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Abstract

In this work, the electronic and magnetic features of the Sc2MnSi bulk, surfaces, and the interface with the semiconductor
CdTe (111) were thoroughly researched using the first-principles calculations. The Sc,MnSi alloy with equilibrium lattice
constant of 6.34 A shows half-metallic (HM) property. This alloy exhibits an energy gap and a HM gap of 0.54 and 0.12 eV,
respectively. The density of states results confirm the existence of the half-metallicity property for the Sc,MnSi component
at SiSc(2)-(001), Sc(2)-, and Si-(111) surfaces while this property is not revealed at Sc(1)-, Mn-terminated (111), Sc(1)Mn-
terminated (001), and Sc,MnSi (110) surfaces for the same component. In addition, in the case of Sc,MnSi/CdTe interface,
it is noted that Cd-Si connection does not reveal the half-metallicity feature, while the Si-Te shape exhibits a 100% spin
polarization, thus preserving the half-metallicity. Furthermore, the Si-Te shape is more stable than the others, according to

the interfacial adhesion energy.

Keywords Sc,MnSi full Heusler compound - Half-metallic - Electronic structure - Surface and interface properties -

Density functional theory

1 Introduction

The basis formation of magnetic tunneling junction is
achieved when an insulator or a thin semiconductor is sand-
wiched between two particular metal layers. The tunneling
current is typically higher depending on the value of the
magnetic moment. Building the magnetic tunneling devices
open the door for many applications in sensors devises based
on the magnetic [1], reading heads in hard disk drives [2,
3], magnetic random-access memories [4], and many other
spintronics applications [6-8]. To optimize the performance
of magnetic tunneling junction, the percentage of one of
the important parameters, such as Tunnel Magnetoresist-
ance (TMR) should be increased. For the two ferromagnetic
metals, the ratio of TMR is defined by the Julliere formula
of the spin polarization P [8]. The high values of TMR can
be achieved by increasing the P values of the heterojunc-
tions layers in the metal/semiconductor according to equa-
tion TMR =2P,P,/(1 — P,P,). Anyway, the presence of the
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Half-Metallic (HM) characteristic in the bulk does not mean
that it is also present in the surfaces or interfaces, because
there are a lot of anti-polarizing elements, such as non-
arrangement of atoms [9, 10], surface states [11], interface
states [12], magnetic exchange coupling in the interface [13],
and thermal factors [14—16], for these reasons, researchers
focus on the bulk, surfaces and interfaces of Heusler alloys.
The general chemical formula of the Heusler alloys are taken
the form X,YZ, where X and Y are transitional elements,
while Z is the main group element, in Wyckoff coordinates
if the positions of the atoms X (1 and 2) at A (0, 0, 0) and
C (172, 1/2, 1/2), Y at B (1/4, 1/4, 1/4), while Z at D (3/4,
3/4, 3/4) locations, this arrangement of the sites can form
the ordinary full Heusler alloy of the composition AlICu,Mn
(L2,), with space group (No. 225, Fm-3m). Meanwhile, if
the positions of the X (1 and 2) and Y atoms change to A (0,
0,0), B (1/4, 1/4, 1/4), C (1/2, 1/2, 1/2), respectively, and the
Z atoms remain in the same positions D (3/4, 3/4, 3/4), such
an arrangement is called the Heusler alloys of the composi-
tion CuHg,Ti (C1,), with space group (No. 216, F43m) as
the prototype is noticed [17]. Recent studies have confirmed
the presence of HM properties in new Heusler compounds,
for example; Mn,CoZ (Z=Ge, Ga, Al, Bi, As and Sb) [18],
Mn,TiZ (Z=Ge, Ga, Al, Bi, As, Sb, Sn and Si) [19], Fe,YSi
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(Y =Cr and Mn) [20], Fe,MnP [21], Fe,TiP [22], Cr,MnZ
(Z=As, Al, Bi, Sb, Bi, and P) [23, 24]. Therefore, the thin
films or multiple layers based on HM materials is used in
many spintronics devices, therefore, it is important to inves-
tigate the characteristic of surfaces and interfaces [25-29].
Two-dimensional materials optical and electronic features
have been thoroughly highlighted [30-36].

In this paper, the electronic and magnetism properties of
the Sc,MnSi compound in CuHg,Ti-type, and (111), (001),
and (110) surfaces, and interface Sc,MnSi/CdTe are studied
using the investigation of first-principle calculation.

2 Computational methods

To calculate the electronic and magnetic properties of the
Sc,MnSi Heusler alloy, the first-principles method is inves-
tigated based on the DFT that applied by Wien2k [37].
In the bulk Sc,MnSi Heusler alloy the meshes k-point is
(12x 12 % 12), while the meshes are (12x12x 1) and
(8x12x2) for the (111), (001), and (110) surfaces, respec-
tively. The value of energy convergence is (10~> Ry). The
smaller radius of muffin-tin sphere Ry are determined for
the atoms Sc=Mn=2.50 a.u and Si=2.39 a.u.. The plane
wave has a cut-off energy parameter K, Ryt equal to 8,
where K, is the largest value of the reciprocal lattice vec-
tor. Inside the atomic sphere, the angular momentum has a
maximum value [, equal to 10. Additionally, the based on
spin results, the initial spin shapes of Sc,MnSi are calculated
to be ferromagnetic (spin in one orientation, down or up,
and the material has spin magnetic moment), nonmagnetic
(not spin), and antiferromagnetic (spin down = spin up, and
the spin magnetic moments equal zero), demonstrating that

Sc,MnSi is a ferromagnetic material. The valence electrons
of the Sc,MnSi compound are Sc1 (4s%, 3d"), Sc2 (4s?, 3d"),
Mn (4s%, 3d°), and Si (3s%, 3p?).

3 Results and discussion
3.1 Electronic properties

To search the electronic properties of Sc2MnSi Heusler
alloy, the equilibrium lattice constant will be calculated by
finding the Sc,MnSi total energies as a function of the lat-
tice parameters. It is noted that the lowest value of energy
is located at 6.34 A, which is consistent with theoretical
studies [38]. As shown in Fig. 1, the energy gap in the spin-
up channel crosses energy bands in the spin-down channel,
where the Fermi level is located in the middle. Therefore,
the band structures of Sc,MnSi compound show that the HM
has an indirect energy and (HM) gaps of 0.54 and 0.12 eV,
respectively. The (HM) gap is the least energy needed to
convert the spin up of valence band electrons close to the
Ey, to the minority spin.

Finally, Skaftouros et al. [39] have presented very nec-
essary notes about the resulting hybridization between
d-orbitals of metal elements in the form of the Heusler
compound, for instant, Sc-based Heusler alloys. This
means that the similarity between the X1 and the Y atoms
lead to that their d-orbitals hybridize with each other
exhibit five bonding d (Zeg and 3t2g) and non-bonding (2e,
and 3t,). After that, the five X1-Y bonding d states hybrid-
ize together with the d-orbitals of the X2 atoms and pro-
duce bonding and anti-bonding states after then. As shown
in Fig. 2, in the CuHg,Ti-structure, the energy bands under

Fig. 1 Band structure of 7.0
Sc,MnSi Heusler alloy. The
zero energy is set to Ep
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Fig.2 The bulk density of states for Sc,MnSi

the Ep in spin-up channel over the range from —2.5 to
0.0 eV are often attributed to bonding states. While the
bands between 0 and 3 eV up the Fermi level represent
non-bonding states (2e, and 3t,) and the high energy bands
between 3 and 6 eV are represent anti-bonding states. The
energy of the three bands are evaluated between —5.0
and — 2.5 eV attributed to p orbital of Si and the isolated
energy band located close to —9.0 eV is attributed to Si s
states. The influence of splitting exchange on spin down
channel leads to the bonding states rushing towards and
crosses the Fermi level.

3.2 Magnetic properties

Spinning splitting of 3d orbitals into majority-spin and
minority-spin states of the DOS at Ey; leads to the presence
of magnetic properties in the compounds, that is why we
study the Sc,MnSi Heusler alloy, which features 3d tran-
sitional elements (Sc and Mn), where the results proved
that the Sc,MnSi is subject to the rule of Slater—Paul-
ing M,=18 —Z,, where M, represents the spin magnetic
moment and Z, represents the valence electrons Scl: 4s>
3d!, Sc2: 4s% 3d!, Mn: 4s23d5, and Si: 3s%3p?, which are
17 electrons in the Sc,MnSi compound. Thus, the total
magnetic moment is determined to be 1ugz. The mag-
netic moments of atoms are —0.486, —0.373, 2.093, and
—0.048 pg for Scl, Sc2, Mn, and Si atoms, respectively
and —0.186 ug of the interstitial area, as listed in Table 1.
The Mn and Si atoms have the greatest and small contribu-
tions to forming the spin magnetic moment.

3.3 Surfaces relaxation and structural properties

To study the surface properties Sc,MnSi based on the equi-
librium lattice constants for the (111), (001), and (110)
surfaces, a slab with 25, 13, and 7 atomic layers could be
constructed, respectively. These slabs would then have a
15 vacuum added to them. It is determined that the chosen
slabs' thickness is adequate for studying the surface char-
acteristics. It is noteworthy that each layer of (111) surface
contains only one atom, therefore, there are four different
layers of the (111) surface, which are Scl-, Sc2-, Mn-, and
Si-terminations, while there are two layers of the (001) sur-
face, layer has the termination Sc1Mn-, and the other layer
has the Sc2Si-termination. The Sc1Sc2MnSi-termination is
the only termination on the (110) surface that maintains the
four atoms together. To assure the stability of surface struc-
tures, the top four atomic layers of the slabs were allowed to
relax, while the other atomic layers were maintained in place
by a reduction in the overall energy and atomic interaction
forces. The process of relaxation layers and the number of
its slabs is sufficient to exam the surface properties because
of the small amount of change in the magnetic moment
and the bond length (particularly smaller than 0.0015 pg
and 0.003 A, respectively). To ensure the stability of the
surfaces, the distances between the atoms after and before
relaxation are calculated, where the results showed before
relaxation that the distance between the atoms of the (111)
surface and the subsurface is 2.745 A for the Scl, Sc2-, Mn-,
and Si-terminations. On the other hand, after relaxing the
distance becomes 2.781, 2.893, 2.688, and 2.650 A for Scl-,
Sc2-, Mn-, and Si-terminations, respectively. This indicates
an increase in the bond length with respect to the Scl- and
Sc2-terminations, on contrary, it decreases with respect to
the Mn- and Si-terminations, as for the Sc1Mn- and Sc2Si-
(001) surfaces, before relaxation, there is a 2.745 separation
between the surface and the subsurface, after relaxation are
2.911 and 2.891 A, respectively. After relaxation, the dis-
tance between the Scl surface atom and the Sc2 subsurface
atom is 2.869 A, while the distance between the Mn surface
atom and the Si subsurface atom is 2.537 A resulting in
the Sc1Mn-termination. In contrast, the Sc2Si-termination
following relaxing has a distance of 2.534 A between the
Si surface atom and the Mn subsurface atom and a dis-
tance of 2.891 A between the Sc2 surface atom and the Scl
subsurface atom. This means that for both the (111) and
(001) surfaces, the Mn and Si surface atoms are migrating
towards the center while the Scl and Sc2 surface atoms are
traveling towards the vacuum. Before relaxing, the distance
between the surface atoms and the subsurface atoms with
respect to the (110) surface is 3.17 A, and after relaxation,
it becomes 4.998, 3.334, 2.835 and 2.941 A, for Scl, Sc2,
Mn, and Si, respectively. This indicates that although the
Mn and Si surface atoms are migrating toward the center of

@ Springer



451 Page4of 11

M. H. Jolan, J. M. K. Al-zyadi

Table 1 The atoms magnetic

moments in the Sc,MnSi full Atom s Py dan Total () MGy P (%)
Heusler alloy of the bulk, Bulk Scl 1.08/1.11  3.05/3.08 0.42/0.76  4.57/497  —-0.41 100
:‘;g?ﬁi; a*ﬁ’; fl?:sle;rlﬁl;:f)f Sc2 L10/1.13  3.04/3.04 045079 4.61/498  —037 100
the atoms' computed spin Mn 0.20/0.18  3.22/320 3.8/1.62  7.12/5.02 2.09 100
polarization are displayed Si 0.54/0.54  0.75/0.78  0.05/0.08 1.36/1.41  —0.05 100
Scl-ter (111) Scl (S) 1.08/1.11 3.01/3.01 0.41/0.64 477/441  -025 230
Sc2 (Subl)  1.12/1.13  3.03/3.02 0.54/0.66 4.71/4.83  —0.12  35.09
Mn (Sub2)  0.22/0.19 3.20/3.18 3.74/1.54  7.17/4.93 225 70.00
Si(Sub3)  0.53/0.52 0.72/0.75 05/0.08  1.32/1.36 —0.04  40.56
Sc2-ter (111) Sc2 (S) 1.05/1.06  2.96/2.95 036/0.53 437/456  —0.17 100
Mn (Subl)  0.17/0.15  3.14/3.10  3.49/1.63  6.81/4.89 193 100
Si(Sub2)  0.50/0.50 0.65/0.66 0.05/0.06 1.22/123  —0.02 100
Scl (Sub3)  1.05/1.07 2.98/3.00 0.37/0.65 4.42/473  —030 100
Mn-ter (111) Mn (S) 0.16/0.12  3.09/3.06  4.04/0.94  7.30/4.13 3.17  80.16
Si(Subl)  047/047 0.62/0.64 0.04/0.04 1.151.17 —0.03 2197
Scl (Sub2)  1.04/1.05 2.96/2.97 037/0.58 4.38/462 —023 7392
Sc2 (Sub3)  1.05/1.07 2.95/2.95 0.36/0.69 4.38/471  —033  89.41
Si-ter (111) Si (S) 0.44/043  0.58/0.56  0.02/0.02  1.04/1.02 0.02 100
Scl (Subl)  1.07/1.07  3.01/3.01 0.42/0.56 4.52/466  —0.15 100
Sc2 (Sub2)  1.07/1.09  3.03/3.03 0.44/0.56 4.56/469  —0.14 100
Mn (Sub3)  0.19/1.16  3.19/3.15  3.72/1.44  7.11/4.77 233 100
Sc1Mn-ter(001) Scl (S) 1.05/1.07 297/298 027/0.63 4.30/468 —038 4853
Mn (S) 0.20/0.17  3.13/3.11  3.90/1.24  7.24/4.53 270  46.69
Sc2(Subl)  1.08/1.10  2.99/3.00 0.40/0.72 4.49/482  —034  40.05
Si(Subl)  043/047 061/0.63 005006 1.13/1.16 —0.03 19.75
Mn (C) 0.16/0.15  3.16/3.15  3.60/1.54  6.93/4.84 209 100
Scl (C) 1.06/1.08  3.00/3.02 0.37/0.70 4.44/481  —040 100
Sc2Si-ter(001) Sc2 (S) 1.08/1.10  3.01/3.02 0.41/0.60 4.50/473  —023 100
Si (S) 0.49/0.48  0.63/0.60  0.03/0.04 1.16/1.13 0.03 100
Mn (Subl)  0.21/0.18 3.23/3.20 3.82/1.46 7.27/48  —028 100
Scl (Subl)  1.09/1.11  3.06/3.08 0.51/0.71  4.67/491 240 100
Si (C) 0.47/0.46  0.61/0.63  0.04/0.06 1.13/1.16  —0.05 100
Sc2 (C) 1.10/1.13  3.04/3.04 0.45/0.79 4.61/499  —037 100
Sc,MnSi-ter(110)  Si (S) 0.43/0.43  0.45/0.51 0.03/0.03 0.92/098  —0.06 17.38
Mn (S) 0.19/0.16  3.14/3.11  3.74/1.40  7.09/4.68 240  67.21
Scl (S) 1.06/1.07 2.96/2.96 0.37/0.56 4.40/4.60 —020  70.88
Sc2 (S) 1.05/1.06 2.97/298 0.35/0.53 4.38/457 —020  38.05
Scl (Subl) 0.18/0.16  3.13/3.11  4.10/0.98  7.42/4.26 3.16  49.97
Sc2 (Subl)  0.42/0.42 0.43/0.46 0.03/0.03 0.88/091  —0.03 5.55
Si (Subl) 1.09/1.09 2.98/3.00 0.49/0.68 4.57/478  —021  27.50
Mn (Subl)  1.08/1.09 3.00/3.01 0.61/0.61 4.70/472 —001  17.05

the (110) surface, the Scl and Sc2 surface atoms are going
toward the vacuum. To argue the surface half-metallicity,
the surface and subsurface atomic partial and total DOS of
the four possible (111), two possible (001), and one pos-
sible (110) surface for Sc,MnSi are presented in Figs. 3, 4,
5,6,7,8,9 and 10. Testing the electronic structural differ-
ences between surfaces and bulk systems, the correspond-
ing DOS in bulk structure are also provided simultaneously.
The Sc2, Si, and Sc2Si-terminated surfaces appear to retain
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the HM characteristic of the bulk system pertaining to the
electronic structure of surface depicted in Figs. 4, 6, and 8,
with the exception of the reduction of energy gaps, i.e., the
spin? channels are metallic, whereas there is an energy gap
around the Ey, for the spin| channels. The spin-up electrons
have energy gaps for the (111) surface atoms of Sc2 and Si
(0.11 and 0.46 eV), but the energy gaps for the (001) surface
atoms of Sc2 and Si (0.36 and 0.30 eV) are elevated com-
pared to the bulk values (0.59 and 0.57 eV). However, the
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Fig.4 Similar Fig. 3 but for Sc2-termanted surface

HM characteristics are not present at the Sc1-, Mn-, Sc1Mn-,
and Sc1Sc2MnSi-terminated surfaces. This is because the
possibility of multiple surface effects being caused by the
decrease in atomic coordination numbers at surfaces, it is
important to note that the genesis of surface states induced in
the four surface structures. To better comprehend the surface
electronic and magnetic characteristics, we further calculate

-4 -2 0] 2 4
Energy (eV)

the atoms magnetic moments (M ) in the Sc,MnSi full
Heusler alloy for bulk, surfaces, and subsurface, which are
listed in Table 1, along with the corresponding values of spin
polarization calculation. It is demonstrated that all of the
central-layer atoms on every surface have magnetic moments
that are almost identical to those of the bulk structure. The
fact that the atomic magnetic moments at the slab’s center
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Fig.6 Similar Fig. 3 but for Si-termanted surface

layer and in the bulk system are equal further proves that the
slab we chose is reasonable. The magnetic moments of the
Mn and Si atoms at the surfaces are increased, while the val-
ues of the Scl and Sc2 atoms at the surfaces are decreased
compared to those in the bulk system due to the reduction of
coordination number (the environment in the bulk Sc,MnSi
and its surface are quite different). Additionally, the spin
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polarization was determined as represented in Table 1 using
the formula P= (N1 —N])/(NT+N|), where N1 and N| are
the majority-spin and minority-spin dependent DOS at
Fermi level, respectively. The 100% spin polarized both Sc2-
and Si-terminated (111) surface structures and Sc2Si (001)
surfaces are preferable for spintronic devices applications.
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3.4 Electronic and magnetic characteristics
of the Sc,MnSi/CdTi (111) interface

In this section, the interface effects on the electronic and
magnetic features of the Sc,MnSi/CdTi (111) interfaces are
revealed. The PDOS for both interface and sub-interface
atoms are studied for the two interfacial structures. For
comparison, the PDOS nearby to the bulk are plotted. It
is clear from Fig. 11 that the Si-Te interface presents the

(0]
Energy (eV)

half-metallicity. This is because the spin-down channel
shows the metallic characteristics since the spin-down elec-
trons cross the Fermi level, while the spin-up channel shows
semiconducting characteristics at the Fermi level (Eg). The
energy and half-metal gaps in the spin-up channel were
calculated to be 0.2 and 0.07 eV for Si atom, whereas for
Te atom at Si-Te shape, the energy and half-metal gaps are
0.22 and 0.06 eV, respectively. While the Si-Cd interface
disappear the half-metallicity of the bulk Sc,MnSi due to
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Fig. 12 The calculated density of states for the Si-Cd shape of the Sc,MnSi/CdTe (111) interface

interfacial states as shown in Fig. 12. It indicates that the
spin-up and spin-down electrons have metallic properties. To
investigate the interface effect on the electronic and magnetic
properties, the magnetic moments (M in up) at the interface
and sub-interface atoms are also revealed in Table 2. The

matching bulk values are explained. Obviously, the M values
of the interface atoms Si decreased compared to the bulk one
because of the decreased spin splitting. Furthermore, we
investigated the P of the interface and sub-interface atoms
in all of the two distinct compositions stated in Table 2 in
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Table 2 The atomic magnetic

. ; Interface Magnetic moments (y) Spin polarization %
moments (in yg) and spin structure
polarization (P) at the Si-Cd Si Mn Cd Te Si Mn Cd Te
and Si-Te shapes, sub-interface
(with *), and bulk full Heusler Si-Cd -0.018 1.934%* -0.018 —0.039%* 71.8 41.90* 16.93 37.75%
Sc,MnSi alloy at the Sc,MnSi/ Si-Te —0.047  2.328% —0.001* —-0.018 100 100% 100 100
CdTe (111) interface Bulk —005 2.9 0.00 0.00 100 100 000  0.00

Table 3 Illustrations the bond

) Interfacial d;, (A) y (I m™)
lengths (d,,) after relaxation. structure
The needed information about
the interfacial atoms and the Si-Cd 3.36 0.87
adhesion energies (y) including Si-Te 330 1.96

the two possible different shapes

order to better understand the importance of utilizing fer-
romagnetic materials as the base of the spin injection into
semiconductors.

3.5 Adhesion energy and interface half-metallicity

In this part, an extensive study of the properties of the inter-
face between the HM Sc,MnSi and the semiconductor CdTe
are revealed. The composition ZB because its lattice con-
stant 6.477 A is compatible with the lattice constant 6.34 A
of the Sc,MnSi. Obviously, a CdTe semiconductor has two
kinds of terminated, Cd-, and Te-terminated at the (111)
surfaces, these terminations will merge with the Si-termi-
nated for the Sc,MnSi HM in the case of the (111) surfaces
because of their retained HM properties. For this reason, the
interfaces had two shapes in Sc,MnSi/CdTe (111) with dif-
ferent arrangements which are as follows: Si-Cd, and Si-Te
configurations. To study the Sc,MnSi/CdTe (111) interface,
the slabs built based on the following steps. The layers con-
tain 25 of the HM Sc,MnSi underneath 7 layers of the CdTe.
The four atomic layers close to the Sc,MnSi/CdTe interface
are allowed to relax. In order to examine the stability of the
Sc,MnSi/CdTe interfacial structures, the adhesion energies
will be calculated. The adhesion energy can be defined as
the energy necessary to separate the interface into two free
surfaces; therefore, it can be synonymous with the adhesion
strength. The adhesive energy (y) can be extracted from the
following relationship [40, 41]:

v = (ESczMnSi + Ecgre — ESczMnSi/CdTe)/ A,

where Eg nnsis Ecqre and Ege vnsijcare are the total ener-
gies of the Sc,MnSi, CdTe and Sc,MnSi /CdTe (111) slabs,
respectively. A is the total interfacial area.

Table 3 displays the configurations of the Si-Cd/Si-Te
interface. It is clear that there are an optimization in both
the bonding lengths at o and the adhesion energies after
relaxation. As shown in Table 3, it can be seen that the Si-Te

@ Springer

configurations have the highest adhesion energies due to the
least bond distance among the two configurations, while the
Si-Cd have the lower adhesion energies due to the biggest
bond distance. As a result, the Si-Te configuration is more
stable than the other one.

4 Conclusions

To summarize briefly, the first-principles calculations were
utilized to investigate the properties of the bulk Sc,MnSi
and the (111), (110), and (001) surfaces. These calculations
included the Sc,MnSi/CdTe (111) interface. It is clear that
the HM properties are appearing in the Sc(2)Si-terminated
(001), Sc2, Si-terminated (111) surfaces. On the contrary,
the HM characteristic are destroyed for all Sc(1)Mn-termi-
nated (001), Sc(1)-, Mn-(111), and Sc,MnSi (110) surfaces.
The HM properties of the bulk Sc,MnSi lost their charac-
teristic at the Sc,MnSi/CdTe (111) interface. On the other
hand, the Si-Te interface showed a full spin polarization,
which made these materials a good candidate for upcoming
spin electronics applications.
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