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Abstract. The article presents the results of a magnetism study in quasi-two-dimensional
MAX; (M=Cr, A=Ge, Si and X=S, Se, Te) systems. We calculated the microscopic magnetic
parameters using quantum mechanical methods and showed that MAX3 can have a high spin
polarization. The easy magnetization axis lies normal to the layer plane. The main magnetic
order of the CrGeSes;, CrGeTes, CrSiSes, and CrSiTes atomic systems is ferromagnetism.
CrGeS; and CrSiS; exhibit antiferromagnetism. The low energy stability of the magnetic
order is confirmed by the calculated values of the exchange interaction integral (J). We
showed that the magnetic order realizes only at low temperatures. A study of the dependences
of J and the magnetic anisotropy energy on the structural (distance between magnetic ions,
distortion of the octahedral complex) and electronic properties (population and hybridization
of atomic and molecular orbitals) has been performed. The dependences indicate three
possible mechanisms of the exchange interaction. We have given ways of influencing a
specific mechanism for managing exchange interaction.
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1. Introduction

Low-dimensional magnetism is a quantum cooperative phenomenon. It belongs to the
promising area of research in condensed matter physics. The objects under study are atomic
systems in which the magnetic interaction is limited in one or more spatial directions. The
Mermin-Wagner-Hohenberg (1966) theorem [1] states that thermal fluctuations destroy the
long-range magnetic order at any finite temperature in low-dimensional isotropic magnetic
systems. However, confirmation of the possibility of low-dimensional magnetism in
monolayer samples was presented earlier (1944) in the theoretical work [2]. The arising
contradictions are explained by different representations of spin magnetic moments in the
Ising model [3], which was used in the work by Onsager, and the Heisenberg model [4],
which was used for the proof of the Mermin-Wagner-Hohenberg theorem [1].
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Limiting the dimensionality of magnetic systems can lead to strong magnetic anisotropy
[5]. In this case, the vector of the magnetic moment of an atom has an orientation along only
one crystallographic direction. The total spin of atoms has only one spatial coordinate. The
Heisenberg model is not suitable for describing such materials. Therefore, the Mermin-
Wagner-Hohenberg theorem, which is valid only for the isotropic Heisenberg model, cannot
be applied to low-dimensional magnets. Such atomic structures are usually represented within
the framework of the Ising model, which provides for only one degree of freedom of the
magnetic moment of an atom [6]. These materials belong to the class of Ising magnets [7].
In 2016, a new stage began in the physics of low-dimensional magnetism due to the
development of mechanical and chemical exfoliation of thin films from van der Waals
structures [8]. These structures have strong chemical bonds in the layer plane and weak
interplanar bonds. Such structure leads to a strong magnetic uniaxial anisotropy in the
monolayer which is necessary for observing low-dimensional Ising-type magnetism.

Low-dimensional ferromagnetic order (FM) was implemented in unstable structures
[8-13]. Also, the magnetic order was obtained in van der Waals systems for bulk
modifications [14-29] which structures consist of several layers [30-34]. A stable low-
dimensional magnetic order at a high Curie temperature (room temperature) has not yet been
realized. Ternary MAX3 (M=Cr, A=Ge, Si and X=S, Se, Te) compounds are van der Waals
structures. The bulk phase consists of three monolayers located through the van der Waals
gap with ABC stacking (Fig. 1).
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Fig. 1. Structure of transition metal chalcogenide MAX;

The energy of magnetocrystalline anisotropy and the energy of exchange interaction
make the dominant contributions to the magnetic energy of an atomic system for low-
dimensional magnets as was shown by using quantum mechanical calculations. Spin-orbit
interaction and exchange interaction are the sources of these contributions. These phenomena
have a strict dependence on the composition, structure, and electronic properties of materials.

For practical applications of low-dimensional magnetic materials, research efforts
should be directed to such important issues as increasing T, for the operation of spintronic
devices at room temperatures and above, searching for two-dimensional materials with
magnetic anisotropy in the sample plane to reduce the switching current and increasing the
residual magnetic induction. Such materials with magnetic anisotropy energy more than the
thermal activation energy kgT, having reduced thermal noise, expand the element base.

The article presents the study of the relationship between the composition, structure,
magnetic and electronic properties in the framework of quantum mechanical calculation of
microscopic magnetic parameters. Theoretical substantiation of the MAX5 properties allows
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finding ways to enhance the magnetic energy and furnish insight into the nature of low-
dimensional magnetism.

2. Methods

The study of MAX3 magnetic parameters was carried out in several stages. In the first stage,
the quantum mechanical calculation was carried out with spin polarization preliminary ionic
relaxation in the VASP software package [35]. Static self-consistent calculations were
performed for the ground state structural parameters. Calculations of the ground quantum
state band structures were carried out for the I'-K-M-I" contour in the Brillouin zone. In the
second stage, the microscopic magnetic parameters were calculated. The exchange interaction
integral was calculated using the Heisenberg model [4].

Computational cells consisting of 2x2x1 elementary cells were created to take into
account the exchange interaction between the central Cr ion and the first (J;), second (J,), and
third nearest magnetic ion. Four magnetic configurations were set for each cell, three
corresponding to the antiferromagnetic state and one to the ferromagnetic state (Fig. 2).
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Fig. 2. Magnetic configurations of the chromium sublattice

The equations of the total energy of the system for four magnetic configurations are:

Earm1 = Eo + %52(—]1 —J2 +J3), 1)
Earms = Eo + %52(11 —J2—J3), (2)
Earmz = Eo + %52(—3]1 + 32— J3), 3)
Epw = Eo +5S2(3)1 + 3)2 + ). (4)

The computational cells of quasi-two-dimensional atomic structures were optimized for
all considered magnetic configurations, which are presented in Fig. 2. The final structural
parameters correspond to the ground magnetic state.

The Curie temperature (T.) was calculated using the equation:

Te = 22JS(S + 1)/3kg, (5)
where z is the number of the nearest neighbors, S is the spin of the magnetic ion, k is
Boltzmann constant.

Spin polarization was calculated by the equation:

P = —-n)/(m+ny), (6)
where n; is the density of states of electrons with spin up, n; is the density of states of
electrons with spin down.

The deviation of the angles of the octahedral complex from the ideal value was
calculated by the equation [36]:

¢t = Y7 [(6;—90)2/6], (7)

where 6; is the bond angle in the octahedral complex.
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In the third stage, the dependence of microscopic magnetic parameters on structural and
electronic properties was analyzed.

3. Results and Discussion

Quantum mechanical simulation. An analysis of the magnetization distribution showed a
local magnetic moment on Cr atoms, which ranges from 2.94 to 3.44 ug. This indicates the
presence of three electrons with uncompensated spins. Therefore, the chromium atom in
MAX; compounds is an ion with a charge of +3e (Cr**). According to the calculations,
90-95% of the total magnetic moment is localized on the d-orbitals of Cr**. It makes it
possible to use magnetic models based on the principles of localized electronic states, such as
the Ising and Heisenberg models [3,4], as well as to interpret the results in terms of the
crystal field theory.

The main magnetic order of the studied compounds is FM, except for those compounds
where S acts as a chalcogen. In this case, the main magnetic order is AFM. Deviation of the
local magnetic moment from an integer value upwards is observed in compounds with FM,
and downwards in compounds with AFM. It indicates the possible hybridization of
Cr®* d-electrons with surrounding ions. A study of this issue is given below.

Electronic properties calculations of the MAX; two-dimensional configurations for the
main magnetic states show that all compounds are indirect-gap semiconductors. Figure 3
presents the band structure of CrSiSe; as an example. The top of the valence band is at the I'-
point. The bottom of the conduction band is located between points M and I'.
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Fig. 3. CrSiSes band structure
(Red solid bands correspond to the energy states of electrons with spin up, and blue dash
bands correspond to the energy states of electrons with spin down)

The bottom of the conduction band is formed due to the d-orbitals of Cr. The p -orbitals
of chalcogens make the main contribution to the formation of the top of the valence band in
all cases, except for AFM atomic systems with X=S. In this case, the top of the valence band
is formed by the d-orbitals of Cr, the p-orbitals of chalcogens, and the p-orbitals of Ge and Si
ions. In the CrGeS3; compound, p-orbitals of Ge prevail in the formation of the top of the
valence band. The band gaps for the two spin subsystems differ by factors of 1.51 and
1.60 (E4™ /Egdw) in CrSiSez and CrSiTes, respectively. This makes it possible to generate the
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motion of spin-polarized charge carriers with a large polarization coefficient. The energy gap
between the top of the valence band and E; ranges from 0.08 eV to 0.18 eV. These values are
0.08 eV and 0.11 eV for CrSiSez and CrSiTes, respectively.

With an increase in temperature or the application of an external electric field, it is
possible to change the band structure from a semiconductor type of conductivity to a metal
one. The conductivity, similar to a semimetallic, can be obtained for CrSiSe; and CrSiTes
using an external action.

Calculation of microscopic magnetic parameters in MAX3. The exchange interaction
integral was calculated based on the results of the local magnetic moments simulation and
using the Heisenberg Hamiltonian. Spin in equations (1-4) is taken as 3/2 because the
magnetic moment has a strong localization on Cr**. The equations for calculating the
exchange interaction integral are determined through the difference in energies of various
magnetic configurations:

1= EE_EAFMEZ + E;AFMS’ + Ery — Earmi), (8)

]2 — AFMZBSAFM3 +]1’ (9)
Enppa—E

Js = W +J,. (10)

The exchange interaction integrals calculated are given in Table 1.

Table 1. Microscopic magnetic parameters

Emat, dy—m, |Ocrxcn |2 4an2
MAX; | JymeV | J, meV | J3, meV meV T,.K | P A deg ¢, deg

CrGeSs -0.06 0.04 0.09 - - - 3.47 91.31 |51.52

CrGeSe; | 0.68 -0.18 0.0005 | -0.55 | 59.22 | 0.69 | 3.64 90.87 |72.61

CrGeTez | 2.07 0.04 0.50 -0.27 ]180.50| 0.38 | 3.98 92.14 |47.98

CrSiS; -1.53 0.17 0.01 - - - 3.40 88.68 |39.18

CrSiSes; 1.74 -0.13 0.07 -0.92 |151.68| 0.98 | 3.99 91.82 [37.00

CrSiTes 1.48 -0.03 -0.16 -0.28 1129.01| 0.73 | 3.98 89.71 |32.19

Dependence of microscopic magnetic parameters on electronic properties. In the
MAX; atomic structures, the Cr** ion is surrounded by six chalcogen ligands (Fig. 4a). This
allows analyzing the electronic properties within the framework of the theory developed for
octahedral complexes. The crystal field of the ligands causes the d-orbitals to split into three-
fold degenerate states (tyg), which consist of dyy, dx and dy,, and two-fold degenerate states
(eg), Which consist of d, and dyo.y.

Before calculating the partial density of electronic states (DOS), the vectors of the
computational cells were rotated. Accordingly, the bonds between the vertices of the
octahedron (chalcogen ions) and the Cr** located in the center were parallel to the axes of the
Cartesian coordinate system (Fig. 4a). Otherwise, the calculation results will show a non-
standard linear combination of atomic orbitals and "mixing" of partial DOS. This impedes
analyzing the results. The partial DOS for Cr®* d-electrons with rotated computational cells
shows the classical splitting of energy levels into t,q and ey states (Fig. 4b).

Figure 5 shows the obtained partial DOS for octahedral complexes consisting of Cr®*
and ligands in the corresponding MAX;3; compounds.
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Fig. 4. Rotated computational cell (a); partial DOS of d-electrons (b)

A common feature of the obtained partial DOS is the existence of localized tyy States
that are located below the Fermi level for electrons with spins up, i.e., correspond to filled
states, and also above the Fermi level, i.e., correspond to unoccupied states. Unoccupied eq
orbitals have energy higher than ty,. The energy difference between these orbitals is
determined by electrostatic splitting and is responsible for the formation of the high-spin state.
In all atomic systems, this parameter does not change. The presence of filled ey levels is
explained by the hybridization of the corresponding atomic states of Cr** and surrounding
ions, which leads to the formation of a common molecular orbital o with decreasing energy.
The energy split between tyq and o characterizes the degree of hybridization. In compounds
with X=Se, the energy difference between filled molecular orbitals and tyq orbitals is higher
than in atomic systems with Te, which indicates greater hybridization, since more overlap
leads to an energetically favorable state.

Bader analysis [37] presents that 5.8 electrons are located on the tyq orbitals of Cr¥* ions.
This value is unchangeable for all atomic systems. The molecular orbital ¢ contains 8.40 and
8.50 spin-up electrons, as well as 8.10 and 8.15 spin-down electrons in the CrSiSe; and
CrGeSe; atomic systems, respectively. For CrSiTe; and CrGeTes, the corresponding values
are 7.70 and 7.65 spin-up electrons and 7.10 and 7.15 spin-down electrons. Changes in the
population of molecular orbitals are observed only when the chalcogen changes, and do not
depend on other components of the atomic system. The increase in this value occurs due to
the electronegativity of the chalcogen p-orbital (2.10 for Te, 2.55 for Se). Therefore, the
degree of hybridization is affected by the p-orbitals of the chalcogen.

We can conclude that Si and Ge do not have a direct effect on the corresponding
dependencies between electronic properties and magnetic parameters, because the o
population depends only on the chalcogen, and tyq in the structures under study is determined
by the crystal symmetry. Thus, it suffices to analyze the influence of ligands on J to formulate
the dependencies of the magnetic parameters on the electronic properties.

The electronic configurations of ligand atoms have the form: Te [Kr] 3d'%5s*5p*, Se
[Ar] 3d%4s%4p? S [Ne] 3s°3p*. The difference between the electronic configurations is the
main quantum number (n) of the outer valence shell, while the filling of the sublevels is
similar. The value of J; increases with increasing n (Table 1), which characterizes the
exchange interaction with the third neighboring magnetic ion. Therefore, the diffuseness of
the valence shell affects the longest-range exchange interaction, i.e. J3. For example, the outer
electron shell Te has a higher n and is more diffuse. Thereby CrGeTez and CrSiTez have the
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highest modulus J;. Also, the diffuseness of the Te valence shell suggests the weakest
hybridization in atomic systems with this element, and consequently the smaller exchange
interaction Ji. The energy difference between the occupied eq and tyy states is larger for
CrGeSe; than for CrGeTes according to the partial DOS (Fig. 3). The formation of a
molecular orbital in CrGeSe; is energetically more favorable, and hybridization should be
stronger. However, the calculation results for J; confirmed the above conclusion for
compounds with A=Si but did not demonstrate this dependence for compounds with A=Ge.
This is explained by the strong influence of structural parameters on magnetic properties.
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Dependence of microscopic magnetic parameters on the structural properties.
Atomic systems with Ge have a larger value of ¢ (Table 1) compared to atomic systems
containing Si. Since Eyae (Table 1) depends on the crystal field [38], the symmetry lowering
should cause modulation of this microscopic parameter. In CrSiSe; and CrGeSes, the ¢
values are 37.00 and 72.61 deg? respectively, which leads to a decrease in Emae from
0.92 meV to 0.55 meV. In CrSiTe; and CrGeTes, the difference in g2 values is not so
significant and equals 32.19 and 47.98 deg?, respectively. It leads to insignificant changes in
the Emae values (0.28 and 0.27 meV, respectively). This behavior is explained by the different
diffuseness and the degree of deformation of p-orbitals of chalcogens. Therefore, lattice
distortion affects the Eyag to a lesser extent in compounds where the chalcogens have a larger
n value. Thus, Evag has a significant dependence on Si and Ge, as well as on chalcogen.

CrGeTes, CrSiSe;, CrSiTe; have a distance between the two nearest Cr** (du.v) in the
range from 3.98 to 3.99 A. Moreover, these compounds possess FM. In CrGeSes, this
parameter is 3.64 A, while the exchange interaction between the two nearest Cr** indicates
FM several times weaker than in CrGeTes, CrSiSes, and CrSiTes. In CrGeS; and CrSiS; the
du-w are 3.47 and 3.40 A, and the exchange interaction is AFM. A decrease in the distance
between the nearest Cr** leads to a weakening of the FM and an increase in the AFM. This
dependence indicates the direct exchange interaction responsible for the AFM. The difference
in J; for CrSiS3; and CrGeSs is then explained by the strong dependence of the direct exchange
interaction on the symmetry breaking of the crystal. Direct exchange interaction enhances
AFM, but FM dominates in the compounds where dy.m has a large value. Thus, the dominant
mechanism of the exchange interaction between Cr** in CrGeSes;, CrGeTes, CrSiSes, and
CrSiTes is superexchange through chalcogen atoms. The above conclusion confirms the
Goodenough-Kanamori-Anderson rule [39], which states that superexchange interaction is
possible between half-filled Cr®* d-orbitals and filled ligand orbitals at a value of acrx.cr
close to 90 deg.

Exchange interaction mechanism. Figure 4 shows two octahedral complexes with
central Cr atoms connected through common vertices. Chalcogens are located in the vertices.
The spatial arrangement of Cr in the environment of chalcogens leads to the emergence of six
hybrid atomic orbitals of the sp®d® type in Cr, which consist of d,, dx2.y2, S, Px, Py, Pz according
to Pauling's hybridization theory. These orbitals correspond to bonding states. The other three
orbitals dy;, dy, and d,y keep atomic-like (toq according to the crystal field theory). They are
filled with electrons, which form the intrinsic magnetic moment of the transition metal. The
hybrid atomic orbitals are directed from the central atom towards the vertices of the
octahedral complex, where they bond with the p-orbitals of the chalcogen and form the
bonding molecular orbital c.

Exchange interaction is possible to implement by three mechanisms. The first
mechanism occurs between d-orbitals of the same symmetry (tg) of two Cr¥*. This is a direct
kinetic exchange (Jkin, Fig. 6). The interaction angle is 180° or close to it, and the exchange
occurs between partially filled orbitals. In this case, according to the Goodenough-Kanamori-
Anderson rules, AFM can be formed. The evidence for the implementation of this mechanism
into MAX; is based on the following: the distance decrease between two nearest Cr**
weakens FM and increases AFM. Besides the larger ¢ is in compounds with AFM (CrSiSs
and CrGeS3), the smaller J;.

The second mechanism is carried out due to electron hopping (tunneling) between the
molecular orbital  of the first Cr** and tyq atomic orbitals of the second Cr** (J, Fig. 6). The
proof for the implementation of this mechanism rests on the results listed below. Firstly, the
hybridization of sp®d® orbitals with p-orbitals of the chalcogen was observed in all studied
atomic systems (i.e., ¢ orbital) in accordance with the partial DOS presented in Fig. 3.
Secondly, the exchange occurs between an empty electron shell and a partially filled one, the
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valence angle of exchange interaction path having a value close to 90° (from 88.68° to
92.14°). According to the Goodenough-Kanamori-Anderson rules, such an exchange
interaction is a superexchange interaction that forms FM. Thirdly, the FM increases with
increasing du-.v, Which indicates a weakening possible direct exchange interaction,
which is the AFM.

The third mechanism is AFM. It occurs between tyy orbitals of different symmetry on
two Cr¥* through hybridization with p-orbitals of the chalcogen (Jy, Fig. 6). This exchange is
insignificant and is determined by a small deviation of the local magnetic moment on the ty,
orbitals. The total exchange interaction integral consists of contributions given by each
exchange interaction mechanism:

T =Jet + Jiin + Jee- (11)

The first and second terms of the equation are responsible for the AFM. The third term
has a negative sign and reflects the contribution of the FM. Thus, to form a stable high-
temperature FM, it is necessary to increase Je using strategies aimed at enhancing
hybridization and/or decreasing Ji and Jiin using strategies that affect structural properties.

Fig. 6. Mechanisms of exchange interaction

Influence of the Hubbard coefficient on the simulated magnetic order. The
hybridization of electron orbitals is highly dependent on the Hubbard coefficient (U) in
qguantum mechanical calculations. Since hybridization is the key phenomenon that determines
the dominant exchange interaction mechanism in MAXs;, then U can have a strong influence
on the main magnetic order and the quantitative value of J. We performed quantum
mechanical calculations of J; for various U (Table 2).

AFM weakens as U increases from 0 to 3 eV, in CrSiS;. The weak AFM in CrGeS;
transforms into an unstable FM. FM is enhanced in other atomic systems. The choice of U
remains an important criterion for characterizing the exchange interaction. The differences
between the results of similar theoretical works mainly lie in different choices of
this parameter.
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Table 2. Exchange interaction integral for different values of U, meV

MAX3 J1(U=0¢eV) J1 (U=1¢eV) J1 (U=3¢eV)
CrGeSs 0.72 0.06 -0.39
CrGeSes -0.18 -0.68 -1.04
CrGeTes -1.73 -2.07 -2.35
CrSiSs 2.47 1.53 0.85
CrSiSes -1.59 -1.74 -1.88
CrSiTes -1.26 -1.48 -1.61

4. Conclusions

The main magnetic order of CrGeSes, CrGeTes, CrSiSes, and CrSiTez atomic systems is FM.
CrGeS; and CrSiS; exhibit AFM. 90-95% of the total magnetic moment is localized on the
d-orbitals of Cr*" and ranges from 2.94 to 3.44 ugs. A slight deviation from the integer value
indicates the hybridization of the Cr** d-electrons with the surrounding ions.

Increasing the principal quantum number of the outer electron shell of the chalcogen
leads to weakening the hybridization of the atomic orbitals of Cr** and surrounding ions, with
the formation of a common molecular orbital o, as well as increasing Js. Si and Ge do not
have a direct influence on the relationships between electronic properties and magnetic
parameters. An increase in dy.v leads to FM, as well as an increase in ¢ in AFM compounds
(CrSiSz and CrGeS3) leads to a decrease in the value of J;.

The found dependencies indicate three competing mechanisms of exchange interaction.
FM is formed due to the mechanism of superexchange interaction. AFM exchange interaction
is carried out by kinetic direct exchange and superexchange interaction.

It has been established that the axis of easy magnetization lies normal to the plane of
quasi-two-dimensional layers, i.e., along the [001] crystallographic direction. This provides
an increase in the energy efficiency of spintronic devices. T, for the studied compounds lying
in the range from 59.22 to 129.01 K. To form a stable high-temperature FM, the exchange
interaction by the superexchange FM mechanism should be increased using strategies aimed
at enhancing hybridization (external electric field, deformation), and/or reducing AFM direct
exchange interaction through the use strategies that affect structural properties (deformation).
Another way is to increase the Euae by varying the composition.
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