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Effect of the Local Environment on the Magnetic
Properties of Mn;Si: Hybrid Ab Initio and Model Study

Oksana N. Draganyuk, Vyacheslav S. Zhandun,* and Natalia G. Zamkova

The effect of the local environment on the formation of magnetic moments on
Mn atoms in manganese silicide Mn;Si is studied by the combination of ab initio
calculations and the model analysis. The suggested approach is related to the
self-consistent mapping of the results of ab initio calculations to a multiorbital
model. The model analysis allows to reveal the role played by the local
environment of the transition metal atoms on the magnetic moments formation.
It is found that the formation of the magnetic moment is controlled rather by
hopping parameters between Mn atoms, not by the number of Mn-Si nearest
neighbors. Particularly, the formation of magnetic moment on Mnl atom is mainly
controlled by the hopping parameter between nearest Mn atoms, while the
magnetic moment on Mnll atom is primarily determined by the hoppings between
next-nearest Mn atoms. The obtained phase diagrams of the magnetic state show
the presence of a sharp boundary with respect to the hopping between Mn
atoms. This opens the opportunity to turn on or turn off the magnetic state by the
external impacts. The ab initio calculations of Mn;Si well agree with the results of

compound T;Si has long attracted attention
is the presence of metal properties along
with high-spin polarization.”'” One more
motivation for studying the T;Si system
(T-transition metal) is the possibility to tune
its magnetic properties. The possibility of
smoothly adjusting their properties by
doping and temperature and switching
between states under the influence of
external impacts make the used as an
element base for silicon-based devices.
Since these impacts (e.g., pressure or doping)
are associated with changes in the local
environment, this stimulates us to perform
detailed theoretical investigation of the
effect of the local environment on the
magnetic and electronic properties of T3Si

model consideration and confirm the model conclusions.

1. Introduction

Transition metal silicides provided to be the promising materials
for spintronics, microelectronics, and optoelectronic applica-
tions. These materials can be grown epitaxially on many different
semiconductor and insulator substrates,!'™ and its degrees of
chemical and structural order can be changed by the thin film
growth techniques. Their magnetic and electronic properties
depend on the crystal structure and composition and vary from
ferromagnetic metal (Fe3Si[5"7]) to paramagnetic semiconductor
(B-FeSi,!®).

One of the most exciting compounds from the transition
metal silicides family is the Heusler compounds of T3Si with
the DOs;-type cubic crystal structure. The reason why the
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system.

Nowadays, the most studied compounds
with DO3 structure from the transition
metal silicides family are iron silicides.
Fe;Si is ferromagnetic metal with a high
Curie temperature (=840 K). High spin-polarization is theoreti-
cally predicted in this material,”’ so it is a potentially good
candidate for a spin injector. Earlier, we investigated the effect
of the local environment on the magnetic moment formation
in iron silicide Fe;Si in the framework of the suggested self-
consistent approach related to the mapping of the results of
the ab initio calculation on the multiorbital model.l”’ It was shown
that in Fe;Si the Fe atoms have a strong sensitivity to the local
environment in the second coordination sphere.

In this article, we performed the theoretical investigation of
the effect of the local environment on the magnetic properties
of other T;Si Heusler compounds, namely, Mn;Si. Unlike
Fe;Si, Mn;Si has antiferromagnetic ordering at the Neel temper-
ature Ty =23 K with the incommensurate spin structure of a
propagation vector Q = 0.425 Gq1;, where Gyq; is the reciprocal
lattice vector along the [111] direction.'™'? The experimental
magnetic moments on Mnl and MnlI atoms are gy = 2.4 pp
and piyn = —0.28 pg >, As was shown in previous studies,*>1°!
this compound can be considered as a half-metal, and this
feature is useful for the realization of spin injection through
the metal-semiconductor interface. Early electronic and magnetic
properties of Mn;3Si were calculated in the framework of density
functional theory in previous studies.!'”*® Here, we adopt our
self-consistent mapping approach for the investigation of the
role of the nearest (NN) and next-nearest neighbors (NNN)
in the magnetic moments formation of manganese atoms
in Mn;Si.
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This article is organized as follows. In Section 2, we formulate
the multiorbital model and provide the details of ab initio
calculations. In Section 3, the results of the model and ab initio
calculations of Mnj3Si are compared, and the dependence of
magnetic moments on the hopping matrix elements is presented.
The last section contains a summary of the obtained results and
condlusions.

2. Calculation Methods

The complex approach developed by us to study the mechanism
of the formation of the magnetic state in transition metal sili-
cides!”) is related to studying the phase diagram of possible states
in the parameter space of a multiorbital model Hamiltonian
that takes into account the symmetry, the number of orbitals,
and electrons of a compound of interest. To determine the
stability regions of various magnetic states of the compound
under study in the phase state diagram, we combined the first-
principle calculation and the subsequent model analysis. As a
first step, we have performed the ab initio calculation of the
electronic and magnetic properties of the studied compound
within the framework of density functional theory (DFT) with
generalized gradient approximation (GGA). Then, self-consistent
mapping of the obtained ab initio results to the model was
performed.

Ab initio calculations are performed using the Vienna ab initio
simulation package (VASP)!'”! with projector augmented wave
(PAW) pseudopotentials.”*” The valence electron configurations
3d°4s” are taken for Mn atoms and 3s®3p® for Si atoms. The
Brillouin-zone integration is performed on the grid Monkhorst-
Pack®"! special points 10 x 10 x 10. Throughout all calculations,
the exchange-correlation functional within the Perdew—Burke—
Ernzerhoff (PBE) parameterization®? and the plane-wave cutoff
energy 500 eV were used.

The results of the ab initio calculation are mapped onto the
multi-orbital model.”) Here, we give only the Hamiltonian of
the model. The detailed description of the model approach
can be found in previous studies.”?* The model Hamiltonian is

H = HM? 4 H* M0 4 HG' 4 Hygp,  HM® = HE'™ + HY® (1)

where

Mn __ Mn zd Si__ Si »P
Hg Zeox Mo Hy = Z%p Mio (2)

the Coulomb part of the Hamiltonian
HMn = _Z Moio n/l(r <U - _J) Z nlnnﬂ - 64#)
- 5] > s,
The intersite exchange between nearest Mn atoms are
1, wd ~d
S DS 4

ZH" s+ He (5)

HMn—Mn — _

Hhop
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where U,U’, and ] are the intra-atomic parameters, |’ is the
parameter of the intersite exchange between nearest Mn atoms.
ty are hoppmg 1ntegrals between atoms Si-Si, Mn—-Mn, and
Mn—Sl atoms. ey and &} op are atomic levels of Mn d-electrons
and Si p-electrons. All these parameters (U; U’; J, ], ty,, &, e
e%"%, eglp) are fitting parameters of the model, and they are deter-
mined by the requirement that the model charge densities,
obtained self-consistently, have to be as close as possible to
the GGA ones. The model parameters can be found from mini-
mization of the difference A = [pgga (k.6) — Pmodal (k. 03 U; U’ ],
T, t,lﬂ)]2 between the ab initio electron density pgca (k. 0) and the
model one pmogel (k. 6; U; U’ ], J', t,,) with respect to interaction
parameters.”?*) Since the Hartree—Fock equations have to be
solved self-consistently for each set of the model parameters,
we simplified the problem further and instead of minimization
of function A (i.e., the differences of the model and VASP elec-
tron spin densities in each point of space), we have chosen to fit
the occupation numbers of d-electrons, the magnetic moments
of Mn-atoms, and partial d-densities of states for Mn atoms
(see Equation (5) in the study by Zhandun et al.??)).

3. Results and Discussion

Like the Fe;Si compound, Mn;Si has DO; type structure (Fm3m
space symmetry group,?***! Figure 1) with two nonequivalent
Mn atoms (Mnl and MnlI). The Si and Mnl atoms are located
at (0, 0, 0) and (1/2, 1/2, 1/2), correspondingly, while the
MnlII atoms occupy (1/4, 1/4, 1/4) u (3/4, 3/4, 3/4) sites. Mnl
and MnlI atoms have different local environments. The ab initio
calculated lattice parameter a = 5.64 A and magnetic moments
Unint = 2.55 pp and pir = —0.82 pp are well agreed with expe-
rimental values a=5.72A, jpym=240ps and pyan=
—0.28 pp #1425 The difference between experimental and ab
initio magnetic moments (especially on MnlI atom) arises because
in theory we do not take into account the incommensurate
spin structure.

In transition metal silicides with DO; structure, nonequiva-
lent transition metal atoms (Fe, Mn) have different magnetic
moments due to the different local environment of the corre-
sponding atoms. Mnl has eight MnlII atoms as nearest neighbors
(NN) and six Si atoms as next-nearest-neighbors (NNN); MnlI

Figure 1. The Mn;Si crystal structure. Mnl, Mnll, and Si atoms are shown
by gray, black, and blue colors, correspondingly.
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Figure 2. The local environment of Mnl (gray) and Mnll (black) atoms
and the model hopping matrix elements in the structure of MnsSi. Si
atoms are shown by blue balls.

has four Mnl atoms and four Si atoms as NN and six MnII atoms
as NNN (Figure 2). In the study by Zamkova et al.,””) we have
considered the effect of the local environment on the magnetic
moments of iron atoms in Fe;Si. We have found that the crucial

www.pss-b.com

role in the magnetic state formation is played rather by NNN
Fe-Fe hoppings, than NN Fe-Si ones. Here, the role played
by different hoppings in the mechanism of magnetic moments
formation was analyzed in the framework of the approach
described earlier (Section 2).

There are 12 hopping integrals (Figure 2): between NN Mn atoms
tl (tl, t1,, tls), between NN Mn and Si atoms t2 (t2,, t2,), between
NNN Mn atoms t3 (t3,, t3,, t35), between NNN Mn and Si atoms
t4 (45, t4,), and between Si atoms t5 (154, t5,). In addition, We
have intra-atomic parameters (U, J, U’), atomic level energies &5 "
sg’ftzg, and )" and intersite exchange ]’ as fitting parameters
in the model. The intra-atomic parameters of nonequivalent
Mn atoms were equal to each other, energies of atomic levels
of the nonequivalent Mn atoms were taken different due to
the different local environments of MnI and MnlII atoms.

The annealing method®® was used to search for the best
model parameters. The fit with such a large number of model
parameters can hardly be unique and, therefore, it is sensitive
to the initial configuration of magnetic moments. For this
reason, we perform several testing attempts during the fitting
procedure. We start the fitting procedure: 1) with the several dif-
ferent occupation numbers; 2) with the several different hopping
parameters. Then, we have chosen the parameters that provide
the best agreement according to the aforementioned criteria
(occupation numbers of d-electrons, the magnetic moments of
Mn-atoms, and partial d-densities of states for Mn atoms).
The values of the model parameters, which provide the best
fitting, are shown in Table 1. In Table 2, the comparison of
DFT and model occupation numbers of Mn d-electrons (n)
and Mn magnetic moments (x) are given. At this set of the model
parameters, the d-orbital occupation numbers on Mn atoms in

Table 1. Model parameters (eV) providing the best fitting between model and ab initio calculations.

u J u’ J'

e (Si) €2g (Mnl)

€eg (Mnl) £2g (Mnll) €eg (Mnll)

1.67 0.45 0.80 —0.01

5.69 —0.68 0.47 —0.70 —0.50

Hopping integrals

Nearest neighbors [NN]

Next-nearest neighbors [NNN]

t1 (Mnl-Mnll) t2 (Mn 11-Si) t3 (Mnll-Mnll) t4 (Mnl-Si) t5 (Si-Si)
c ~1.05 0.87 0.95 0.50 0.73
P 0.30 0.59 —-0.27 —0.04 0.52
5 0.00 -0.21

Table 2. Model and ab initio occupation numbers of the electronic d-orbitals, magnetic moments (1), and numbers of electrons (Ng) of Mn atoms.
Model VASP
Occupation numbers Occupation numbers
Atom Orbital Spin up Spin down Nel u [ps] Spin up Spin down Nel ATy
Mnl Mg 0.71 0.35 4.97 2.65 0.65 0.36 5.26 2.55
Neg 0.84 0.05 0.87 0.11
Mnll Niog 0.43 0.70 5.39 —0.82 0.45 0.68 5.43 —0.82
Neg 0.49 0.51 0.42 0.44
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average deviate from the DFT ones by 3-8%. The analysis of the
occupation numbers of manganese atoms in Table 2 (the model
as well as ab initio) shows that large value of Mnl magnetic
moment is mainly determined by the Mnl eg-electrons, whereas
the main contribution in the forming of MnII magnetic moment
comes from the t,, electrons. It is noticed that if we choose the
ferromagnetic state as an initial magnetic configuration, the sys-
tem still comes to the antiferromagnetic state.

The corresponding model and ab initio spin-projected partial
DOSs (pDOS) of ty,- and eg-states of both Mn atoms are com-
pared in Figure 3. Note that the ab initio DOSs calculated here
are well agreed with other ab initio calculations.!'”! Although in
the model many matrix elements are neglected compared with
the DFT, nevertheless, qualitatively, at this choice of parameters
the model partial DOS reproduces the main features of the ab
initio one (Figure 3). Similar to Fe;Si,”) the characteristic feature
of these pDOSs is the localization of Mnl d-electrons and delo-
calization of MnlI d-electrons in the whole energy region.

To reveal the effect of NN and NNN interactions in the local
environment on the Mn magnetic moment formation, we have
calculated the dependence of the Mn magnetic moments on the
hopping integrals t1 = tl, (MnI-Mnll) and t2 = t2, (MnlII-Si)
in the first coordination sphere with switch on and switch off
NNN hoppings (t3 = t3, (MnIl-MnllI) and t4 = t4, (MnI-Si))
(Figure 4). Since in our model the strongest type of chemical
bond (c-bond) described by hopping parameter t,, only this
parameter was changed during all model calculations, and the
ratios between t, t,, and ts were kept constant. The calculations
were performed from two initial states: FM and AFM states.

Mnl (t29 states)

DOS

-4.0 . . . .
40 -20 00 20 4.0
E-E;(eV)
Mnl (e, states)
4.0
2.0 1
(22}
O 0.0
o
-2.0
-4.0 . . . .
40 -20 00 20 4.0
E-E;(eV)
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The state with minimal total energy was chosen in accordance
with the Galitsky-Migdal formula.”!

The model analysis shows that similar to the Fe;Si, in Mn;Si,
the critical role in the mechanism of magnetism formation of
MnlI atom is played by the local environment in the second coor-
dination sphere. Indeed, it is seen from Figure 4a that the switch
off the NNN hoppings increases of the absolute values of Mnl
and Mnll magnetic moments in the whole hoppings range.
Wherein, the region with ab initio values of the magnetic
moment is absent. This is especially true of the MnlII atom
for which the region with a small magnetic moment disappears
and the absolute values of the magnetic moments on both Mnl
and MnlI atoms become comparable. So, we can conclude that it
is NNN hoppings that are of decisive importance in the forming
of the small magnetic moments on MnlI atom. The ab initio val-
ues of Mn magnetic moment appear on the phase diagram of the
model only when we switch on the NNN hoppings (Figure 4b).

The further model analysis was performed to study the sepa-
rate effects of metal and nonmetal environment on the magnetic
moments formation. To do this, we have calculated the depen-
dence of the magnetic moments of Mn atoms on the hopping
integrals: 1) between Mn atoms (t1 and t3) and 2) between
Mn and Si atoms (t2 and t4). In both cases, other hoppings inte-
grals were fixed in according to Table 1. The calculated depen-
dencies of the Mn magnetic moments on the hopping
integrals are shown in the phase diagrams (Figure 5 and 6).

1) Figure 5a shows the dependence of the magnetic moments
on the hopping integrals between Mn atoms in the first (t1 = t1,)
and the second (t3 = t3,) coordination spheres. As seen, the

Mnll (t,, states)

-3.0 — . : .
4.0 -20 0.0 2.0 4.0
E-E; (eV)
Mnll (e, states)
2.0
1.0
n
b 0.0
o
-1.0
-2.0
-3.0
40 -20 00 20 4.0
E-E;(eV)

Figure 3. Comparison of the model and ab initio spin-projected partial density of d-electron states. The Fermi level is taken as the zero of energy. Positive
values of DOS correspond to majority states, negative values correspond to minority states. Red lines show model DOS, black lines show ab initio DOS.
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Figure 4. The model maps of the magnetic moments on Mnl (left) and
t3 and t4 are switched off; b) NNN hoppings t3 and t4 are switched on

magnetic moment on Mnl atom is positive and the magnetic
moment of MnlI atom is negative for almost whole range of hop-
ping integrals (t1, t3). Since the environment of MnI and MnlI
atoms is different, these atoms have different dependence on t1
and t3 hoppings. Mnl atom has Mn atoms only in the first coor-
dination sphere, and the magnetic moment of MnI atom shows
the strong dependence only on the hopping t1. The MnII atom
has Mn atoms in the first as well as in the second coordination
spheres; however, the change of magnetic moment of MnlI atom
is determined mainly by the NNN hopping t3 and practically does
not depend on the hopping t1. Moreover, the magnetic moment
on MnlII atoms is more sensitive to the hoppings than Mnl mag-
netic moment: the dependence of the magnetic moment of MnlII
atom on t3 hopping is sharper than dependence of magnetic
moment of Mnl atom on the hopping t1. Indeed, the magnetic
moment on Mnll atom decreases sharply with increase of
the hopping t3 and it tends to zero at large values of hopping
integral t3. This is due to the location of NNN MnlI atoms
along the crystallographic axes, which leads to the formation
of strong c-bonds between Mnll d-electrons, and therefore, to
their delocalization along the o-bond (Figure 3, MnlI d-DOS).
The hopping t3 is responsible for these strong ¢-bonds and play
a crucial role in the decrease of the magnetic moment of MnlI
atom. Vice versa, Mnl atom does not have manganese atoms as
neighbors along the crystallographic axes and, thus, d-electrons
of Mnl atom remain localized and the MnI magnetic moment is
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Mnll (right) atoms in the dependence on NN hoppings: a) NNN hoppings
(t3=0.95eV, t4=0.50eV from Table 1).

large. Similar strong dependence of Fe magnetic moments on
hopping integral between atoms located along the crystallo-
graphic axes was observed in the Fe;Si compound with the same
crystal structure.”) The strong dependence of the magnetic
moments of MnII atom on the hopping integral t3 results in
the appearance of the sharp boundary between magnetic and
nonmagnetic states of MnlII atom and the ab initio magnetic
state is located in instability region near this sharp boundary
(Figure 5b). It should be noted that such sharp dependence of
the magnetic moment on the hopping parameter t3 is character-
istic not only for iron!”"** and manganese silicides but also for
nickel.*”! It can be assumed that this feature of the model phase
diagrams will be preserved for other compounds with transition
3d-metals. However, if the magnetic moment on the transition
metal atom is large (as, for example, in bee-Fe u ~ 2.0 pg), then,
the experimentally observed ferromagnetic state is not in the
instability region (that is, near the sharp boundary between
the ferromagnetic and paramagnetic phases), but in the more
stable part of the phase diagram. In particular, this assumption
is confirmed by the present model analysis. So, Mnl atom has the
large magnetic moment (4 ~ 2.6 pg), and as seen from Figure 5b,
its value of magnetic moment is in the more stable part and is
destructed slower than the magnetic moment of MnlIl atom,
which is —0.8 pg. 2) Figure 6 shows the dependence of the
magnetic moments on the hopping integrals between Mn and
Si atoms (t2 = t2, and t4 = t4,). Since Mnl atom has Si atoms
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Figure 5. a) The model maps of the magnetic moments on Mnl and Mnll atoms in the dependence on the hoppings between Mn atoms. b) The area
on the maps near the ab initio magnetic state. White point shows the hopping parameters t1 and t3 from Table 1 corresponding to the ab initio

magnetic state.

only in the second coordination sphere, the magnetic moment on
Mnl atoms depends mainly on this hopping. However, interest-
ingly, magnetic moments on MnlI atoms depend not only on the
MnII-Si hoppings t2 but also on MnI-Si hoppings t4 (Figure 6a).
Although the dependence of magnetic moments on Mn-Si
hoppings is too strong, however, ab initio magnetic state is
located in the stable part of the phase diagram (Figure 6b) unlike
(t1, t3)-phase diagram (Figure 5b). Thus, the silicon environment
has minor effect on the changing of the magnetic moment.
The conclusion about the crucial role of the hopping integrals
between Mn atoms and the minor role of the hopping integrals
between Mn—Si atoms on the formation of the magnetic moments
obtained from the model analysis was confirmed by the ab initio
calculations. Following the study by Zamkova et al.,”) we assume
exponential dependence of the hopping integrals t1 and t3 on the
distance  Rypi—mn = “73, Rytnii—mnit =5, correspondingly:
t13(R) = By 3 + Aj 36771348 where AR= R — Ry, Ry is the spacing
between corresponding Mn atoms (Ry = 2.44 for t1, Ry = 2.82 for
t3) at the equilibrium lattice parameter ao = 5.64 A; A, 3, By 3, and
71,3 are fitting parameters (A; = —0.29eV, B; = —0.85eV, B; =
0.12eV,y; = 4.07A71, A; = 1.15eV, y; = 1.63A™"). The ab initio
magnetic moments of MnI and MnlI atoms for the different lattice
parameters along with model magnetic moments are shown in
Figure 7; the upper scale of Figure 7 shows the values of the
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hopping integrals t1 and t3 corresponding to the spacing
Ryint—mnmr @and Ryt at the given lattice parameters. As
seen, the behavior of the model and the ab initio magnetic
moments are in a good agreement, despite the fact that through
the model calculations the hopping integrals t2 (MnII-Si) and
t4 (Mnl-Si) were kept fixed according to Table 1. Remarkably,
if we change only one hopping integral 3 (Ryn1_man) (other hop-
ping parameters t1, t2, t4 were kept fixed according to Table 1),
the behavior of the model magnetic moments of Mnll atom
remains the same, i.e., the value of MnIl magnetic moment
is determined solely by the hopping integral t3(Ryuii—mnir)- In
turn, the behavior of Mnl magnetic moment is cardinally
changed: at a fixed value of #;(Rypni_wmnn) the dependence of
Mnl magnetic moment on hopping integral t3 becomes almost
constant. This again proves that the crucial role in the magnetic
moment formation of Mnll and Mnl atoms is played by the
MnII-MnlII and MnI-MnlI couplings, correspondingly, while
MnI-Si and MnlI-Si couplings have no significant effect on
the formation of the magnetic moment value at a changing lattice
parameter about 10%. Thus, despite some roughness of the
model, it reproduces the main feature of the magnetic moment
behavior obtained in ab initio calculation, and moreover allows
understanding the physical reasons of the magnetic properties of
Mn;Si in terms of the local environment.
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Figure 6. a) The model maps of the magnetic moments on Mnl and Mnll atoms in the dependence on hoppings between Mn and Si atoms.
b) The area on the maps near the ab initio magnetic state. White point shows the hopping parameters t2 and t4 from Table 1 corresponding

to the ab initio magnetic state.
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Figure 7. Black circles show the dependences of the ab initio magnetic
moments on Mnl and Mnll atoms on the lattice parameter in calculations.
Red line shows the dependence of the model magnetic moments on
Mnl and Mnll atoms on the hopping integrals t1 (Mnl-Mnll) and
t3 (Mnll-Mnll) at changing of both hopping integrals t1, t3. Green line
shows the dependence of the model magnetic moments on Mnl and
Mnll atoms on the hopping integrals t3 (Mnll-Mnll). Other hopping inte-
grals are kept fixed (Table 1).

So, as follows from the model analysis, the general features of
the phase diagram are 1) the manganese environment as NN as
well NNN has more effect on the magnetic moment formation
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than the silicon environment; 2) the presence of the sharp
boundary between magnetic and nonmagnetic state at the chang-
ing of the hoppings between Mn atoms (t1 or t3). It seems that
the conclusion about minor role of the silicon environment in the
magnetic moment formation in transition metal silicides is con-
tradicted with the generally accepted ideas that the increase of the
silicon neighbors in the nearest environment destroys the mag-
netic moment.”®**’! However, in contrast, the change of the
number of silicon neighbors results in the change of the lattice
parameter and hence the hopping integral between magnetic
atoms will be also changed. Due to the presence of a sharp
boundary between magnetic and nonmagnetic states, even a
small change in this hopping can significantly change the mag-
netic moment.

Indeed, let us consider two ordered Si-rich structures of man-
ganese silicide (Figure 8a,b). In the first structure, Si atoms
replace Mnl atoms in the DO3 structure (B2-type structure).
In the second structure, Si atoms replace half of the MnII atoms
in the DO3 structure. The calculated magnetic moments on Mn
atoms and lattice parameters for both structures are shown in
Table 3. In the first case, the lattice parameter slightly decreased
and the magnetic moment of MnlI atom disappears. Assuming
the same dependence of hoppings on the distance: t3(R) =
B; + A;e73AR we obtain that this lattice parameter corresponds
to hopping t3 = 1.4 eV. As can be seen from the model magnetic

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) The first-ordered Si-rich structure (see text) and the map of the magnetic moments on Mn atom in the dependence on hoppings;
b) the second-ordered Si-rich structure (see text) and the map of the magnetic moments on Mn atom in the dependence on hoppings.

Table 3. The lattice parameters (a) and magnetic moments (i) of ordered
Si-rich structures.

a A # [pe]
Structure No. 1 5.58 0.00
Structure No. 2 5.72 1.60

moments map of this structure (Figure 8c), even such a small
change in lattice parameter gives a paramagnetic solution due
to the sharp increase of the hopping t3 (MnII-MnlI).

In the second case, the lattice parameter slightly increases in
comparison with the initial structure and the magnetic moments
of Mn atoms become equal to y =1.6 pp. Assuming the same
dependence of hoppings on the distance: t;(R) = By + A;e 714k,
we obtain that this lattice parameter corresponds to hopping
tl=—1.1eV. As seen from the model magnetic moments map
of this structure (Figure 8d), this value of hopping falls on the
sharp boundary between the magnetic state with large magnetic
moment and a paramagnetic state.

Remarkably, all obtained model phase diagrams (Figure 5, 6,
and 8) show the same characteristic feature, which was mentioned
earlier: a weaker dependence of magnetic moments on Mn-Si
hoppings than on Mn-Mn hoppings and a sharp boundary
between magnetic and paramagnetic states.

4. Conclusions
The effect of the local environment of the magnetic species on

the mechanism of the magnetic state formation is well known
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and has long been discussed. In the present work, we studied
the role played by the local environment in the moment forma-
tion in metal manganese silicide Mn;Si. The local environment
effects are studied within suggested early hybrid self-consistent
mapping approach, which translates the results obtained within
the DFT approach to the multiorbital model within the Hartree—
Fock approximation. Model analysis makes it possible to clarify
the role of NN and NNN effects of the local environment of
transition metal atoms on the formation of magnetic moments.
We show that hoppings between Mn atoms control the forma-
tion of magnetism. It should be noted that not only hoppings
between NN are essential for the stabilizing of the magnetic state
but also NNN hoppings are important. Our model calculations
show that the formation of different magnetic moments on man-
ganese atoms is more sensitive to the values of NN and NNN
hopping parameters between Mn atoms than to the Mn-Si
hoppings. NN hoppings between Mnl and Mnll atoms have
a large effect on the Mnl magnetic moment formation, and
NNN hoppings play a crucial role in the forming of MnIl mag-
netic moment. The effect of the hopping between Mn and Si
atoms is weaker than between Mn atoms: ab initio magnetic
state is located in the stable part of the phase diagram in relation
to the hoppings t2 and t4 (Mn—Si). We assume that, first of all,
the effect of silicon results in the change in the lattice parameter
at the change of Si concentration and only indirectly affects the
magnitude of the magnetic moment through a corresponding
change of hopping parameter between Mn atoms. Thus, we
can conclude that, the decisive role in the formation of Mn
atoms magnetic moments is played by the manganese local envi-
ronment with the significant contribution of NNN hopping.
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The phase diagrams of magnetic states have the characteristic
features, namely, 1) the sharp boundaries between magnetic and
nonmagnetic states; 2) the magnetic state of Mn3Si is near of the
sharp boundary. The presence of sharp boundary in the com-
pounds with transition metals opens the new perspectives for
practical applications of these compounds, in particular, thin
films. The sharp boundary between different magnetic states
is primarily related to NNN hoppings between transition metals.

In turn, NN as well as NNN hoppings are very sensitive to the
change of the spacing between atoms. It means that local lattice
deformations can result in significant changes in properties. The
investigations of a similar effect of the local lattice deformations
on the properties of materials through hoppings were performed,
i.e., in previous studies.***". Therefore, various types of pres-
sure (chemical pressure, hydrostatic pressure or depositing
the films on the substrate with larger or with smaller lattice
parameter) can turn on and off the magnetic state. It will stimu-
late experimenters to fabricate films near the magnetic-instability
line with required magnetic properties.
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