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Recently, a new two-dimensional (2D) semiconductor SnSe, monolayer has been grown by molecular
beam epitaxy, and weak ferromagnetic behavior above room temperature in Mn-doped SnSe; thin films
was also observed experimentally. Here, using first-principles calculations, we investigate the structural,
electronic, and magnetic properties of an SnSe, monolayer doped with transition metals V, Cr, Mn, Fe,
Co, Ni and Cu. The calculated formation energies indicate that it is energetically favorable and relatively
easy to incorporate these transition metals except for Cu into the SnSe, monolayer under Se-rich
conditions. Doping induces considerable magnetic moments except for the Ni-doped system. Long-
range ferromagnetic order is observed for V, Cr and Fe doping, and Mn doping has a short-range
ferromagnetic order. Cu doping has an antiferromagnetic ground state. Within generalized gradient
approximation, interestingly, both ferromagnetic V doping and metastable ferromagnetic Cu doping
exhibit half-metallicity. Both Mn- and Fe-doped SnSe, monolayers are half-semiconductors. These
properties are governed by the transition metal 3d orbital splitting under the crystal field and p-
d hybridization. Within hybrid functional or spin—orbit coupling, the V-doped SnSe, monolayer becomes
a half-semiconductor, and the Cu-doped SnSe, monolayer is still a half-metal. These studies indicate the
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rsc.li/rsc-advances promising spintronic applications for 2D semiconductor SnSe, doped by transition metals.

Previous studies on HMMs and HSCs mainly focused on the
bulk systems. Searching for HMMs and HSCs in graphene-like
two-dimensional (2D) materials is interesting due to the
advantages of ultrathin thickness (monolayer or few atomic
layers), extraordinary electronic properties and facile synthesis.

1. Introduction

In recent years, half-metallic magnets (HMMs)* have attracted
considerable research interest in spintronic applications,
because their band structure is metallic in only one of the two

spin channels (Fig. 1(a)), leading to 100% spin polarization of
electrons around the Fermi level. So, HMMs have been seen as
the most promising candidates for spin-injector materials, and
they are the key materials used to fabricate spintronic devices
such as spin valves, spin field effect transistors, and spin filters.>
Several classes of HMMs have been fabricated experimentally or
predicted theoretically, e.g., Heusler alloys, metallic oxides,
transition-metal pnictides and chalcogenides, etc.>™ In addition
to HMMs, half-semiconductors (HSCs)® are also a class of
spintronic materials with 100% spin polarization, because their
conduction band and valence band are spin split with the
conduction band minimum and valence band maximum pos-
sessing the same spin channel (Fig. 1(b)).
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However, most of pristine graphene-like 2D materials have been
found to be nonmagnetic, and several ones were predicted to be
HMMs and HSCs.”' The emergence of magnetism in 2D
materials wusually needs external electric field, edge-
functionalizing, vacancy, defect, strain and doping.®''* Exper-
imentally, substitutional doping has been proved to be
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Fig.1 The schemes of density of states n(E) as a function of energy E
for (a) a half-metal and (b) a half-semiconductor. Blue and yellow
present the spin-up and spin-down states, respectively.
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a powerful route to induce ferromagnetism in some 2D mate-
rials such as Co and Cu-doped MoS,."*** Few HMMs and HSCs
have been predicted in some MoS,-like 2D materials doped by
transition metal (TM) atoms.***”

Very recently, a new 2D semiconductor of SnSe, monolayer
has been grown by molecular beam epitaxy,'® and few-layer
SnSe, field effect transistor with a high current on/off ratio of
10" was also fabricated successfully.® The studies on 2D SnSe,
mainly focused on the electronic and optoelectronic properties.
Interestingly, a recent experiment revealed weak ferromagnetic
behavior above room temperature in Mn-doped SnSe, thin
films, and importantly, even rather large concentrations of Mn
(up to 0.6) do not destroy the 2D crystal structure of the parent
SnSe,,?° which motivates us to search for HMMs and HSCs in 2D
SnSe, doped by Mn and other TM atoms. In this paper, we use
the first-principles calculations to systemically investigate the
electronic and magnetic properties of TM-doped SnSe, mono-
layer (TM = V, Cr, Mn, Fe, Co, Ni, Cu). It is found that the
structures of the doped systems except for Cu doping are
energetically stable. Within generalized gradient approxima-
tion, both V- and Cu-doped SnSe, monolayers exhibit half-
metallicity, and both Mn- and Fe-doped SnSe, monolayers are
HSCs. Within hybrid functional or spin-orbit coupling, V-doped
SnSe, monolayer becomes a half-semiconductor, and Cu-doped
SnSe, monolayer is still a half-metal. These results indicate that
TM-doped SnSe, monolayers are promising candidates for 2D
spintronic applications.

2. Computational details

The present work is performed by using the first-principles full-
potential linearized augmented plane-wave method (Wien2k
package)** within the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) scheme?” for the
electronic exchange-correlation functional. We also consider
the effects of hybrid functional and spin-orbit coupling on the
electronic structures. The relativistic effect in the scalar
approximation is considered. The radii R, of the muffin tins
are chosen to be approximately proportional to the corre-
sponding ionic radii and as large as possible under the condi-
tion that the spheres do not overlap. The Ry, Kmax relating to the
energy cutoff is taken as 8.5. We adopt the 12 x 12 x 1 k meshes
in the Brillouin zone integration. The self-consistency calcula-
tions are considered to be achieved when the total energy
difference between succeeding iterations is less than 107> Ry
per formula unit.

SnSe, bulk has the layered CdI,-type (T-type) structure with
the space group of P3m1 and the in-plane lattice constant of
3.81 A.»® For the structural model of TM-doped SnSe, mono-
layer, we adopt the 4 x 4 x 1 supercell of SnSe, monolayer with
a 15 A vacuum, and one Sn atom is replaced by one TM atom for
the calculations of formation energy, band structure and
density of states, which is shown in Fig. 2. So, the doping
concentration is 6.25%. For the calculations of magnetic order
stability, we replace two Sn atoms by two TM atoms. The lattice
constant of SnSe, monolayer is based on our optimized value of
3.86 A>2* Before calculating the electronic and magnetic
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Fig.2 Top view of SnSe, monolayer doped by one TM atom based on
the 4 x 4 x 1supercell. The grayish, yellow and blue balls represent Sn,
Se and TM atoms, respectively.

Table 1 The calculated bond length dru_se (in A) between TM (tran-
sition metal) and nearest neighboring Se atoms, total magnetic
moment My (in ug), formation energies E¢, (in eV) under Sn rich and
Se rich, total energy difference between antiferromagnetic (AFM) and
ferromagnetic (FM) states AE; (in meV), and estimated Curie temper-
atures T¢ (in K) for the 4 x 4 x 1 supercell of SnSe, monolayer doped
by TM atoms. Note that the subscripts 1, 2 and 3 in AE; correspond to
the three cases of nearest neighboring, next-nearest neighboring and
third-nearest neighboring of two TM atoms, respectively

DOPing dTM—Se Mot Efor(Sn»rich) Efor(Se»rich) AEl AEZ AE3 Tc
A\ 2.546 1.00 —-0.19 —-1.30 50 34 21 193
Cr 2.618 2.55 —0.12 —1.23 121 31 24 468
Mn 2.733  3.00 0.55 —0.56 37 3 1 143
Fe 2.458  2.00 0.88 —0.22 76 26 18 294
Co 2.424 0.83 0.94 —-0.17 59 14 2 228
Ni 2.457 O 0.71 —0.40 0 0 0 —
Cu 2.539 1.00 2.27 1.15 -53 -4 -2 —

properties, we perform the structural relaxation of TM-doped
SnSe, monolayer, and the optimized bond lengths of TM-Se
atoms are collected in Table 1.

3. Results and discussion

3.1. Structural stability and magnetic stability

As mentioned above, Mn-doped SnSe, thin films has been
fabricated experimentally,” and thus it is necessary to explore
and compare the structural stability of SnSe, monolayer doped
by different TM atoms. We calculate the formation energy by*>**

AE; = Edoped) — Epristine) — PUTM T Ilsn, (1)

where E(goped) and E(pristine) are the total energies of the 4 x 4 x
1 supercell of SnSe, monolayer with and without TM dopants,
respectively, and »n is the number of Sn atoms replaced by TM
atoms. One Sn atom is replaced by one TM atom, and thus 7 is
1. usn and ury are the chemical potentials of Sn and TM atoms,
which depend on the experimental growth conditions and
satisfy the boundary conditions. The total energy per TM atom

This journal is © The Royal Society of Chemistry 2017
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in bulk TM is adopted for wry. For a Sn-rich condition, ug, is
taken as the total energy per Sn atom in bulk Sn, while for a Se-
rich condition, ug, is the total energy difference between two Se
atoms and one formula unit of stoichiometric SnSe, monolayer.
Table 1 lists the calculated formation energies of TM-doped
SnSe, monolayer in Sn rich and Se rich conditions. One can
see that the formation energies under the same Sn(Se)-rich
condition for all TM-doped systems except for Cu doping are
comparable, and the formation energies under Se-rich condi-
tion are negative and lower than those under Sn-rich condition,
which indicates that, like the experimental Mn-doped SnSe,,* it
is energetically favorable and relatively easier to incorporate V,
Cr, Fe, Co and Ni atoms into SnSe, monolayer under the Se-rich
experimental condition, which is similar to that of Zn-doped
SnS, monolayer.””> It may be not easy to realize the Cu-doped
SnSe, monolayer due to the positive formation energy under
Sn-rich or Se-rich condition.

Stable ferromagnetism of a material is crucial for the spin-
tronic applications, and thus we study the magnetic stability of
TM-doped SnSe, monolayer. We need compare the ferromagnetic
(FM) and antiferromagnetic (AFM) interactions, and thus two Sn
atoms are replaced by two same TM atoms in the 4 x 4 x 1
supercell of SnSe, monolayer. The FM and AFM configurations
are set by the parallel and antiparallel spin orientations between
the two TM atoms, respectively. Usually, magnetic interactions
between two TM dopants will change with the change of TM-TM
distance. Here, we consider two nearest neighboring, next-
nearest neighboring and third-nearest neighboring TM atoms.
Table 1 lists the calculated total energy difference between the
AFM and FM states. It shows that the Ni-doped system is
nonmagnetic independent of the Ni-Ni distance. The Cu-doped
system has a short-range AFM ground state. All the V-, Cr-, Mn,
Fe- and Co-doped systems have lower FM total energies than the
AFM states. The FM order is long-range for all the V, Cr and Fe
dopants, but it is short-range for the Mn dopants. We also note
that the total energy differences between AFM and FM states
under nearest neighboring sites are considerable (from 37 to 121
meV per supercell), which mean these V-, Cr-, Mn-, Fe- and Co-
doped systems should have high-temperature ferromagnetism.
In fact, FM behavior above room temperature has been realized
in the recent experiment of Mn-doped SnSe, thin films.**

3.2. Electronic structure and magnetism

In order to search for possible half-metals and HSCs, we show in
Fig. 3(a)-(g) the calculated spin-resolved band structure of SnSe,
monolayer doped by one TM atom within GGA-PBE. For
comparison, the electronic band structure of pristine SnSe,
monolayer is also presented. As shown in Fig. 1(h), pristine SnSe,
monolayer is a nonmagnetic semiconductor, and the calculated
indirect gap (I' — M) of 0.85 eV is in agreement with the previous
value of 0.80 eV.* The indirect gap of SnSe, monolayer is larger
than that of SnSe, bulk (0.71 eV).*” The valence bands around the
Fermi level are mainly composed of hybridized Se p electrons
with Sn p electrons, and the conduction bands around the Fermi
level mainly originate from the hybridized Sn s electrons with Se
p electrons. For the doped systems, both V- and Cu-doped SnSe,
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monolayers exhibit a HM characteristic, because the spin-up
electrons cross the Fermi level, indicating metallicity, while the
spin-down band structure is semiconducting. Ni-doped SnSe,
monolayer is a nonmagnetic semiconductor, and both Cr- and
Co-doped SnSe, monolayers are usual magnetic semiconductors.
Interestingly, both Mn- and Fe-doped SnSe, monolayers are
HSCs, because both conduction band and valence band are spin
split, and the conduction band minimum and valence band
maximum possess the same spin down channel. We note that the
calculated integer magnetic moments shown in Table 1 also
reflect the characteristics of half-metals for both V- and Cu-doped
SnSe, monolayers and HSCs for both Mn- and Fe-doped SnSe,
monolayers. The magnetic moments are mainly from the TM
atoms and the nearest neighboring Se atoms.

Here, we mainly focus on the doped systems with complete
spin polarization, i.e., the half-metals of V- and Cu-doped SnSe,
monolayer and the HSCs of Mn- and Fe-doped SnSe, mono-
layer. In order to better understand the electronic structure and
magnetism, we present in Fig. 4 the calculated total and main
partial density of states (DOS) within GGA-PBE for SnSe,
monolayer doped with V. and Mn as the examples of half-metals
and HSCs, respectively. The total DOSs around the Fermi level
are mainly from the TM 3d electrons and the nearest neigh-
boring Se 4p electrons. One can see from Fig. 4 that there is
a large exchange splitting for 3d electrons of V and Mn,
providing the main spin magnetic moments in the doped
systems. There are obvious orbital hybridization between TM 3d
electrons and Se 4p electrons, which induces small magnetic
moment in nearest neighboring Se atoms. Under the crystal
field of CdlI,-type structure, the V (Mn) 3d orbitals are split into
a single a (d,2), twofold degenerate e; (dy,, d,_y2) and twofold
degenerate e, (dy, d,;) states. For the case of V-doped system,
one know from Fig. 4(a) and 3(a) that one 3d electron in V**
(3d") occupies partially the spin-up twofold degenerate e, states,
exhibiting metallicity, while the spin-down 3d states are almost
empty, showing semiconductivity, and thus the V-doped system
is a HM ferromagnet with the net spin magnetic moment of one
ug. The twofold degenerate e, states mainly take part in the
orbital hybridization between V 3d electrons and Se 4p elec-
trons. Similarly, for the case of Mn-doped system, as shown in
Fig. 4(b), both spin-up and spin-down electrons show a semi-
conductor characteristic, because three 3d electrons in Mn**
(3d*) occupy fully the spin-up twofold degenerate e, states and
the spin-up single a state, and the spin-down 3d states are
almost empty. The large exchange split of e, states makes the
energy of the bottom of spin-up e, states is higher than that of
the top of spin-down e; states, inducing the characteristic of
a HSC in Mn-doped SnSe, monolayer. In addition, only the Ni-
doped SnSe, monolayer is a nonmagnetic semiconductor in all
the doped systems studied, which is not difficult to understand,
because both spin-up and spin-down twofold degenerate e,
states and single a state are fully occupied by six 3d electrons in
Ni** (3d®), inducing zero magnetic moment.

based on the classical

. . AE
Using the relation KgT¢c = —
imp
Heisenberg model and the mean-field approximation (MFA),>®
we estimate the Curie temperature T, where AE is the total

RSC Adv., 2017, 7, 44499-44504 | 44501
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Fig. 3 Calculated spin-resolved band structures within GGA-PBE. (a—

g) SnSe, monolayer doped by one V, Cr, Mn, Fe, Co, Ni and Cu atom,

respectively. (h) Pristine SnSe, monolayer. The red dashed line represents the Fermi level at zero eV.

energy difference between AFM and FM states under nearest
neighboring sites for the 4 x 4 x 1 supercell of doped SnSe,
monolayer (see Table 1), and 7y, is the number of TM atoms in
the supercell. This method has been extensively used to esti-
mate the Curie temperatures for some TM-doped 2D semi-
conductors such as phosphorene, germanane, and MoS,.>*
The estimated Curie temperatures are listed in Table 1. One can
see that the values are high especially for the Cr- and Fe-doped
systems, which makes them promising candidates for 2D
spintronic applications. We note that our estimated Curie
temperatures of doped SnSe, monolayers are higher than those
of doped MoS, monolayers.** In addition, the estimated Curie
temperature of Mn-doped SnSe, monolayer is lower than the

44502 | RSC Adv., 2017, 7, 44499-44504

experimental value (above room temperature).?’ The reason may
be the different Mn doping concentration and the different
thickness of SnSe, thin films. The Mn doping concentration in
experiment is much higher than that in our present theory, and
the experimental doped SnSe, thin films is thicker than the
doped SnSe, monolayer we studied. So, it is meaningful to
explore the Curie temperatures dependent of the doping
concentration and the thickness of SnSe, films in future works.

Finally, it should be pointed out that above band structures
are based on the GGA-PBE for the electronic exchange-corre-
lation functional, and band structures may be different within
different functionals. Hybrid functional HSE can usually
increase the energy gap of a semiconductor compared to GGA,

This journal is © The Royal Society of Chemistry 2017
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Fig.4 Calculated spin-resolved total and main partial density of states of 3d states of TM atoms and 4p states of nearest neighboring Se atoms in
SnSe, monolayer doped by one V (a), Mn (b), and Ni (c) atom within GGA-PBE. The dashed line represents the Fermi level at zero eV.

but the semiconductor property can not be destroyed.*
Considering that all the doped systems studied are semi-
conductors except for V- and Cu-doped SnSe, monolayers which
are half-metals within GGA-PBE, we perform spin-resolved band
structure calculations for V- and Cu-doped SnSe, monolayers
within HSE. As shown in Fig. 5, Cu-doped SnSe, monolayer is
still a half-metal. Although V-doped SnSe, monolayer is not
a half-metal, it becomes a HSC, and the spin polarization is still
complete. Comparing Fig. 5(a) with Fig. 3(a), it is clear that, for
both spin-up and spin-down channels of V-doped SnSe,

rr M r

Fig. 5 Calculated spin-resolved band structures within HSE for SnSe,
monolayer doped by V (a) and Cu (b). The red dashed line represents
the Fermi level at zero eV.

This journal is © The Royal Society of Chemistry 2017

monolayer, the valence bands within HSE move toward the
Fermi level compared to those within GGA-PBE, while the
conduction bands shift to high energy range (depart from the
Fermi level). The spin split becomes weak within HSE compared
to GGA-PBE. In addition, we check the effect of spin-orbit
coupling (SOC) on the band structures of V- and Cu-doped
SnSe, monolayers. The calculated band structures within SOC
shown in Fig. 6 indicate that V-doped SnSe, monolayer is no
longer a half-metal, and it is a HSC with a very small energy gap

M K r

Fig. 6 Calculated spin-resolved band structures within GGA-PBE and
SOC for SnSe, monolayer doped by V (a) and Cu (b). The red dashed
line represents the Fermi level at zero eV.
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in the spin-up channel. Half-metallicity is still observed in Cu-
doped SnSe, monolayer. So, no matter GGA, HSE or SOC,
both V- and Cu-doped SnSe, monolayers are high spin-polarized
materials.

4. Conclusions

We have used the first-principles full-potential linearized
augmented plane-wave method to explore the structural, elec-
tronic and magnetic properties of V-, Cr-, Mn-, Fe-, Co-, Ni- and
Cu-doped SnSe, monolayer. We show from the calculated
formation energy that it is easier for substituted doping of SnSe,
monolayer under Se-rich condition except for Cu doping. All the
V-, Cr-, Mn-, Fe-, and Co-doped systems have a ferromagnetic
ground state, and the Cu-doped system is most stable in anti-
ferromagnetic state, while the Ni-doped system is nonmagnetic.
Ferromagnetic orders of V, Cr and Fe dopants are long-range,
but it is short-range for ferromagnetic Mn dopants and for
antiferromagnetic Cu dopants. Within GGA-PBE, we predict the
HM ferromagnetism in V-doped SnSe, monolayer with 1.00 up
per supercell, and metastable ferromagnetic Cu-doped SnSe,
monolayer also exhibits half-metallicity. Half-semiconductors
are found in doping of Mn and Fe with the magnetic
moments of 3.00 and 2.00 up per supercell, respectively. Within
HSE or SOC, Cu-doped SnSe, monolayer is still a half-metal,
while V-doped SnSe, monolayer becomes a HSC. Based on the
classical Heisenberg model and the mean-field approximation,
the estimated curie temperatures of TM-doped SnSe, mono-
layers are high, which make them promising candidates for 2D
spintronic applications.
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