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1. Introduction

In the context of an isotropic spin Hamiltonian, Mermin–
Wagner theorem[1] states that thermal spin fluctuations prevent
2D materials from developing long-range magnetic order at a
finite temperature. However, if magnetic anisotropy is present,
this restriction is lifted, allowing 2D magnets to be realized.
Similar to the first 2D materials, the first attempts to obtain
2D magnetic materials were by exfoliation of layered magnetic
materials.[2,3] However, reducing the dimensionality of a material
may give rise to new properties—change of magnetic ordering
temperature with respect to the number of layers is often
observed. Despite several theoretical predictions,[4–6] (ferro)
magnetism in 2D materials had not been experimentally
confirmed until 2017 in Cr2Ge2Te6

[7] and CrI3.
[8] Magnetic

anisotropy may stabilize magnetism in thin
crystals but some challenges still remain,
such as low Curie temperature (TC) or
air sensitivity. Fortunately, between the
various families of 2Dmagnets (i.e. insulat-
ing, semiconducting, half-metallic, and
metallic), a significant increase in the TC
of metallic systems has recently been
achieved. The thin films of metallic
FenGeTe2 (where n= 3, 4, and 5) exhibit
ferromagnetism, close to room
temperature.[9–11] Moreover, their TC
can be further increased via doping.[12]

Among them, only Fe3GeTe2 is exfoliated
up to 2D regime.[13] However, other 2D
magnet families, including half-metallic
systems, have been less explored, and
despite many predictions, no candidate
has yet been found that is functional at
room temperature.

Half-metals were first introduced by de Groot et al.[14] to
describe the calculated electronic structure of Mn-based
Heusler alloys. Similar properties were also suggested for sur-
face,[15] which opened the possibility of half-metallicity in 2D
materials. The interesting nature of half-metals arises from a dif-
ferent placement of d orbitals for each spin, which makes the
material conductive in majority spin and insulating in minority
spin. Most half-metals have ferromagnetic (FM) ordering, even
though few antiferromagnetic (AFM) materials have been
predicted as well, e.g., perovskite oxides.[16,17] Half-metallicity
can also be induced via doping[18–20] or defect engineering.[21] In
the 2D regime, half-metallic magnets are expected to have higher
transition temperatures compared to their semiconductor counter-
parts. This is mainly due to the higher concentration of charge car-
riers in these systems, which strengthens the exchange interactions
amongmagnetic atoms. Although there have been several reports of
induced half-metallicity in 2D systems, via doping, intrinsic 2D
half-metallic magnets are rarely reported. Recently, Wang et al.[22]

have predictedMnX (X=P, As) monolayers, as 2D half-metallic sys-
tems with high TC. Also Janus Mn2 PAs monolayer and NiOX
(X=Cl, Br) were proposed as 2D half-metals with high TC.

[23,24]

The family of van der Waals X2Y2Z5 (X and Y are metallic
atoms and Z is a group VI element) have some already synthe-
sized members, that are analogous to the structures, studied in
this article. Among them, we can refer to Al2Mg2Se5,

[25,26]

Bi2Pb2Se5,
[26–28] Pb2Sb2Te5,

[28] and Fe2Ga2S5.
[29,30] The mag-

netic members of this family are often found to have an AFM
ground state. Shen et al.[31] have recently reported the synthesis
of single crystals of Mn2Ga2S5. Their findings revealed substan-
tial AFM interactions, and a high spin state in Mn2þ ions.
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The recent advances in the synthesis of 2D magnetic materials have raised hopes
for their potential use in next-generation spintronics devices. These candidates,
however, still possess relatively low magnetic transition temperatures and small
magnetic anisotropy energies to achieve efficient functionality. Aiming to find
high-performance 2D magnetic crystals, the authors predict Mn2Mg2X5 (X= S,
Se) as a novel family of 2D ferromagnets with half-metallic electronic properties.
A single-channel spin bandgap of �2 eV makes them suitable for spin-filtering
applications. Their easy-plane magnetic anisotropy is relatively high, especially in
the case of Mn2Mg2Se5 (MAE= 1.46 meV/Mn). Furthermore, the magnetic
transition temperature of these compounds is relatively high (TC � 200 K)
compared to those of most synthesized 2D magnetic compounds. The existence
of nonmagnetic van der Waals analogs of these compounds, such as Al2Mg2Se5,
accompanied by their energy, dynamic, thermal, and mechanical stability,
suggest that they have a good probability of being synthesized.
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Remarkably, it undergoes a spin-freezing transition at around
12 K, illustrating a highly frustrated system characterized by
the absence of long-range magnetic order down to 2 K. This
behavior arises from the intricate interplay between exchange
interactions and the material’s 2D crystalline structure. In this
family, however, no FM-ordered system has been reported.

The present work examines the structural, mechanical, elec-
tronic, and magnetic properties of Mn2Mg2X5 monolayers using
ab initio methods. Following is a brief summary of the article:

In Section 2, a detailed description of the computational meth-
odology can be found. In Section 3, we report the structural prop-
erties of these compounds. In Section 4, first, the cohesive and
formation energies are used to determine the energetic stability.
After that, dynamical, thermal, and mechanical stability are
examined. The next step is the study of the magnetic
(Section 5), mechanical (Section 6), and electronic properties
(Section 7) of Mn2Mg2X5 monolayers, as well as the modeling
of temperature-dependent magnetic properties through Monte
Carlo (MC) simulations (Section 8). The final section of this arti-
cle concludes our results.

2. Methodology

First-principles calculations were conducted in the framework of
density-functional theory (DFT)[32,33] using the Vienna ab initio
simulation package (VASP).[34–37] The exchange–correlation
potential was treated using the generalized gradient approxima-
tion functional in conjunction with the Perdew, Burke, and
Ernzerhof method.[38] The projector augmented wave method[39]

was applied. We utilized the DFTþU method to improve the
description of strongly correlated d-electrons in Mn atoms, with
Ueff set to 3 eV, in accordance with Hubbard corrections sug-
gested for Mn-containing compounds.[40–42] Furthermore, the
consistency of the results was examined by varying Ueff values
between 2 and 4 eV (see Figure S8 forU= 2 eV and Figure S9 for
U= 4 eV in Supporting Information). A plane-wave basis set
with a kinetic cutoff energy of 500 eV was used to expand the

electronic wave function, and a vacuum space of at least 15 Å
was inserted along c � axis to prevent unrealistic interactions
between periodic images. During structural optimization, the
maximum force on each atom was less than 10�2 eV Å�1.
A Gaussian smearing factor of 0.05 was taken into account.
Brillouin zone (BZ) integration was performed by a Γ-centered
17� 17� 1 uniform k-point grid. To determine the net charge
transfer between constituent atoms, the Bader technique was
employed.[43] To ensure the dynamical stability of the systems,
the phonon dispersions were calculated, using the finite-
displacement approach, implemented in the PHONOPY[44]

package. To analyze the thermal stability, ab initio molecular
dynamics (AIMD) simulations were conducted, using a microca-
nonical ensemble (NVE), at constant temperatures of T= 300
and 500 K for a simulation period of 10 ps with a 2 fs time step.
A 4� 4� 1 supercell and a 4� 4� 1 k-point grid were used for
phonon dispersions, AIMD, and calculations of mechanical
properties. For the calculation of magnetic anisotropy energy
(MAE), a 31� 31� 1 k-point grid was utilized. For the MAE cal-
culations, spin–orbit coupling (SOC) was taken into account. The
projection into localized Wannier functions (WFs) was carried
out using the Wannier90 package,[45] via VASP to Wannier90
interface. The WFs basis set comprised five d orbitals of Mn
atoms and three p-orbitals of X (X= S, Se) atoms. The
TB2J[46] package was utilized to calculate isotropic exchange
interactions via Liechtenstein, Katsnelson, Antropov, and
Gubanov[47] formalism. The extracted exchange interactions were
implemented in a Heisenberg Hamiltonian to calculate the mag-
netic ordering temperature by performing classical MC simula-
tions via UppASD code.[48] To achieve properly averaged
properties, three ensembles within a supercell of 40� 40� 1
were modeled, assuming periodic boundary conditions.

3. Structural Analysis

The Mn2Mg2X5 (X= S, Se) monolayer is demonstrated from
both side and top views, as illustrated in Figure 1a,b, respectively.

Figure 1. a) Side and b) top views of theMn2Mg2X5 monolayers, c) electron-localization function iso-surface on ð1;1, 0, 0Þ plane, and d) magnetization density
iso-surface on ð1;1, 0, 0Þ plane in Mn2Mg2Se5. Double-headed arrows display the geometrical parameters. The yellow shaded area represents the unit cell.
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It is classified based on the element type and coordination num-
ber, highlighting the presence of five distinct atomic sites. For
ease of referencing, we have labeled X atoms with numbers from
1 to 3 in Figure 1a, for three-, four-, and sixfold coordination
sites, respectively. Both structures belong to space group symme-
try P-3m1 (number 164). From a lateral perspective, the structure
appears to have a trilayered arrangement, where the central layer
consists of Mg and X atoms, positioned between two layers com-
prising Mn and X species. Within this central layer, Mg atoms
create six bonds with neighboring X atoms, while in the top and
bottom, Mn atoms are fourfold coordinated. The structural thick-
ness, symbolized as h, is defined as the vertical separation
between the topmost and lowest chalcogen atoms. We have also
identified atomic bond lengths, i.e., Mg–X1, Mg–X2, Mg–X3, and
Mg–X4, using d1, d2, d3, and d4, respectively. The structural
parameters are detailed in Table 1. In the case of Mn2Mg2S5,
the lattice constant is determined to be a= 3.83 Å, while we
observe a lattice expansion, reaching a value of a= 3.99 Å, for
Mn2Mg2Se5, as the atomic radius of the group VI elements
increases. Similarly, the thickness of the Mn2Mg2S5 monolayer,
h= 11.89 Å, is observed to be smaller than that of the
Mn2Mg2Se5 monolayer, which equals 12.92 Å. The analysis of
bond lengths reveals that the bonds in Mn2Mg2Se5 are more
extended than Mn2Mg2S5, reflecting Se’s larger atomic radius.
Between the Mn–X bonds, d4 is shorter than d3 and between
the Mg–X bonds, d2 is shorter than d1, which supports the cor-
relation between bond length and coordination number. In other
words, longer bonds occur when the charge is spread among a
greater number of bonds.

The Bader charge analysis results are listed in Figure S1
(Supporting Information). It can be noted that Mn andMg atoms
are charge donors and chalcogen atoms are charge acceptors. In
both compounds, Mn atoms lose a charge of more than 1e.
Moreover, by losing over 1.5e of their charge, Mg atoms are
somewhere between Mgþ and Mg2þ states. To have a charge bal-
ance, �5e charge donated by Mn and Mg atoms is distributed
between five chalcogens of the unit cell. Although almost 1e
charge is accepted by each S (Se) atom, the crystal symmetry
and coordinating numbers dictate an uneven distribution of
charge between chalcogen atoms. Accordingly, the S3 (Se3)
atoms at the central region along c axis gain maximum charge
while S1 (Se1) atoms at the surfaces receive the minimum
charge, and S2 (Se2) sites accept a charge close to that of
nominal 1e.

In Figure 1c, isosurface of the electron-localization function
along the 1;1, 0, 0

� �
plane of the Mn2Mg2Se5 monolayer is plot-

ted (see Figure S2, Supporting Information, for that of
Mn2Mg2S5). Here, red contours indicate a higher probability

of electron localization relative to a reference electron,[49] which
provides information about the bonding nature of these
compounds. Remarkably, we observe a significant electron
localization around the chalcogen sites, evidence of covalent
bonds between Mn(Mg) and chalcogen atoms.

The contour plot of magnetization density within a 1;1, 0, 0
� �

plane of the single-layer Mn2Mg2Se5 is presented in Figure 1d. It
can be noted that the magnetization density primarily originates
from Mn atoms. Nevertheless, there are some small induced
moments on chalcogen sites, which are opposite to those on
Mn atoms. In addition, Mg atoms do not show any sign of
magnetization.

4. Stability

4.1. Energetic Stability

Synthesizability of newmaterials is first dependent on their ener-
getic stability. The cohesive energy (Ecoh) is a measure of how
much energy is required to disassemble a crystallized system
into detached atoms, and its magnitude is a measure of how
strongly the atoms are bound together. In contrast, a compound’s
formation energy (Eform) is the difference between its total energy
and the energy of the most stable bulk form of its constituent
elements. Thus, a positive Eform indicates that a compound tends
to decompose into more stable structures. Hence, it is essential
to examine the cohesive and formation energies of our com-
pounds to determine their stability. The following expressions
are used to calculate Ecoh and Eform:

Ecoh ¼ 2EMn þ 2EMg þ 5EX � ET

9
(1)

Eform ¼ ET � 2EB
Mn � 2EB

Mg � 5EB
X

9
(2)

where ET is the total energy of the crystalline system; EMn, EMg,
and EX are the total energies of a single free-standing atom of
Mn, Mg, and S(Se) for calculation of cohesive energy, and that
of Mn, Mg, and S(Se) atoms in their bulk form for calculation of
formation energy. For each element, the most stable bulk form is
retrieved from the Materials Project database,[50] and then
reoptimized based on compatible optimization parameters.
The obtained values are detailed in Table 1. For Mn2Mg2S5
and Mn2Mg2Se5, Ecoh of 3.94 and 3.48 eV atom�1 are obtained,
respectively, suggestive of strong interatomic bonds. The
cohesive energies of these compounds are comparable to those
of synthesized phosphorene (3.48 eV atom�1),[51] silicene
(2.58 eV atom�1),[52] and CrI3 (2.32 eV atom�1),[53] implying the
synthesizability of these compounds. Furthermore, both mono-
layers have negative formation energies, another indication of
energetic stability, where Eform of Mn2Mg2S5 and Mn2Mg2Se5,
are obtained to be �0.84 and �0.72 eV atom�1, respectively.
This difference in cohesive and formation energies of
Mn2Mg2S5 and Mn2Mg2Se5 stems from the greater electroneg-
ativity of S atoms. These formation energies are more
favorable than that of CrI3 (�0.18 eV atom�1)[54] and Fe3GeTe2
(�0.08 eV atom�1).[55]

Table 1. The structural, energetic, and electronic nature of the Mn2Mg2X5

compounds, where a is the lattice parameter, h is the thickness of the
monolayer, dð1�4Þ are bond lengths in unit of Å, Ecoh and Eform are the
cohesive and formation energies in unit of eV atom�1, respectively,
and “Type” specifies the electronic nature.

Structure a h d1 d2 d3 d4 Ecoh Eform Type

Mg2Mn2S5 3.83 11.89 2.37 2.30 2.68 2.55 3.94 �0.84 Half-metal

Mg2Mn2Se5 3.99 12.92 2.51 2.46 2.82 2.67 3.48 �0.72 Half-metal
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4.2. Dynamical Stability

Assured of their energetic stability, we further analyzed the
dynamical (vibrational) stability of Mn2Mg2X5 compounds using
their phonon spectra, as depicted in Figure 2a. Phonon spectrum
analysis confirms the absence of imaginary frequencies, indicat-
ing structural stability. In the context of harmonic approxima-
tion, imaginary frequencies imply a repulsive interatomic
force that makes the structure unstable. In a 3D system, atoms
have three degrees of freedom for collective motion along the X,
Y, and Z axes. Mn2Mg2X5 unit cells consist of 9 atoms, yielding
27 vibrational modes. Unlike conventional 3D crystals where all
acoustic modes display linear dispersion near the Γ point, in 2D
materials like Mn2Mg2X5, the out-of-plane acoustic branch
exhibits quadratic dispersion. One can observe the similarities
between the two phonon spectra due to similar symmetries.
The optical modes in Mn2Mg2Se5, however, are collectively
shifted to lower frequencies compared with Mn2Mg2S5, corre-
sponding to an increase in atomic mass and aligns with a similar
pattern in bond strength.

4.3. Thermal Stability

We performed AIMD simulations for a 10 ps duration to inves-
tigate the thermal behavior of Mn2Mg2X5 monolayers at temper-
atures of 300 and 500 K. This analysis provided insights into the
compound’s structural integrity and thermal stability. The energy

variations over the simulation period, as well as the final atomic
configuration after 10 ps, at T= 300 K are illustrated in Figure 2b
and at T= 500 K in Figure S3 (Supporting Information). At
T= 300 K, the energy variations exhibited minor fluctuations,
maintaining their proximity to the average values, thus confirm-
ing the thermal stability of both structures, when exposed to
room temperature. It is evident from the structural snapshots
that there are no broken chemical bonds, thereby ensuring
the preservation of the overall structural integrity of the
Mn2Mg2X5 compounds after the simulation. At T= 500 K, while
Mn2Mg2S5 retains minor oscillations in its energy, thermal fluc-
tuations in Mn2Mg2Se5 are more drastic, indicative that some
bond breaking occurs. The final structural snapshot in
Mn2Mg2Se5 also reveals displacement of Mn atoms from their
equilibrium position, leading to local clustering of Mn atoms.
These results suggest that Mn2Mg2S5 maintains its thermal
stability at 500 K while Mn2Mg2Se5 loses its thermal stability
close to 500 K.

4.4. Mechanical Stability

Based on the Born and Huang criteria,[56,57] to have mechanical
stability in 2D hexagonal crystals, two conditions should be sat-
isfied, i.e., C11 > jC12j and C66 ¼ C11 � C12ð Þ=2 > 0, where C11,
C12, and C66 are the elastic stiffness constants calculated by
fitting the second derivative of strain energy per unit area as a
function of the in-plane strains. Having the elastic stiffness con-
stants in hand, within the elastic regime, Young’s modulus

Figure 2. a) Phonon-dispersion spectra and b) ab initio molecular dynamics (AIMD) simulations for Mn2Mg2S5 (left panel) andMn2Mg2Se5 (right panel)
structures at T= 300 K.
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(Y2D ¼ C2
11 � C2

12ð Þ=C11), and Poisson’s ratio (ν ¼ C12=C11) can
be estimated. The mechanical properties of Mn2Mg2X5 com-
pounds are listed in Table 2, where C11, C12, and C66 are
102.7, 36.7, and 33.0 Nm�1, respectively, for Mg2Mn2S5 and
C11, C12, and C66 are 79.2, 27.4, and 25.9 Nm�1, respectively,
for Mg2Mn2Se5. One can note that both structures satisfy the
Born and Huang criteria for mechanical stability.

5. Magnetic Properties

Having established the energetic, dynamical, thermal, and
mechanical stability of Mn2Mg2X5 compounds, we further stud-
ied their magnetic behavior. To find the magnetic ground state of
these systems, we searched for the minimum energy among FM
and several possible AFM arrangements as schematically illus-
trated in Figure S4 (Supporting Information). It can be noted that
in both compounds, FM order is the lowest in energy and thus
the ground state. The AFM-1 configuration with intra-sub-layer
ferromagnetism and inter-sub-layer antiferromagnetism is the
second best configuration energetically with an energy difference
of 6.0 and 9.6 meV/Mn with respect to FM arrangement, for
Mn2Mg2S5 and Mn2Mg2Se5, respectively. The configurations
with intra-sub-layer antiferromagnetism, i.e., AFM-2 and
AFM-3, have a notable energy difference of more than
80meV/Mn with respect to the FM ground state. Accordingly,
all the structural, magnetic, and electronic calculations are
performed for the FM ground state.

In the Mn2Mg2X5 compounds, a magnetic moment of close to
4 μB is stabilized on Mn sites, as listed in Table 3. An induced
magnetic moment between �0.1 and �0.2 μB can also be
observed on the chalcogen sites. Figure 3 (upper panels) provides
information about the Heisenberg exchange interactions (Jij) in
Mn2Mg2X5 crystals. The strong positive first neighbor intra-
sub-layer interaction in both Mn2Mg2S5 (J11 = 12.3meV) and
Mn2Mg2Se5 (J11 = 10.1meV) compounds is the driving force
behind the overall FM order in these systems. The second
intra-sub-layer exchange interaction is AFM. Despite this, these

AFM interactions cannot overcome the strong FM contribution
of first neighbors. Third neighbor interactions are FM in both
compounds and stronger than those of second neighbors. The
intra-sub-layer interactions become negligible after the third
neighbor. In these systems, the first neighbor inter-sub-layer
exchange interaction (J12) is weakly AFM, contradicting overall
ferromagnetism. However, the second neighbor inter-sub-layer
exchange interaction is FM and compensates for the first neigh-
bor AFM interaction, rending the FM ground state. The relatively
small energy difference between the FM and AFM-1 configura-
tions (see Figure S4, Supporting Information) stems from the
relatively weak coupling between the Mn1 and Mn2 species in
two magnetic sub-layers. Dictated by the symmetry of the struc-
tures, J22 interactions are equivalent to that of J11, the same is
true of J12 and J21, as well.

To have an insight into the exchange mechanism in
Mn2Mg2X5 monolayers, the orbital decomposition of the stron-
gest exchange interaction (first neighbor J11) is listed in Figure 3
(lower panels), where the dominant interaction is highlighted in
red. It can be noted that dz2 � dz2 interactions between the two
neighboring Mn atoms (5.41 and 4.05meV in Mn2Mg2S5 and
Mn2Mg2Se5, respectively) constitute the strongest interaction.
Since the dz2 orbitals have out-of-plane orientation while Mn
atoms are lying on a xy sub-layer, we predict an indirect exchange
mechanism mediated by pz orbitals of chalcogen atoms. The
tight-binding hopping parameters also support this exchange
mechanism, where the dz–pz-hopping parameter between Mn
and Se2 sites with t= 1.2 (1.1) eV for spin-up (down), are at least
two orders of magnitude stronger than hopping parameters
between various d orbitals of two neighboring Mn atoms
(t< 0.03 eV). Thus, in these monolayers, the primary exchange
mechanism is indirect, via nearby chalcogen atoms, giving rise to
strong FM interaction.

We further studied the magnetocrystalline anisotropy energy
(MAE) in these systems, using magnetic force theorem:

MAE ¼ E⊥ � Ek (3)

where E⊥ and Ek are the total energies when moments are
aligned along out-of-plane and in-plane directions, respectively.
Accordingly, both monolayers show easy-plane magnetism
(where the anisotropy within the xy plane is negligible). The
MAE for Mn2Mg2S5 and Mn2Mg2Se5 are found to be 0.023
and 1.46meV/Mn, respectively, as listed in Table 3, where a pos-
itive value indicates the easy-plane nature. As a result of the
stronger SOC in heavier Se atoms, Mn2Mg2Se5 exhibits a higher
MAE. A comparison with monolayers of CrI3 (��0.80meV/Cr),
CrBr3 (��0.16meV/Cr), Cr2Ge2Te6 (�0.33meV/Cr), and
Fe3GeTe2 (��1.22meV/Fe)[11,58,59] shows that Mn2Mg2Se5

Table 2. The elastic constants and mechanical properties of the
Mn2Mg2X5 compounds, where C11, C12, and C66 are components of
the elastic constants matrix for 2D hexagonal crystals in units of
Nm�1, Y2D is Young’s modulus in units of Nm�1, ν is Poisson’s
ratio, and the ultimate tensile strain is denoted by UTS in units of %.

Structure C11 C12 C66 Y2D ν UTS

Mg2Mn2S5 102.7 36.7 33.0 89.7 0.35 14

Mg2Mn2Se5 79.2 27.4 25.9 69.7 0.35 14

Table 3. Magnetic properties of Mn2Mg2X5 structures, M–Mn andM–Xi are the magnetic moments on Mn and X sites (S, Se), respectively, in units of μB,
MAE is the magnetic anisotropy energy in units of meV/Mn, where a positive value indicates easy-plane anisotropy, J1, J2, and J3 are first, second, and third
neighbor isotropic Heisenberg exchange interactions, respectively, in units of meV, TC–MF and TC–MF are the mean-field and MC magnetic transition
temperatures, respectively, in units of K.

Structure M–Mn M–Se1 M–Se2 M–Se3 MAE J1 J2 J3 TC–MF TC–MF

Mg2Mn2S5 4.18 �0.17 �0.13 �0.09 0.023 12.3 �0.7 1.88 316 205

Mg2Mn2Se5 4.29 �0.19 �0.16 �0.13 1.46 10.1 �0.4 1.6 276 193
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possess a relatively strong magnetic anisotropy, which is essen-
tial for the stabilization of FM order at elevated temperatures and
desirable for potential applications in spintronics and magnetic
devices. The angular dependence of the MAE can be described
using the following expression:

MAE ¼ k cos2 Θð Þ (4)

where k is the anisotropy constant and Θ is the polar angle of
rotation. While gradually varying the Θ angle, we fitted this for-
mula to the total energy set (see Figure 4). It can be noted that
there is a good match between the fitted curve and the calculated
energies, where k has a positive value, indicating the easy-plane
nature of anisotropy.

6. Mechanical Properties

Young’s modulus is the ratio between stress and strain in a mate-
rial, and monolayers with a high Y2D require higher stress to

deform elastically. We obtained a Y2D of 89.7 Nm�1 for
Mn2Mg2S5 and 69.7 Nm�1 for Mn2Mg2Se5 (See Table 2).
These values are higher than that of CrCl3 (60.7 Nm�1) and
CrI3 (40.5 Nm�1),[60] showing the relatively high stiffness in
Mn2Mg2X5 compounds. The smaller Y2D value in Mn2Mg2Se5
can be attributed to the weaker bonds in this crystal compared
to the Mn2Mg2S5. Poisson ratio (ν) indicates expansion or con-
traction perpendicular to a loading direction. The Poisson’s ratios
in both structures are the same (ν= 0.35) and close to that of
nominal 0.33 in bulk systems. This shows that straining the
monolayers of Mn2Mg2X5 along the x axis results in a shrinkage
along the perpendicular y axis. We further calculated the
stress–strain response of the Mn2Mg2X5 monolayers under biax-
ial strain, and the results are demonstrated in Figure S5
(Supporting Information). First, it can be noted that the linear
relationship between the stress and strain is maintained up to
10% strain, suggesting that these compounds remain in an elas-
tic regime even when heavily strained. Second, failure occurs in
both compounds at the UTS= 14% under biaxial strain. Strain

Figure 3. Isotropic Heisenberg exchange interactions ( Jij) (upper panel), where J11 are interactions between Mn1 sites and J12 are interactions between
Mn1 and Mn2 sites, and orbital-decomposed first neighbor interaction ( J11) (lower panel) for a) Mn2Mg2S5 and b) Mn2Mg2Se5 structures, where the
strongest contribution is highlighted in red.

Figure 4. Angular dependence of the MAE of a) Mn2Mg2S5 and b) Mn2Mg2Se5 structures, k is the anisotropy constant and Θ is the polar angle of
rotation, as illustrated in the insets.
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engineering is a conventional method to tune the electronic and
magnetic properties of 2D materials, which requires a high UTS
value to prevent crystal failure. Having a UTS value of 14%
renders the Mn2Mg2X5 monolayers as suitable candidates for
strain engineering.

7. Electronic Properties

The electronic properties of the Mn2Mg2X5 monolayers are
shown in Figure 5 and S6 (Supporting Information). The total
density of states (DOS) plots are represented in the upper panels
of Figure 5, where the blue (red) shaded area indicates the spin-
up (down) channels. Spin-up is the spin-majority channel in both
systems. Moreover, it can be noted that the spin-up channel is
populated at the Fermi level (Ef ) while spin-down has a gap
of 2.13 and 2.10 eV in Mn2Mg2S5 and Mn2Mg2Se5 monolayers,
respectively. As a result, these compounds have a half-metallic
electronic nature, making them ideal for use as spin filters in
future spintronics devices. The atom-projected density of states
(pDOS) plots are given in the middle panels of Figure 5. It can be

noted that the pDOS of Mg atoms is negligible within �5–4 eV
energy range. Around Ef, chalcogen’s spin-up states are domi-
nant, while Mn spin-up states are also present. It suggests that
the Mn and chalcogen states are hybridized, as it was also
reflected in the orbital-decomposed exchange interactions.
Moreover, the Mn up-spin states are mainly populated below
Ef, from around �5 to �3 eV, and the Mn down-spin states
are mainly present above Ef, around 2–4 eV. The orbital-projected
DOS for Mn atoms are demonstrated in Figure S6, Supporting
Information (upper panels). The absence of any degeneracy
among the d orbitals states of Mn atoms is indicative that the
crystal field in these systems is not symmetric. In other words,
although Mn atoms occupy a tetrahedral site, the asymmetry of
the S (Se) atoms breaks the conventional t2 and e degeneracies in
a tetrahedral crystal field and lifts them all. The lower panels of
Figure 5 depict the spin-polarized band structures of Mn2Mg2X5

monolayers. Resonant with the half-metallic nature of the com-
pounds, only spin-up bands cross the Fermi level. It can be noted
that the valence band maximum (VBM) for both spin channels
lies at the Γ point. The conduction band minimum, however, is
located at the M point for spin-up and K point for spin-down

Figure 5. Density of states (DOS) (upper panels), atom-projected DOS (middle panels), and spin-polarized electronic band structures (lower panels) for
a) Mn2Mg2S5 and b) Mn2Mg2Se5 structures.
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channel. Having an indirect spin-down bandgap suggests that
only phonon-mediated excitation can be predicted in this chan-
nel. The orbital-projected band structures (fat-bands), accentuat-
ing the contribution of Mn d-states, are visualized in the lower
panels of Figure S6 (Supporting Information), where the size of
circles is proportional to the projection of d-states at each seg-
ment of the BZ. While d-states are dominant in the conduction
bands, in the valence bands close to the Fermi level, d-states are
less active. However, in these bands, around the VBM, at the Γ
point, the presence of d-states is stronger than other high-
symmetry points. Lastly, we investigated the effects of strain
engineering on the band structure of these compounds, where
a biaxial strain between �4% and 10% was applied to the
Mn2Mg2X5 monolayers. The results are presented in Figure S7
(Supporting Information). The overall electronic properties,
including the half-metallicity, were found to be independent
of the size of strain, as the spin-down gap remains open and
retains its Eg= 2 eV. Moreover, it was found that a compressive
strain tends to decrease the size of this gap while a tensile strain
widens the gap.

8. MC Simulations

Magnetic order in 2Dmagnets is less robust against thermal fluc-
tuations than that of the bulk crystals. Therefore, it is necessary to
have an estimation of the magnetic transition temperature (TC)
in these 2D systems. Accordingly, at first, we estimated the
mean-field Curie temperature (TC–MF) based on the following
expression:

T c ¼
zJ
2kB

(5)

where z is the coordination number, J is the coupling constant,
and kB is the Boltzmann constant. We found TC–MF = 316 and
276 K for Mn2Mg2S5 and Mn2Mg2Se5, respectively, as reported
in Table 3. However, it is known that mean-field estimation gen-
erally overestimates the TC. Thus, we further performed classical
MC simulations of temperature-dependent magnetic properties,
considering localized spin moments, based on the following
Heisenberg spin Hamiltonian:

H ¼ �
X

i, j

Jij~Si ⋅~Sj �
X

i

Ki Szi
� �

2 (6)

where Jij is the isotropic symmetric exchange interactions
between ith and jth sites, Ki is the single-ion anisotropy, and
~Si and ~Sj are spin vectors. The upper panel of Figure S9
(Supporting Information) shows normalized magnetization
(M) versus temperature and the lower panel shows the heat
capacity versus temperature for Mn2Mg2S5 and Mn2Mg2Se5.
An accurate estimation of the transition temperature (TC–MF)
can be achieved from the evolution of heat capacity versus tem-
perature, where the sharp peak corresponds to TC–MF.
Accordingly, the transition from an ordered FM to a paramag-
netic phase occurs at TC–MF = 205 and 193 K for Mn2Mg2S5
and Mn2Mg2Se5, respectively. Generally, stronger Jij interactions
and stronger MAE contribute to higher TC. Here, the weaker Jij

interactions in Mn2Mg2Se5 is compensated with stronger MAE
found in this compound to bring the TC close to that of
Mn2Mg2S5. Although the TC in these compounds are below
room temperature, they are still higher than that of most of
the synthesized 2D magnets such as semiconducting CrI3
(TC � 45 K[8]) or metallic Fe3GeTe2 (TC � 130 K [13]).

9. Conclusion

The structural, magnetic, mechanical, and electronic properties
of Mn2Mg2X5 (X= S, Se) monolayers were systematically stud-
ied using first-principles methods. We analyzed and verified the
energetic, dynamical, thermal, and mechanical stability of these
compounds. A FM ground state was found for these materials,
further confirmed by the calculation of Heisenberg exchange
interactions. An indirect exchange, mediated by dz2–pz interac-
tions between Mn and chalcogen atoms, was proposed as the
main exchange mechanism, using orbital decomposed
exchange interactions and tight-binding hopping parameters.
It was found that these 2D materials offer a half-metallic nature
with a bandgap of �2 eV in their spin-down channel, rendering
them suitable candidates for spin-filtering applications. A UTS of
14% was calculated for both compounds. According to MC
simulations, the transition temperature of these monolayers is
approximately 200 K, higher than that of synthesized 2D
magnets.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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