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The electronic structure of a two-dimensional ferromagnetic MnSe, monolayer was investigated using density
functional theory. It was found that the computed Curie temperature (7¢), which is fairly high but lower than
room temperature, is sensitive to the on-site Coulomb repulsion U, indicating that electronic correlations have
an important role in the magnetism exhibited in the system. The primary exchange mechanism responsible for the
large T of monolayer MnSe, was also clarified. Furthermore, it was demonstrated that the 7¢ can be enhanced
up to nearly room temperature through charge doping and heterostructure engineering. These findings not only
provide a fundamental understanding of the mechanism of magnetic ordering in MnSe, monolayers, but also
suggest a practical remedy for the enhancement of the 7 of MnSe, by using various substrates, including Dirac

materials.
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I. INTRODUCTION

The search for new two-dimensional (2D) magnetic ma-
terials is important because they have promising applications
in spintronic devices [1—4]. Since monolayer Cr,Ge,Tes was
mechanically exfoliated several years ago [5], various 2D
magnets have been discovered [6—10]. Fe;GeTe, was found to
have topological nodal lines depending on its spin orientation
[11], and various Fe-based van der Waals (vdW) ferromag-
nets, such as Fe;GeTe, and FesGeTe,, have been studied
[12,13]. Atomically thin Crl; layers, unlike the ferromagnetic
(FM) bulk phase, possess antiferromagnetic (AFM) interlayer
coupling determined by the stacking configuration [14,15],
which can be electrostatically controlled [16—18]. Further-
more, 2D AFM materials, such as FePS; [19], MnP3 [20],
CrCl; [21], and NiPS3 [22] have attracted significant interest
because unexplored quantum phenomena can be induced by
the coexistence of many-body quasiparticles and AFM mag-
netic order in the reduced dimension [23]. Recently, a type-1I
multiferroic order with a proper-screw spin helix was realized
in a single layer of Nil, [24].

Despite the intriguing electronic and magnetic properties
of low-dimensional magnetic systems, 2D magnetism mostly
occurs at very low temperatures, which limits their practi-
cal application at room temperature. For example, the Curie
temperatures (7¢) of Cr,Ge,Teg and Crl; are 61 and 45 K,
respectively, which are far below room temperature. There-
fore, a high T¢ is a prerequisite for the utilization of 2D
magnetic materials in device applications. In this respect,
1T-MnSe;, which is grown on the surface of the «-MnSe
bulk, is a promising candidate for room-temperature device
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applications, as well as VSe, [8] and CrTe, [25]. The sta-
bility of the atomic and magnetic structures of monolayer
MnSe, has been theoretically examined [26,27], and an in-
crease in T¢ by strain and defect was predicted [28-30].
However, the relationship between electronic correlations
and magnetism has not been systematically investigated in
single-layer MnSe,. For the bulk « —MnSe phase, the calcu-
lated electronic structure is well matched with experiments
when the on-site Coulomb repulsion parameter U for the
Mn d orbital is considered [31]. The high T¢ of the MnSe,
monolayer is also successfully reproduced by considering
a significant U value for Mn atoms [27], implying the
importance of the correlation effect for a fundamental un-
derstanding of the microscopic origin of room-temperature
magnetism.

In this paper, the role of electronic correlations in the
electronic and magnetic properties of a 2D FM MnSe, mono-
layer was investigated using density functional theory (DFT)
calculations. The Tc of MnSe, was computed, and it was
found that it varies strongly with the on-site Coulomb re-
pulsion parameter U, indicating that electronic correlation
is an important factor in describing the magnetic proper-
ties of the MnSe, monolayer. The appropriate U value of
MnSe, was determined by taking the hybrid functional result
as a reference. The relationship between 7 and some eas-
ily achievable variations—charge doping (electrons or holes)
and heterostructure engineering with substrates of graphene,
GaSe, and Bi,Te; (BT)—was further explored. It was found
that any type of charge doping can lead to a large increase
in T¢c and that the mechanism of the exchange reinforce-
ment can vary depending on the substrate. The findings
not only widen the fundamental understanding of 2D mag-
netic materials, but also provide a convenient method for
enhancing Tc.
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II. METHOD

DFT calculations were performed using the projected
augmented plane-wave method [32,33] implemented in the
Vienna ab initio simulation package [34]. The generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) [35] was adopted for the exchange-correlation func-
tional. To consider the electronic correlation effect, the
Hubbard-U correction (GGA + U method) [36,37] was used
for the Mn 3d orbitals. Hybrid functional calculations de-
vised by Heyd, Scuseria, and Ernzerhof (HSE) [38,39] were
also performed, and it was found that the GGA + U scheme
with U = 3 eV reproduced the HSE results well. An energy
cutoff of 400 eV was used for the plane-wave basis. The
energy convergence threshold for the self-consistent solution
of the Kohn-Sham equations was set at 107> eV. A dense
41 x 41 x 1 k-point mesh was used to sample the entire Bril-
louin zone. To avoid interactions between the layers, a vacuum
distance of 20 A was added in the direction normal to the 2D
plane. The atomic structure and lattice parameters were fully
relaxed, preserving lattice symmetry until the total energy was
less than 10™* eV. The DFT-D2 scheme [40] for dispersion
correction was employed to describe the vdW interactions
between the MnSe, layer and the substrates. To calculate the
orbital-resolved exchange parameters, the WANNIER90 [41]
and TB2J codes [42] were utilized. An extended tight-binding
model was constructed by mapping the resulting DFT wave
functions onto Wannier functions [43]. The Wannier functions
of MnSe, were constructed from the initial projections of
the Mn 3d and Se 4p bands in the relevant energy range.
Spin-orbit coupling (SOC) yielded no notable differences in
the electronic band structures; thus, the SOC effect was not
included in the calculations unless otherwise stated in the text
of this article.

To obtain 7¢, magnetic exchange couplings were first esti-
mated using the following spin Hamiltonian:

Hspin = _ngi'gja
i#]

where J is the exchange interaction between two Mn sites
@, j), and §,» is the magnetic moment at Mn site i. In this
paper, J was computed from the total energy differences for
several magnetic configurations. To extract relevant exchange
couplings, such as the nearest- (J;), next-nearest- (J,), and
third-nearest- (J3) neighbor exchange couplings, a 3v/3 x
34/3 supercell of the MnSe, monolayer was adopted to com-
pute the total energy differences. The exchange coupling is
obtained using the following formula [44]:

J— Ei+Ey—E, — E3
AS; - 5))

ey

where E|, E», E3, and E4 are the total energies for the spin
configurations up-up, up-down, down-up, and down-down
at the i and j sites, respectively. Note that a 3+/3 x 3+/3
(2+/3 x 24/3) supercell of the MnSe, monolayer was adopted
to minimize the lattice mismatch in the MnSe, /graphene and
MnSe,/GaSe (MnSe,/BT) heterostructures. For the 33 x
33 supercell, we renormalized the exchange constant Jy (Js)
by dividing by a factor of 2 (3) to avoid the overcounting issue.
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FIG. 1. (a) Top and side views of the atomic structure of a MnSe,
monolayer. Mn and Se atoms are denoted by yellow and green
spheres, respectively. Mn atoms form a hexagonal lattice. (b) From
the left to right panels, the spin-polarized band structures of the
MnSe, monolayer computed with PBE, PBE 4+ U (3eV), and HSE
methods. Up- and down-spin states are represented by red and blue
lines, respectively. The Fermi level is set to zero.

Using the obtained J values, 7¢ is computed within the
mean-field level using Eq. (2),

25(S+ 1)
Ic = —— iJis 2
c i X,-:Z )

where S and z; denote the size of the magnetic moment and
the number of nearest-neighboring magnetic atoms for the ith
one, respectively. Note that the computed 7¢ is comparable
to the one from Monte Carlo simulations [27,29], thereby
confirming that the mean-field approach is sufficient to obtain
the 7¢ in this system.

III. COMPUTATIONAL RESULTS

A. Electronic and magnetic properties of the MnSe, monolayer

A 1T-MnSe,; monolayer with C3 symmetry can be realized
on the (111) surface of cubic («¢-phase) MnSe thin films [45].
As shown in Fig. 1(a), an Mn atom is coordinated by six Se
atoms and has an edge-sharing octahedral structure. It forms
a honeycomb lattice in the same plane. For bulk «-MnSe,
the relaxed lattice constant with the GGA (PBE) potential
(Geq = 5.37 A) better explains the experimental lattice con-
stant (dexp = 5.46 10\) [46] than that v&:ith the local-density
approximation functional (a.q = 5.07 A). Therefore, in the
calculations, the GGA potential is chosen to describe the
atomic and electronic structures of the monolayer MnSe;.
The static correlation effect for Mn 3d orbitals is also consid-
ered using the HSE hybrid functional [7,8] and the DFT + U
scheme [36,37]. The relaxed lattice constant of monolayer
MnSe, obtained from the GGA potential is 3.47 A, and it
increases to 3.61 and 3.62 A with the HSE functional and
GGA + U (U = 3 eV), respectively.

The band dispersion of the MnSe, monolayer was cal-
culated to investigate the correlation effect on its electronic
structure as shown in Fig. 1(b). The selected U value (3
eV) reproduces not only the HSE atomic structure, but also
the electronic structure—particularly, the energy splitting be-
tween the spin-up and spin-down states. The PBE potential
describes the substantial band overlap between spin-up and
spin-down states in the energy window above the Fermi
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FIG. 2. (a) The orbital-projected density of states of the MnSe,
monolayer for U = 0 and 3 eV. Schematic energy of the MnSe,
monolayer (b) without and (c) with the U effect. (d) The variation
of the Curie temperature (7¢) of the MnSe, monolayer as a function
of U. (e) The nearest-neighbor exchange constant J; as a function
of U. The positive sign corresponds to FM coupling. Red circles
and blue triangles denote ,,—¢, and ,, — t,, channels, respectively.
Schematics of (f) the AFM (f,, — t2,) and (g) the FM (fr,—e,) ex-
change coupling between occupied Mn states mediated though Se p
orbitals.

€g

level, whereas PBE + U and HSE separate spin-up and spin-
down bands nearly completely in the same energy window.
Therefore, there is a close relation between the spin splitting
and the electronic correlations, implying that the electronic

correlations could be crucial for the large T¢ of the MnSe;
monolayer. By taking a reference of the HSE functional cal-
culation, the GGA + U (U =3 eV) was finally chosen to
investigate the electronic structure of monolayer MnSe;.

The U effect on T was examined to elucidate the re-
lationship between the correlation effect and magnetism in
monolayer MnSe,. In particular, to understand the develop-
ment of the local magnetic moments of the Mn d orbitals, the
variation in the density of states (DOS) of MnSe, with the U
value was examined—see Fig. 2(a). The fivefold Mn d orbitals
split into threefold #,; and twofold e, states according to the
cubic crystal field as shown in the energy diagram in Fig. 2(b).
Without U (U = 0 eV), the Mn d and Se p orbitals are very
close in energy, leading to strong hybridization between the
Mn ¢, and the Se p states. As a result, for each spin compo-
nent, the Mn 1,, states are located between the bonding and the
antibonding e, states. However, with U (U = 3 eV), the Mn d
and Se p orbitals are separated in energy, and the hybridization
between Mn e, and Se p states becomes weaker. It diminishes
the bonding and antibonding e, characteristics, and the atomic
I, and e, levels are, thus, identified relatively well as shown
in Figs. 2(a) and 2(c). The spread of 1,, and e, states decreases
as the U value increases, demonstrating the localization of Mn
d electrons.

Because the electronic structure is sensitive to the U value
as shown in Fig. 2(a), T¢ is also strongly affected by U—
see Fig. 2(d). Interestingly, the AFM order between the two
nearest Mn atoms is preferred if U is not considered (U = 0),
whereas the FM state emerges with finite U values. This in-
dicates that considering the electronic correlations properly is
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FIG. 3. (a) The atomic projected density of states of the MnSe,
monolayer computed within the GGA (PBE) + U (= 3eV) scheme.
(b) The calculated Curie temperature (7¢) of the MnSe, monolayer
with electron/hole doping. (c) The charge difference of Mn and Se
atoms in the MnSe, monolayer upon electron/hole doping. (d) The
calculated exchange constant (J) as a function of the inter-Mn dis-
tance for various doping cases: —0.1 (blue), 0 (black), and 0.1 (red)
e/cell. The positive sign in the y axis corresponds to FM coupling.
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FIG. 4. Top and side views of the atomic structure of (a) MnSe,/graphene and (b) MnSe,/GaSe. The substrate C, Ga, and Se atoms are
denoted by brown, purple, and red spheres, respectively. (c) The MnSe,-projected band structure with spin resolution for pristine MnSe,,
MnSe,/graphene, and MnSe,/GaSe. Up- and down-spin states of MnSe, are represented by red and blue lines, respectively. The weight of
graphene or GaSe is represented by gray lines. The Fermi level is set to zero energy. All band dispersions are presented in the Brillouin zone
of the 34/3 x 34/3 expanded cell shown in (d). (d) Brillouin zones for the primitive cell (gray) and 373 x 343 expanded cell (yellow) of
MnSe; for the heterostructure calculations (e) The calculated Curie temperature (7¢) of pristine MnSe,, MnSe,/graphene, and MnSe,/GaSe.
(f) The calculated average exchange constant (/) of pristine MnSe,, MnSe,/graphene, and MnSe,/GaSe as a function of the inter-Mn distance.
The inset represents inequivalent J; values for six different Mn sites in the MnSe, monolayer placed on the substrates. (g) The orbital-projected
density of states of MnSe,/graphene and MnSe,/GaSe. The Fermi level is set to zero energy.

of great importance for appropriately describing the magnetic
properties of the MnSe, monolayer. The FM order becomes
stronger owing to the U effect, and the 7¢ increases with U.
The AFM and FM contributions were extracted from the total
exchange interaction using the Green’s function method [47].
Similar to other 2D magnets driven by the superexchange
mechanism where local magnetic moments are mediated by
anion p orbitals [48-52], the FM (AFM) coupling primarily
comes from ty,—e, (2, — t2,) hopping channels, which signif-
icantly increase (decrease) with increasing U value as shown
in Fig. 2(e).

The suppression of AFM ordering could be interpreted
as an energy separation between the states involved in the
magnetic channel. Because electron hopping between the Mn
I, and Se p states is responsible for the AFM coupling as
shown in Fig. 2(f), the energy difference is a decisive factor
in determining the size of the AFM exchange constant. By
increasing the U value, the energy separation between the
Mn 1, and the Se p orbitals increases, and the corresponding
hopping is suppressed. Unlike the AFM exchange channel,
the FM channel is mediated by two Se p orbitals where the
two p orbitals are coupled using Hund’s rule—see Fig. 2(g).
Because the occupied Mn 15, and e, states become closer in
energy by the U effect as shown in Fig. 2(a), the FM ex-
change channel becomes intensified by the increase in U. The

results again demonstrate the importance of the correlation
effect in the electronic and magnetic properties of monolayer
MnSe,.

Furthermore, the variation of the electronic and magnetic
properties was investigated over a wide range of electron/hole
doping concentrations. As shown in Fig. 3(a), which presents
the electronic structure without charge doping, the metal-
lic states near the Fermi level are mostly derived from the
Se states (green line). A direct exchange interaction in-
duced by the wave-function overlap between two adjacent
Mn 3d orbitals is likely to be marginal because the inter-
Mn distance is relatively large (3.62 A). The computed T¢ is
presented as a function of the doping concentration ranging
from —0.1 to 0.1 e/cell—see Fig. 3(b). The calculated T¢
of monolayer MnSe,, unlike in the experiment [45], is far
below room temperature (197 K) as in Fig. 2(d), which is in
agreement with previous studies [27,30]. Both electron and
hole dopings enhance the 7¢ up to approximately 280 K as
shown in Fig. 3(b); thus, moderate charge doping could be
an essential ingredient for the room-temperature 2D magnet.
Despite the large variation in the T¢, the local charge density
of the Mn 3d orbital is almost independent, whereas that of the
Se 4p orbital changes significantly depending on the doping
concentration—see Fig. 3(c). This indicates that the Se 4p
orbital plays an important role in mediating the local magnetic
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moments (mainly attributed to the Mn 3d orbital) through the
indirect magnetic exchange interaction.

Figure 3(d) shows the exchange constants J of Mn atoms
as a function of the inter-Mn distance for electron-/hole-doped
MnSe,. Regardless of the doping concentration, the nearest-
neighbor exchange constant J; is positive (corresponding to
FM ordering) and dominates all long-range exchange interac-
tions, indicating that FM is strong and robust, even for charge
doping. The exchange constant J rapidly decreases when the
inter-Mn distance increases. For 0.1-hole-doped MnSe,, all
exchange constants J; except for the nearest J; do not change
significantly. The nearest J; increases appreciably, which en-
hances the Tc. However, in the case of 0.1-electron doping per
unit cell, the nearest J; decreases, but the third J5 increases
significantly. The large enhancement of the third-nearest J3
results in the growth of T¢ despite the reduction of the
nearest J;.

B. Application: heterostructure engineering for
the MnSe, monolayer

The effect of substrates on the large magnetic exchange
interaction (7¢) of monolayer MnSe, was explored further.
Two vdW materials were examined as substrates for mono-
layer MnSe,: graphene as shown in Fig. 4(a), which is widely
utilized as a building block for vdW heterostructures [53], and
GaSe, as shown in Fig. 4(b), which was used in an experiment
to realize MnSe, [45]. Figure 4(c) shows the spin-resolved
electronic structures of monolayer MnSe, without and with
the substrates. A 3+/3 x 3+/3 enlarged supercell was used to
simulate the heterostructures, leading to a smaller Brillouin
zone—see Fig. 4(d). It clearly shows that the projected band
structure of monolayer MnSe; is maintained near the Fermi
level, even in the presence of substrates. For the MnSe, mono-
layer in proximity to the substrates, the exchange couplings J
are no longer equivalent to those for the pristine MnSe, mono-
layer because of the in-plane symmetry breaking induced
by the substrates—see Figs. 4(a) and 4(b). Therefore, the
inequivalent exchange couplings were computed individually
to estimate the 7¢ of the heterostructures. The T¢ values of
monolayer MnSe; increased by 25% and 50% in proximity to
the GaSe and graphene substrates, respectively—see Fig. 4(e).

To elucidate the origin of the 7¢ enhancement, the averaged
J values were plotted as a function of the inter-Mn distance
as shown in Fig. 4(f). For MnSe,/graphene, the large en-
hancement in 7¢ is ascribed to a relatively large increase in
Ji and J,. In the case of the MnSe, /GaSe heterostructure, the
equidistant exchange constants change significantly depend-
ing on the position of the Mn atoms as shown in the inset
of Fig. 4(f), whereas, the change in the equidistant exchange
constants is relatively small for the graphene heterostructure.
The contrasting behaviors indicate that the substrate effect of
graphene is relatively uniform and short range, whereas that of
GaSe depends on the details of the stacking geometry between
GaSe and MnSe,.

An analysis of the electronic structure also provides im-
portant information for understanding the large enhancement
of the 7¢. For MnSe,/GaSe, the Se-p states (gray area)
are somewhat extended near the Fermi level as shown in
Fig. 4(g) because of the weak hybridization between the
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FIG. 5. (a) Line profile of the planar charge difference (Ap =
Protal — PMnSe, — PBi,Te3 ) caused by the interfacial contact of MnSe,
and four quintuple layer (4-QL) BT. The positive (negative) value
indicates the charge accumulation (depletion) induced by the prox-
imity of the two systems. Green, yellow, orange, and purple spheres
denote Se, Mn, Te, and Bi atoms, respectively. (b) The variation of
the inequivalent J; values for six different Mn sites in the MnSe,
monolayer depending on the BT thickness. (c) The orbital-projected
density of states of pristine MnSe, (top) and MnSe,/BT (bottom).
(d) The calculated density of states of 4-QL BT with and without
an adjacent MnSe, layer. (e) The calculated Curie temperatures (7¢)
of MnSe,/BT with varying BT thickness. The 7¢ estimated with
(without) SOC is marked by the colored bars with (without) a line
pattern. The black-dashed horizontal line indicates the T¢ of pristine
MnSe,.

valence bands and the substrate as shown in Fig. 4(c), imply-
ing a new superexchange channel through the substrate as re-
alized in bilayer Crl; [14,54] and magnetically doped topolog-
ical insulators [55,56]. Because the interlayer superexchange
channel is closely related to the configuration of the Se—Se
vdW layers [57], J; varies considerably depending on the
Mn position as shown in the inset of Fig. 4(f). In contrast,
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as already mentioned, the MnSe,/graphene heterostructure
depends less on the stacking configuration. The fact that the
long-range exchange constants (J3—J/s) remain intact indicates
the absence of an additional exchange channel through the
graphene substrate. The n—doped graphene Dirac cones—
gray dots in Fig. 4(c)—indicate that the graphene accepts
a small number of electrons from the MnSe; layer without
significantly changing the electronic structure of the magnetic
layer as shown in Figs. 4(c) and 4(g). As a result, the FM
superexchange interaction in MnSe; is strengthened as shown
in the hole-doped MnSe, layer—see Fig. 3(d). Therefore,
the substrate effect is another crucial component of the large
magnetic exchange interaction.

Because of the obvious substrate effect on the 7c of MnSe,,
it was decided to examine whether a further increase in the
exchange coupling can be realized by the proximity of a
topological surface state (TSS) because TSSs can act as a
robust exchange channel between localized magnetic mo-
ments [58,59]. The MnSe,/BT heterostructures, which were
expanded to 2+/3 x 2+/3 supercells on the lateral plane,
were calculated to investigate the effect of a topologically
insulating substrate. Owing to the different sizes of the
supercells adopted in the MnSe,/BT calculations, the elec-
tronic/magnetic properties of pure MnSe, were recalculated
for comparison. As shown in the charge-density difference in
Fig. 5(a), the interfacing Se atoms gain electrons (red areas
around the green spheres) from the topological insulating BT.
Similar to the MnSe,/GaSe heterostructure, J; between neigh-
boring Mn atoms clearly depends on the Mn position, and the
variation is insensitive to the BT thickness—see Fig. 5(b). In
other words, J; is affected by the stacking geometry between
the interfacing MnSe, and BT layers, indicating the existence
of a secondary exchange channel through the substrate BT
layers. Despite the influence of BT on MnSe,, the major
alteration of the electronic structure caused by BT is not
appreciable as shown in Fig. 5(c). The peak positions of the 7,
and e, states, which are the main sources of the magnetism of
MnSe,, rarely changed in the DOS. The electronic structure
of the BT substrate adjacent to MnSe; is also well preserved.
As expected based on Fig. 5(a), the BT layers become slightly
p doped, merely shifting the Fermi level downward by ap-
proximately 0.1 eV without changing the overall shape of the
DOS—see Fig. 5(d). Figure 5(e) shows that the 7¢ is enhanced
by the topologically insulating BT substrate, but the presence
of TSS is less relevant to the increase in the 7¢. Because TSSs

start to appear in four or more quintuple layers (QLs) [60],
the 7¢ enhancement observed in thin layers (<4 QL) is not
related to the exchange mechanism intermediated by robust
TSSs [61]. The calculated T¢ is almost constant regardless
of the BT thickness, implying the unrelatedness of the TSS
of BT and the 7¢ enhancement. In addition, although SOC
is a prerequisite for the realization of TSS, the T¢ is well
maintained, even in the absence of SOC (blue-filled boxes).
The results clearly show that the 7 of MnSe; increases on top
of a topological insulating BT substrate, but the enhancement
is not driven by the TSS-mediated exchange mechanism but
by the charge redistribution and additional exchange channel
through the BT interface.

IV. CONCLUSION

The electronic and magnetic properties of the 2D FM
MnSe, monolayer were investigated using DFT calculations.
The calculated T of MnSe, varied with the on-site Coulomb
repulsion parameter U. The optimal U value (3 eV) was
chosen to reproduce the electronic and magnetic structures
computed using the HSE hybrid functional. It was found
that the T¢ of pristine MnSe, is less than room tempera-
ture; however, in experiments, it can be increased by easily
achievable variations, such as charge (electron or hole) doping
and heterostructure engineering. Furthermore, the essential
reasons for the 7c enhancement were identified in various
heterostructures, such as MnSe,/graphene, MnSe,/GaSe, and
MnSe,/BT. Heterostructure engineering triggers the in-plane
symmetry breaking and opening new additional exchange
channels, which enhances the 7¢. Unlike the close relation
between the electronic correlations and the 7¢ of the mono-
layer MnSe,, charge doping and heterostructure engineering
are not directly related to the electronic correlation effect.
Based on the fundamental understanding of the exchange
mechanism in the MnSe, monolayer, practical guidelines
were provided for tailoring the magnetic properties of 2D
ferromagnets.
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