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1. Introduction
Modern tasks require high performance and fast execu-
tion of programs, meanwhile electronics is about to reach
its physical limit. Therefore, use of other physical effects
for storage and transmission of information is interesting.
In particular, there is active growth of studies in the area
of spintronics.  Spintronics is based on the possibility
of manipulating spin degrees of freedom of the charge
carriers, resulting in flow of spin-polarized current and, as a
consequence, spin-dependent physical effects (such as, e.g.
magnetoresistive effect and spin carry-over effect) [1,2].
Criteria of efficiency of a spintronic device are the degree
of spin polarization of current and the length of spin
diffusion of the charge carriers. Spin polarization of current
can be reached by means of various physical effects, such as
injection of spin from ferromagnetic, application of magnetic
or electric field, Zeeman splitting, thermal gradient and
mechanical rotation [3]. One of the most common methods
is spin injection from ferromagnetic material, e.g. usual
ferromagnetic metals (Fe, Co, Ni and Gd) or half-metallic
ferromagnetics. The publications provide information on
prediction of the half-metallic behavior for various types
of materials, such as magnetic oxides [4], diluted semi-
conductors based on magnetic compounds of the groups
III-V of periodic system of chemical elements [5] and
Heusler alloys [6]. Among half-metallic ferromagnetics
semi- and full Heusler alloys are of big interest, because
they usually demonstrate stable half-metallicity, high Curie
temperature and a high spin polarization [6].
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The potential of Heusler compounds as half-metallic
ferromagnetic materials has been known for more than
20 years, since when two groups of scientists Coubler et
al demonstrated that for Co,MnAl and Co,MnSn alloys the
spin-downward density of states at the Fermi level of energy
is almost zero [7]. At the same time Grut et al obtained
similar results for Heusler semi-alloys NiMnSb, PtMnSb,
PdMnSb and PtMnSn [8].

Today, the most experimentally and theoretically studied
ferromagnetic alloys are Co,YZ (Y = Fe,Mn and Z = Si,
Ge, Sn, Al) [9-11], Fe,YZ (Y =Cr, Mn, Co, Ti and
Z =Si, Al, Ga) [12-14] and ferrimagnetic alloys Mn,YZ
(Y=V, Cr, Fe, Co, Ni and Z=Al, Ga, Si, Ge, Sn,
In) [15,16]. It should be noted that Co, Fe and Mn are
3d-metals, therefore, the alloys based on them are highly
correlated. Thus, when studying the properties of Heusler
alloys it is very important to correctly select the exchange-
correlation functionality. The work [17] studied the alloy
CoyFeAl by using the functionalities GGA and GGA +U
for L2; and X, crystalline lattices. In L1,-phase the alloy
demonstrates half-metallic behavior with integer magnetic
moment satisfying the Slater-Pauling rule, both for GGA,
and with the Hubbard correction GGA +U, however, the
width of the prohibited zone is increased when taking strong
correlations into account. For Xa-structure when using the
functionality GGA the alloy Co,FeAl demonstrates metallic
behavior, nevertheless, the values of spin polarization are
quite high. Taking strong correlations into account predicts
half-metallic behavior.

Similar data for other family of the Heusler alloys
Mn,CoZ (Z = Al, Ga, Si, Ge, Sb) were obtained by using
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Figure 1. Magnet order for L1,-lattice (top panel) and for Xa-lattice (bottom panel).

the functionality LDA [18]. Authors have found relation
between the stability of structures Xs and L2; and the
element Z of main group. In case of Z= Al,Ga the
structure X, is more stable, whereas with Z = Si, Ge,
Sb direct L1,-structure turns out more beneficial. It is
interesting that half-metallic nature of the alloys Mn,CoSi,
Mn,;CoGe and Mn,CoSb is stable and senseless to change
of the structure type L1, to Xa. However, for Mn;CoAl and
Mn,CoGa half-metallic nature disappears during transition
from X- to L1,-structure.

In addition to the type of crystalline structure, external
pressure also impacts to half-metallic properties of alloy.
For example, for alloy Fe,TiSb with increase of the lattice
parameter from 5.6 to 6.1A (= 8.2%) spin polarization
is decreased only by 2% [19]. The same, for Mn,RuSi
it is shown that ideal half-metallic behavior of the sys-
tem in equilibrium state disappears in case of pressure
increase, and the spin polarization coefficient (P) is 37%
at 100 GPa [20]. Inversely, impact of pressure may stabilize
half-metallic structure. Thus, alloy Co,TiGa transits from
metallic state to half-metallic at the pressure 10 GPa (1.6%
lattice compression), further pressure increase up to 25 GPa
makes the alloy [21] metallic again.

Of all half-metallic alloys Mn,YZ it seems to be interest-
ing to consider the alloys Mn;ScZ, because Sc has only
one valent 3d-electron, and, therefore, it is the simplest
one in terms of the electron structure. Moreover, alloys
Mn,ScZ (Z =Si, Ge, Sn) were recently studied by Ram
et al within the framework of the density functional theory
subject to strong correlations in the Hubbard model [22].
In this regard, the purpose of this work is prediction of
new half-metallic ferromagnetic materials based on Heusler
alloys of the Mn,ScZ family (Z = Al Si, P, Ga, Ge, As, In,
Sn, Sb) of stoichiometric composition for application in the
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spintronic devices subject to strong correlations taken into
account by using non-parametrical half-local functionality
SCAN belonging to the group meta-GGA [23].

2. Analysis details

Geomterical optimization of the lattice was performed
within the framework of the density functional theory by us-
ing the projector augmented waves approach implemented
in the VASP software package [24,25]. Exchange-correlation
effects are taken into account by using the functionalities
GGA-PBE [26] and meta-GGA SCAN [23]. Kk-the grid
was generated automatically according to the Monkhorst—
Pack scheme and was 11 x 11 x 11 k-points for relaxation,
and 25 x 25 x 25 Kk-points for accurate calculations of the
density of electron states (DOS). The flat waves cutting
energy was 800 eV, and the energy convergence parameter
was 1078 eV/atom.

Spin polarization was calculated by using the formula

N +N; ’
where Ny, N; — density of electron states with the spin
upward and downward, accordingly.

3. Results and discussion

At the first stage we performed geometric optimization of
the lattice for L1,- and X4-structures having ferromagnetic
(FM), ferrimagnetic (FIM) or antiferromagnetic (AFM)
order, as shown in Fig. 1.
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Figure 2. Dependence of the difference of energies AE of various magnetic phases on the equilibrium phase energy (specified in Figure
with the values of total magnetic moment) and parameter of the phase lattice (a) for the functionality PBE and (b) for the functionality
SCAN in alloys Mn,ScZ on the element Z (Z = Al Si, P, Ga, Ge, As, In, Sn, Sb) for the lattices L1, and Xa. For the alloys, in which
two energy minimums are implemented, there are two values of magnetic moments.
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Figure 3. Dependence of the difference of energies of various magnetic phases on the lattice parameter for Mn,ScP and Mn,ScSi
calculated by using the functionality SCAN. Solid line corresponds to L1,-lattice, dotted line — Xx-lattice.
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Figure 4. The density of electron states Mn,ScZ (Z = Al Si, P, Ga, Ge, As, In, Sn, Sb) calculated by using the functionalities PBE (a)
and SCAN (b) for the energy-beneficial ferrimagnetic order. Digits refer to the degree of polarization P.
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Figure 5. Profiles of Compton magnetic scattering for various crystallographic directions in Mn,ScSb for LMS- and HMS-states PBE (q, b)

and Mn,ScP for LMS- and HMS-states SCAN (¢, d).

Fig. 2 shows dependence of the energy normalized to
the minimum energy for that composition, on the lattice
parameter. Analyses show that in case of PBE functionality
in alloys Mn,ScSn and Mn,ScSb dependence of the energy
on the lattice parameter has two minimums with different
values of the magnetic moment — low moment state (LMS)
and high moment state (HMS). In this case Fig. 2 for
equilibrium magnetic configuration shows the difference
of energies between LMS and HMS. Similar behavior is
demonstrated by alloys Mn,ScSi, Mn,;ScGe, Mn,ScP and
Mn;,ScAs when using the functionality SCAN.

In case of the functionality PBE beneficial one is
L1,-lattice with FIM; magnetic order. Total magnetic
moment in LMS is virtually whole; it satisfies the Slater—
Pauling rule, which is necessary, but not sufficient condition
of presence of half-metallic state in the compound.

For the functionality SCAN equilibrium magnetic struc-
ture strongly depends on Z-element. For the most of
alloys, except for Z = Al, Si, Sn, Sb, reverse lattice Xa
is beneficial. At Z =Si, Ge, P, As two (LMS and HMS)
energy minimums are realized. SCAN predicts the whole

magnetic moment for LMS. It is also interesting that in
case of Z = Si, P energetic barrier between LMS and HMS
is quite small, which indicates the possibility of transition
between these two states (Fig. 3).

For both used functionalities equilibrium lattice parameter
is increased in case of transition to the next line of
Mendeleev’s table, and remains virtually constant within the
framework of one period, which most likely associated with
increase of atomic radius of Z-element.

To study the electron structure and half-metallic charac-
teristics of alloy we calculated total and element-by-element
densities of electron states (DOS and pDOS) for the most
beneficial ferrimagnetic structure. These are shown in Fig. 4.

In Fig. 4, a you can see that the degree of spin polarization
is quite high, in those cases when the alloy is in LMS
FIM; with almost whole magnetic moment. However, for
the functionality PBE, spin polarization at Fermi level does
not reach 100%. Therefore, without strong correlations it
is impossible to predict ideal half-metallic state of Heusler
alloys observed experimentally [27,28].
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The most interesting are alloys Mn,ScSi and Mn;,ScP,
because there are two virtually degraded state observed for
them with 100% and low spin polarization, accordingly.
Such materials feature metallic behavior with regard to
spin-downward electrons, meanwhile for the spin-upward
electrons there is energy slot, in case when the alloy has
FIM; LMS-order. Therefore, Mn,ScZ (Z = Si,P) in half-
metallic state are ferromagnetic semimetals of Iy [6] type,
as the majority of Heusler alloys [5,6]. On the other
hand, with increase of the parameter of lattice the alloy
turns to HMS-phase featuring metallic state. Also it is
interesting, that for Z = Ga, In beneficial state is X-lattice
with FIMj-order, which has a pseudoslot, but it is in the
spin-downward channel.

As you can see in Fig. 4 pDOS Sc virtually does not make
contribution into the density of states near to the Fermi
level, especially for spin-upward channel, therefore, Mn
plays definitive role in appearance of half-metallic properties
in that class of alloys. The energy slot appears as a result
of hybridization of d-states between neighboring Mn atoms.
Hybrid Mn — Mn-orbitals may not connect to d-orbitals of
Sc due to their different symmetry, and a gap is generated
between these not connecting orbitals, which can be seen by
DOS peaks at the edge of valence band and the conductivity
band. Similar reasons for generation of semiconductor
slot in whole Heusler alloys were observed in Co,MnGe,
Mn,ScZ and (Z = Si, Ge, Sn) [22,29].

The value of magnetic moment and the degree of polar-
ization can be determined based on the profiles of Compton
magnetic scattering. Fig. 5 shows profiles of Compton
magnetic scattering in various directions calculated by using
the functionality PBE for Z = Sb and the functionality
SCAN for Z=Si. It is seen that for LMS there is
heavy anisotropy, which becomes far lower during transition
to HMS-phase. For LMS-phase there is a central fall,
which can be caused by negatively polarized electrons of
conductivity [30,31].

4. Conclusion

By using methods of the density functional theory we
studied properties of the alloys Mn,ScZ (Z = Al, Si, P,
Ga, Ge, As, In, Sn, Sb). With strong correlations taken
into account by using the functionality SCAN for the
alloys Mn,ScSi and Mn,ScP we predicted semi-metal to
metal switchable behavior in case of increase of the lattice
parameter. This mechanism can be useful for development
of spintronic devices, such as spin filters, sensors, switches,
and logic valves.
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