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Electrically tunable magnetism and unique intralayer charge transfer in Janus monolayer MnSSe
for spintronics applications
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Controlling magnetism and electronic properties of two-dimensional (2D) materials by purely electrical
means is crucial and highly sought for high-efficiency spintronics devices since electric field can be easily
applied locally compared with magnetic field. The recently discovered 2D Janus crystals provide a platform
for nanoscale electronics and spintronics due to their broken inversion symmetry. Here, through comprehensive
density functional theory calculations and Monte Carlo simulations, we demonstrate that both the electronic and
magnetic properties of Janus monolayer MnSSe, a 2D ferromagnetic half-metal with high Curie temperature,
are electrically tunable. The exchange coupling can be significantly enhanced or quenched by hole and electron
doping, respectively. In particular, with a small amount of hole doping, MnSSe can tune its magnetization easy
axis in between out-of-plane and in-plane directions, which is conducive to designing a 2D spin field effect
transistor for spin-dependent transport. We also find a reversible longitudinal intralayer charge transfer between
S and Se layers that is highly sensitive to the external electric field. Interestingly, the directions of charge flow and
the applied field are the same. This behavior originates from the coexistence and/or the competition of external
and built-in electric fields. These findings, together with the excellent stability and large in-plane stiffness, can
greatly facilitate the development of nanoscale electronics and spintronics devices based on 2D MnSSe crystal.
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I. INTRODUCTION

Spintronics or spin-based electronics devices formed based
on spin and charge degrees of freedom of electrons have
long held promise for developing high-efficiency information
technology and fundamental physics [1,2]. During the last
decade, plenty of two-dimensional (2D) materials were dis-
covered and proposed. Among all these systems, transition
metal dichalcogenides (TMDCs) are some of the most typical
representative because some of them host unique electronic
and optical properties compared to the star material, graphene
[3,4]. Although TMDCs host intrinsic in-plane asymmetry,
the out-of-plane mirror symmetry is considered a disadvan-
tage that limits the spin degrees of freedom and therefore
hinders their wide applications in valleytronics, spintronics,
and magneto-optoelectronics. Experimentally, by applying
an external electric field out-of-plane inversion asymmetry
in 2D nanosheets was successfully achieved [5,6]. Alterna-
tively, broken inversion symmetry was also proposed in stable
TMDC monolayer with a distinct two surfaces, a system
now known as Janus TMDCs [7]. The successful synthesis
of single-layer MoSSe by chemical vapor deposition brought
forward in recent years made the research on Janus crys-
tals reach a climax [8,9]. The potential applications of Janus
materials and their superlattices in different areas, such as
sodium-ion batteries, ultrafast laser, photocatalysts, electron-
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ics, energy conversion, sensor, and quantum sciences, have
been extensively analyzed [10–13].

With respect to spintronic applications, intrinsic ferromag-
netic half-metal with a high Curie temperature property and
its precise and flexible controllability are highly desirable. We
note that some of the single-layer Janus TMDCs have been
recently predicated to be intrinsic ferromagnets, including
MnSSe, which was claimed to be a ferromagnetic half-metal
with a Curie temperature of 185 K [14]. These results provide
value perspective on this system. But the structure stabil-
ity, and magnetocrystalline anisotropy that determines the
low-temperature character of the ferromagnetic ordering of
a magnetic 2D material, were not well explored. Also, the
possibility to precisely control ferromagnetic stability in this
system remains unknown. For instance, it is demonstrated that
carrier doping and electric field can efficiently modulate the
performance of 2D crystals [15–20]. Electrically controllable
magnetic anisotropy is critical to nonvolatile magnetoelec-
tric random access memory [21]. Such an investigation in
Janus monolayer, however, has rarely been reported in the
literature. On the other hand, the out-of-plane asymmetric
will inevitably produce a built-in electronic field; one central
issue that naturally arises is how the charges will behave in
this nontrivial sandwichlike structure under external electric
fields. The above questions deserve a careful investigation.
This phenomenon will promote the development of spintron-
ics or spin-based electronics.

In this paper, we perform DFT calculations to explore the
electronic control of ferromagnetism and intralayer charger
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transfer in 2D MnSSe crystal. We show that the ferromag-
netic half-metallic 1T structure is lower in energy than the
2H structure and possesses relatively high in-plane stiffness.
Calculations of magnetocrystalline anisotropy energy (MAE)
shows an out-of-plane spin orientation, which reinforces the
proposal of long-range ferromagnetism order in this material.
Under this prerequisite, we demonstrate that the magnetic
coupling can be considerably enhanced or quenched with
carrier doping. Intriguingly, the magnetization can be changed
from an easy plane to an easy axis with a small amount of
hole doping, allowing for the realization of spin field effect
transistor (spin-FET), as we shown in this work. Further, a
unique intralayer charge transfer behavior with respect to the
direction of applied external electric field is presented and
explained based on the unusual crystal structure.

II. COMPUTATIONAL DETAILS

Our calculations are performed using a plane-wave basis
set and projector augmented-wave method [22,23] as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
code [24]. The GGA-PBE exchange-correlation functionals
[25] are used to describe the electron-ion interactions. The
kinetic cutoff energy is set to 420 eV. To avoid the interlayer
interactions, a vacuum spacing of 15 Å is introduced in the
direction normal to the sheet. The convergence criterion for
energy is 1 × 10–6 eV. The 3p64s23d5, 3s23p4, and 4s24p4

states are treated as valence states for Mn, S, and Se atoms,
respectively. We use the GGA + Ueff method introduced by
Dudarev et al. [26] to describe the localized Mn-3d orbital.
According to previous reports [14,27], Ueff = U−J = 3 is
selected, where U and J denote on-site Coulomb and ex-
change parameters and are set to 3.7 and 0.7 eV, respectively.
For noncollinear calculations, the spin-orbit coupling (SOC)
interaction is considered and performed on a unit cell. The
Brillouin zone integration is performed using �-centered k-
point meshes of 11 × 11 × 1 and 23 × 23 × 1 for a primitive
unit cell, and 2 × 2 × 1 supercell, respectively. Test calcula-
tions with large energy cutoff and k-point mesh demonstrated
that the results are fully converged. The dipole corrections
perpendicular to the 2D plane were included as a counterpart
to the possible built-in electric field introduced by the out-of-
plane geometric asymmetry.

Carrier doping is simulated by adding or removing elec-
trons into the system, and a uniform background charge is
adopted to maintain charge neutrality. Phonon dispersion is
calculated on a 5 × 5 × 1 supercell by the finite displacement
method [28] with a displacement of 0.1 Å, as embedded in the
PHONOPY code [29]. To explore the magnetic coupling versus
temperature Monte Carlo (MC) Metropolis algorithm simula-
tions based on the 2D Ising model are performed. Within the
MC scheme, the spins on all magnetic sites flip randomly, and
a 100 × 100 × 1 supercell containing ∼10 000 local magnetic
moments is used to reduce the periodic constraints. At each
temperature, the equilibrated magnetic moment is taken after
the simulations lasted for 1 × 107 loops. The crystal structure
and charge density are visualized by VESTA software [30].
The VASPKIT program [31] is employed in both the pre- and
postdata processing.
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FIG. 1. (a) Top and side view of a MnSSe monolayer with 1T
phase, where Mn, S, and Se atoms are purple, yellow, and green,
respectively. The orange shaded region indicates the primitive unit
cell. (b) Calculated phonon dispersion for 2D MnSSe crystal. (c) The
strain energy of MnSSe monolayer under uniaxial strain.

III. RESULTS AND DISCUSSION

A. Stability of single-layer MnSSe

Janus TMDC monolayers are isostructural to the TMDCs,
and generally exist in trigonal and octahedral prismatic co-
ordination in 1T and 2H phases. Our calculation shows that
the 1T structure is 400 meV lower in energy than the 2H
one in MnSSe. We henceforth only focus on the 1T structure
[Fig. 1(a)].

To check the chemical stability, we calculated the cohe-
sive energy by Ecoh = (EMn + ES + ESe − EMnSSe)/3, where
EMnSSe, EMn, ES, and ESe are the energy of 2D MnSSe unit
cell and free atoms of Mn, S, and Se, respectively. The ob-
tained Echo = 3.83 eV/atom is very close to silicene (3.98
eV/atom) [32] and germane (3.26 eV/atom) [32]. The for-
mation energy (Ef ) of 2D MnSSe from the competing stable
bulk compounds, MnS2 and MnSe2, can be estimated by Ef =
(2EMnSSe-EMnS-EMnSe)/3, where EMnS2 and EMnSe2 are the en-
ergy of one formula unit of stoichiometric bulk MnS2 and bulk
MnSe2, respectively. The calculated Ef = 114 meV/atom is
sufficiently low, implying that there is a chance to synthe-
size this material. Figure 1(b) displays the calculated phonon
dispersion, in which no imaginary-vibration mode was found
at the discretionary wave vector, indicating the dynamical
stability of single-layer MnSSe. Thus, 2D MnSSe crystal with
1T structure can be considered stable.

For the fabrication of low-dimensional crystal-based elec-
tronics or spintronics devices, high in-plane stiffness is crucial
to avoiding the curling or bulking of a 2D nanosheet. In-plane
stiffness can be estimated by the 2D Young’s modulus:

Y2D = 1

S0

(
∂2Es

∂ε2

)
ε=0

, (1)

ε = (l − l0)/l0, (2)

where the strain energy Es is the energy difference with ref-
erence to pristine MnSSe layer and ε denotes the in-plane
uniaxial strain. l and l0 denote the strained and unstrained
lattice constants, respectively. S0 is the unstrained surface
area. Based on the optimized lattice constant 3.522 Å, we
plotted Es versus ε in the range −4–4% in Fig. 1(c). Y2D is
estimated to be 53 N/m, which is very close to the predicated
values of MnPSe3 (36 N/m) [33], CrGeTe3 (38.3 N/m) [34],
Nb3X8 (X = Cl, Br, and I) (46–65 N/m) [35], and monolayer
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FIG. 2. (a) Spin-resolved charge density with an isovalue of
0.015 e/Å3 in the FM and AFM states. Yellow (blue) ones indi-
cate the positive (negative) values. (b) Spin-resolved electronic band
structures. The black (red) line represents the spin-up (spin-down)
bands. (c) Projected density of state. In (b) and (c), the Fermi level is
denoted by the dotted line at zero.

FeSe (80 N/m) [36]. Nevertheless, this value extracted here
is significantly lower than that of graphene (∼340 N/m) [37],
indicating the soft and flexible nature of MnSSe monolayer
that would facilitate its application under external strain.

Then, according to the elastic theory, one can derive the
gravity-induced out-of-plane deformation h as follows [38]:

h/L ≈ (ρgL/Y2D)1/3, (3)

where ρ = 2.57 × 10–6 kg/m2 is the density of the MnSSe
monolayer and g is the gravitational acceleration (9.81 N/kg).
For convenient comparison with the previous works [33–35],
we take the size of the flake L = 100 μm, resulting in h/L =
3.63 × 10−4, which is comparable to that of graphene [38].
Therefore, monolayer MnSSe hosts sufficient rigidity and can
keep the free-standing planar structure without substrate.

B. Intrinsic half-metallic ferromagnetism

Magnetic studies show that ferromagnetic (FM) configura-
tion is the ground state of the single-layer MnSSe [Fig. 2(a)],
which is lower in energy than antiferromagnetic (AFM) and
nonmagnetic (NM) states by an energy difference of 80 meV
and 2.8 eV per unit cell, respectively. The net magnetic
moment is M = 3μB per unit cell, implying a large spin polar-
ization in this material. The local magnetic moment of the Mn
atom is MMn = 3.654μB, consistent with the high spin state
of Mn3+. S and Se atoms carry an extensively small oppo-
site moment (MS = −0.223μB and MSe = −0.322μB); they
are antiferromagnetically coupled to Mn atoms and hardly
magnetized. Therefore, the spin polarizations are mainly dom-
inated by Mn atoms. The spin-resolved band structure of
MnSSe in the FM state is shown in Fig. 2(b). Electrons of the
spin-down channel are insulating with a direct band gap of
1.14 eV at the � point, while those of the spin-up channel are
metallic with a negative gap of −0.2 eV, suggesting the half-
metallic nature of MnSSe. These results are consistent with
previous reports [14,39]. From the calculated atom projected
density of states, the bands near the Fermi level of the two
spin channels are contributed jointly by the Mn, S, and Se
states [Fig. 2(c)].

MAE determines the type of magnetic order at low temper-
ature; it denotes the energy needed to overcome the “barrier”
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FIG. 3. (a), (b) Dependence of the MAE per Mn atom for pristine
single-layer MnSSe on the out-of-plane polar angle θ and in-plane
azimuth angle ϕ, respectively. (c) The simulated magnetic moment
and specific heat (Cv) with respect to temperature, showing a Tc

of about 194 K. (d) Schematic mechanism of direct Mn-Mn (black
arrows) and superexchange Mn-S(Se)-Mn (red arrows) interactions.
(e) Mechanism of superexchange interaction for a nearly 90° Mn-
S(Se)-Mn bond angle.

when moving the direction of a magnetic moment from the
easy axis to the hard one. Magnetic 2D materials with easy-
plane magnetic anisotropy possess a quasi-long-range ordered
phase at low temperature. Meanwhile, Berezinskii-Kosterlitz-
Thouless (BKT) transition occurs at crucial temperature with
a change of an exponential law spin-spin correlation function
behavior above TBKT to a power law one below it. By contrast,
2D crystal with an easy-axis magnetic anisotropy exhibits
the so-called Curie transition or ferromagnetic transition to
a long-range ordered low-temperature phase, i.e., a ferromag-
netically ordered low-temperature phase [40]. MAE can be
calculated as MAE = E[uvw] − Emin, where Emin denotes the
energy of the most stable spin orientation. The polar angle
dependence of MAE on the xz, yz, and xy planes is illustrated
in Figs. 3(a) and 3(b). we observed a strong dependence of the
MAE on the θ , and a negligible dependence on the ϕ. MAE is
0 at θ = 0◦ or 180°, and reaches a maximum value of 220 μeV
per Mn atom in the xy plane, implying a preferred out-of-plane
axis. Therefore, 1T -MnSSe monolayer belongs to the family
of 2D Ising magnets. Above zero temperature, the existence
of heat fluctuation can destroy the long-range order; the large
MAE found here will help to stabilize this ordering at a higher
temperature.

To understand the temperature effect on the magnetism,
we then performed the standard Monte Carlo Metropolis al-
gorithm simulations based on the Ising Hamiltonian model,

Ĥ = −
∑
i, j

Ji jMiMj, (4)

where Ji j represents the nearest-neighboring exchange cou-
pling constant, positive for ferromagnetic interaction, and
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FIG. 4. (a) �E (= EAFM − EFM, in meV per unit cell) and (b) MAE = E[001] − E[100] plotted as a function of carrier concentration up to
2.8 × 1014 cm−2 (0.1 electrons per atom). (c), (d) Dependence of the MAE on the out-of-plane polar angle θ and in-plane azimuth angle
ϕ for MnSSe with carrier concentration of n = 0.08 holes per atom. (e) A schematic illustration of the proposed spin-FET with giant
magnetoresistance effect based on the 2D MnSSe crystal. The gate voltage VG is applied to control the carrier concentration and easy axis. (f)
Schematic plot of the spin-down current Iup versus VG, with −Vc indicating the voltage that can introduce a concentration of nc.

negative for the antiferromagnetic one. Mi and Mj are the spin
magnetic moments of the nearest-neighbor unit cell. Accord-
ing to Fig. 2(a), the total energies per Mn for AFM and FM
configurations can be written as (neglecting the MAE since it
is relatively small)

EFM = (− 1
2 × 6

)
JM2 + E0, (5)

EAFM = (− 1
2 × 2 + 1

2 × 4
)
JM2 + E0, (6)

where E0 is the total energy excluding the magnetic cou-
pling. The factor of 1

2 is included because the nearest Mn-Mn
interaction is shared between two adjacent unit cells. There-
fore, the exchange coupling constant is straightforwardly
calculated from �E = EAFM − EFM = 80 meV and M =
3.0μB with J = (EAFM − EFM)/(4JM2), which is 2.22 meV.
The estimated Tc is ∼194 K [Fig. 3(c)], very close to the
previous report (185 K) [14], and dramatically larger than the
recent experimental reports of 2D CrI3 (45 K) [41,42] and
Cr2Ge2Te6 (20 K) [43].

The microscopic origin of FM coupling in MnSSe can
be understood by the competition of direct exchange interac-
tion (Mn-Mn) and the superexchange interaction (Mn-X-Mn,
X = S or Se) mediated by the neighboring S and Se atoms,
as shown in Fig. 3(d). For the direct interaction between the
nearest-neighbor Mn, their d orbitals overlap directly, which
gives rise to AFM coupling. The Goodenough-Kanamori-
Anderson (GKA) rule proposes that FM coupling in systems
with 90° bond angles is energy favorable. According to

Launay and Wagner the exchange integral J in 2D materials
has the approximate form of J ≈ 2k + 4βS [44]. The first
term k is called the potential exchange, which is positive due
to Hund’s first rule [45]. The second term consists of the
hopping integral β and overlap integral S. Since the bond
angles of Mn-S-Mn (94.8°) and Mn-Se-Mn (88.7°) are very
close to 90°, the Mn-d orbitals are therefore nearly orthogonal
to the p orbitals of S and Se, leading to a negligible overlap
integral [Fig. 3(e)], and hence a positive J ≈ 2k. As such, 2D
MnSSe nanosheet adopts a ferromagnetic ordering because of
the relatively large FM superexchange interaction.

C. Carrier doping controlled magnetization transition

Recently, Jiang et al. demonstrated the controllability of
the magnetic properties of 2D CrI3 crystal by electrostatic
doping, and observed an electron carrier doping induced
AFM-FM transition [46]. The modulation of the easy magne-
tization axis of Fe monolayer adsorbed on graphene substrate
by charge injection was theoretically proposed [47]. A tran-
sition from metal to half metal was also proposed in ScCl
exfoliated nanosheet with hole doping [48]. We considered
carrier concentration up to 2.4 × 1014 cm−1 (0.1 electrons/
holes per atom).

Figure 4(a) displays the �E as a function of carrier con-
centration. Clearly, �E substantially increases (decreases)
linearly with doping, demonstrating that the exchange cou-
pling can be efficiently enhanced or quenched with carrier

195410-4



ELECTRICALLY TUNABLE MAGNETISM AND UNIQUE … PHYSICAL REVIEW B 105, 195410 (2022)

doping. Meanwhile, the FM state is always the ground state
over the whole doping range, implying that the interac-
tion between moments has maintained the FM state. This
pronounced magnetic response toward carrier concentration
could be attributed to the relatively enhanced through-space
interactions and weakened through-bound interaction induced
by carrier doping, since the crystal structure of MnSSe re-
mains unchanged. The rapid and linear variation of magnetic
response with carrier concentration in MnSSe monolayer can
be used to design magnetoelectric coupling spintronics de-
vices.

On the other hand, carrier doping changes not only the
strength of magnetic coupling, but also MAE. Plotted in
Fig. 4(b) is the total energy difference MAE = E[001] − E[100]

over a wide range of carrier concentrations. With electron
charge doping, 2D MnSSe retains its out-of-plane easy axis
nature. In contrast, the sign of MAE is changed from positive
to negative when a small amount of hole charge is injected,
implying a possible change in the easy magnetization situa-
tion. To characterize this change more visibly, as an example,
we illustrated in Figs. 4(c) and 4(d) the MAEs of xz, yz, and
xy planes for hole-doped MnSSe. Obviously, MAE is rather
strongly dependent on the out-of-plane angle θ , and an easy
xy plane is observed. Following the XY model [49], the critical
temperature of the BKT transition can be calculated as

TBKT = 0.89J

kB
, (7)

where kB is the Boltzmann constant, and J = �E/8 [50–52].
For example, for the case of hole doping concentration at
n = 2.23 × 1014 cm−2 (0.08 holes per atom), we obtained J =
13.9 meV, and the corresponding transition temperature TBKT

of 145 K, which is significantly higher than the liquid nitro-
gen temperature (77 K). For instance, the BKT transition has
already been observed or predicted in many other systems, in-
cluding 2D magnetic crystal [51–54], surface reconstructions
[55], interface superconductors [56,57], and trapped atomic
gas [58].

As discussed above, an unusual finding of electrically
switchable transition between a low-temperature quasi-long-
range ordered phase and a long-range ferromagnetic ordered
one is constructed, in clear contrast to the relatively small
changes of magnetic coupling strength and MAE predicated
in other systems [41,59–61].

D. Spin-FET with giant magnetoresistance effect

The field-controllable spin-dependent transport is promis-
ing for spintronics. As to the applications, the doping-induced
switch between the in-plane and out-of-plane directions of
the easy axis can be used to design 2D magnetoelectric de-
vices. As shown in Fig. 4(b), MnSSe is transformed from an
out-of-plane ferromagnet to an in-plane one at hole doping
with concentration above nc = 4.2 × 1013 cm−2, as suggested
by the reversible easy axis. In this case, the heteromagnetic
interface that composes these two states appears around this
critical point. The strong interface scattering will lead to a
sharp decrease in conductivity or an insulator transition. Be-
low critical doping, in contrast, MnSSe hosts low resistance.
Based on the above description and discussion, 2D MnSSe

FIG. 5. (a) Variation of the band gap of spin-down channel with
charge carrier concentration. (b) Three typical spin-polarized band
structures.

nanosheet was proposed to construct spin FET with giant
magnetoresistance effect. The device is schematically shown
in Fig. 4(e). In short, MnSSe monolayer is double gated and
directly sandwiched by top and bottom dielectric layers, e.g.,
SiO2/Si. The gate voltage VG is applied to control the carrier
concentration and hence the easy axis. The source-drain volt-
age drives spin-polarized current.

One of the immediate consequences of injecting charge
carrier in a crystal is the change of Fermi energy level. Fig-
ure 5(a) displays the variation of the band gap under carrier
doping. As expected, MnSSe shows a transition to a ferromag-
netic metal with moderate hole doping n = 1.4 × 1014 cm−2

(0.5 holes per atom). Below this critical point, both carrier
charge concentration and doping type have almost no effect
on the size of the spin-gap [Fig. 5(b)], demonstrating the quite
robust half-metallic ferromagnetism. Note that the critical
doping for ferromagnetic metal is smaller than nc, therefore
the proposed device could conduct a 100% spin-up current Iup.
Due to the doping effect, the carrier charge concentration can
be controlled towards or away from the nc by applied fields
(voltages). The vertical electric field can act as a “gate” to
switch the Iup [Fig. 4(f)], as such a spin FET operated purely
via field is constructed. Although a room temperature device
and double spin-polarized currents in MnSSe monolayer have
not been achieved here, it is meaningful to note a rather strong
magnetic coupling and bipolar control depending on crystal
structure, constituent elements, and external interaction, etc.
[62–65]. This leaves room for material selections. Previously,
a modulation with charge density injected by using ionic
liquid as gate dielectric at the level of ∼1015 cm–2 has been re-
ported in many 2D materials [66–68]. So, it is experimentally
feasible to tune the magnetism by carrier doping and realize
the 2D spin-FET proposed here.

E. Unique intralayer charge transfer

Carrier doping is mainly implemented by the liquid (or
solid ionic) gating technique in experiments [69,70], where
an external electric field is applied generally across the
nanosheet. Therefore, it is necessary to find out the effect of
this field on the physical properties of the material. As shown
in Fig. 6(a), the field is applied parallel to the z axis, pointing
from S to Se layer as indicated by the red arrow. The total
energy of AFM and FM configurations with respect to E⊥
is plotted in Fig. 6(b). The energy of the NM configuration
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is much higher than those of the magnetic ones, so it is not
shown here. Both EAFM and EFM decrease in a quadratic way
while the field increases away from zero, forming a domelike
shape, implying that E⊥ makes them more stable, in sharp
contrast to the monotonically increased tendency theoretical
reported in 2D nanosheet under strain [71,72]. The FM state
always has lower energy than the AFM one, suggesting that
the FM ordering is robust within a wide range of fields. Our
test calculations also reveal that the crystal structure �E and
band structure are minimally changed under a rather strong
field. For instance, the influence of fields on crystal structure
and energy has proved to be negligible [20,73].

Finally, we focused on the intralayer charge transfer be-
havior of Janus MnSSe monolayer. The Bader charge analysis
shows that the electron number of both S and Se [S (NS)
and Se (NSe)] exhibit an approximately linear relation with
external field in the range E⊥ = −3–3 V/Å, while that of Mn
(NMn) keeps mostly unchangeable [Fig. 6(c)]. This unique
intralayer transfer constitutes the second major finding in this
study. Moreover, NS and NSe varied reversely, implying that
the charge transfer mainly occurs between S and Se atoms.
What is far more important is that the electrons under external
electric field are usually said to flow from the negative to the
positive side of the field, which is opposite the observation
here. As an example, when the field is applied from S to
Se layer, i.e., the positive field we defined in Fig. 6(a), NS

decreases with increasing E⊥; contrarily, NSe increases with
increasing E⊥. To gain deeper insight into this anomalous
behavior, we examine the bonding character by the elec-
tron localization function (ELF), which indicates the degree

of electron localization. For clarity, the (110) plane cutting
through two S atoms, two Se atoms, and two Mn atoms
was selected and displayed in Fig. 6(d). Electrons are mainly
localized around S and Se sites but rarely between S/Se and
Mn atoms, suggesting the ionic character of Mn-S and Mn-Se
bonds.

Due to the mirror asymmetry or electronegativity differ-
ence between S and Se atoms, NSe is 0.2|e| less than NS when
E⊥ = 0 V/Å, which may result in a built-in electric field, Ein.
In support of this conjecture, we plot in Fig. 6(e) the planar av-
eraged electrostatic potential energy along the z direction for
MnSSe without external field. An intralayer potential gradient
with a height of 2.66 eV is observed, indicating the existence
of a net electric field pointing from Se to S layer. This indi-
cates that this anomalous charge transfer is a joint effort of the
external and the built-in electric fields. The increased E⊥, with
the positive field as a representative, weakens Ein and hence
pushes electrons from S to Se. In addition, NS departs from
the linear relationship at E⊥ = 0 V/Å and E⊥ = − 1 V/Å,
and manifests as two dips. Two peaks accordingly appear on
the NMn(E⊥) curve at corresponding fields. Although in 2D
crystals, cases about it are few, this unique behavior merits
research.

IV. CONCLUSIONS

In summary, we have reported a promising alternative for
tuning the magnetic coupling and electric structure in the
monolayer MnSSe. We demonstrated that carrier doping can
sensitively enhance or quench this ferromagnetic coupling.

195410-6



ELECTRICALLY TUNABLE MAGNETISM AND UNIQUE … PHYSICAL REVIEW B 105, 195410 (2022)

The magnetization easy axis can be easily tuned between
out of plane and in plane with a small amount of hole
doping. These findings render MnSSe monolayer great po-
tential for application in electrically controllable spintronic
devices, such as spin FET with giant magnetoresistance ef-
fect. Also, a pronounced intralayer charge density response
towards external electric field is reported, which is intriguing
and could be considered as a new degree of freedom that will
promote the development of nanoscale electronics and spin-
tronics devices on the basis of 2D materials with asymmetrical
structure.
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