.0 ug which also confirms the half-metallic nature in
these two compounds. Also, the My for Mn,ScSn decreases to
—5.93 up deviating from SP rule and clearly indicating the loss
of HM and such similar behaviour in magnetic moment was
reported by Jain et al.** in 27 valence electrons system Fe,MnZ (Z
= Si, Ge and Sn) with 5.73 up for Fe,MnSn and 3.0 ug for the
rest. Again, Mn predominantly contributes to the My and
determines the magnetic properties of these alloys whereas the
contribution from Sc and Z atom to My is comparatively less as
presented by partial magnetic moments in Table 3. Moreover,
the magnetic moments of Mn and Sc are aligned in opposite
direction with different strength showing the ferrimagnetic
ordering of moments. These magnetic behaviours can be
understood by examining the DOS (Fig. 3) and PDOS (Fig. 4) of
these compounds and this asymmetry in the DOS between
majority and minority spins reflects the origin of magnetism.
The PDOS explains the opposite alignment of magnetic
moment of Mn and Sc atoms in these compounds. The d states
of Mn emerge in —2.0 eV below Er in minority spin, whereas
around 0.8 eV above Er in majority spin. However, in case of Sc,
the d states emerges slightly more in majority spin than in
minority spin around —2.0 eV below Eg. As a consequence, it is
the majority spin of Mn atoms which is predominantly unoc-
cupied giving a large and opposite magnetic moment to Mn in
comparison to that of Sc for HMs. This situation is magnified in
case of metallic Mn,ScSn, where the asymmetry and occupancy
of d states of Mn and Sc in majority and minority states is
distinctly visible and results in large magnetic moment of Mn.
Here, Table 3 also shows that with increase in the lattice

Table 3 Partial and total magnetic moment (M) per formula unit of
Mn,ScZ (Z = Si, Ge and Sn)

Magnetic moment

(in ug) Mn Sc Z Total (Mr)
Mn,ScSi —1.606 0.159 0.084 —2.99
Mn,ScGe —1.646 0.213 0.073 —2.98
Mn,ScSn —3.169 0.298 0.065 —5.93

This journal is © The Royal Society of Chemistry 2020
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parameter a which increases with the atomic radius of Z atom
i.e. on going from Mn,ScSi to Mn,ScSn, the magnetic moment
of Mn keeps on decreasing whereas that of Sc increases. This
clearly indicates the role of size of Z atom on determining the
size of crystal structure and thereby affecting the strength of
coupling interaction of moments in these alloys.

4. Conclusions

The ground state electronic and magnetic properties of new
Heusler alloys Mn,ScZ (Z = Si, Ge and Sn) have been investi-
gated using density functional theory with the implementation
of Hubbard correction term of Coulomb repulsion U to the
generalized gradient approximation for exchange correlation
functional. All these sample materials were found to crystallize
in Cu,MnAl type structure and the stability as well as the
possibility of experimental synthesis was determined by calcu-
lating the formation energy and from independent elastic
constants. The analysis of electronic structure predicted half-
metallic character for Mn,ScSi and Mn,ScGe whereas metallic
character for Mn,ScSn. The lost of HM in Mn,ScSn is due to the
increase in size of crystal which comes from the size of Z atom
resulting in lesser overlap of d orbitals consistent to previous
reports of analogous alloys. The HM and metallic nature was
also confirmed from the study of magnetic properties which
showed anti-parallel alighment of magnetic moments of Mn
with Sc resulting in ferrimagnetic ordering in these alloys.
Moreover, the total magnetic moments per formula unit for
half-metals were found to be 3.00 ug which comes from Slating—
Pauling rule of 24 and for metal was found to be far more than
predicted by above rule, thereby confirming HM in Mn,ScSi and
Mn,ScGe whereas metallic nature for Mn,ScSn. Analysis of both
electronic and magnetic properties reveals the prominence of
size of sp element in these alloys.
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