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ELECTRONIC AND MAGNETIC PROPERTIES OF TRANSITION METAL
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The structural, electronic and magnetic properties of transition metal (TM) (from Sc to Zn)
atoms adsorbed SnS, monolayer have been systematically investigated using density
functional theory (DFT). The theoretical results show that the most stable adsorption site is
above the Sn atom among the possible adsorption sites, and all the TM atoms are
chemically adsorbed on the SnS, monolayer. The V, Cr, Mn, Fe and Co adsorbed
monolayer SnS, exhibit magnetism, while Sc, Ti, Ni, Cu and Zn adsorbed systems are
nonmagnetic. Interestingly, the narrow band gap nonmagnetic semiconductor, half
semiconductor, bipolar magnetic semiconductor, and nonmagnetic or magnetic metal can
be realized in different TM atoms adsorbed SnS, monolayers.
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1. Introduction

In recent years, with the successful synthesis of graphene and the rapid development of
graphene-based devices[1], analogous atomically thick two-dimensional (2D) layered materials
have attracted extensive research attentions for their promising applications in electronic,
optoelectronics and spintronics, such as BN[2], GaN[3], MoS; and SnS,[4-10]. Among them, as a
typical layered chalcogenide material, SnS, is an earth-abundant, nontoxic and
environment-friendly semiconductor, which shows distinct electronic, optical, and catalytic
properties. Recently, SnS, monolayer has been successfully synthesized by liquid and mechanical
exfoliation strategies, respectively[8,11]. Many possible applications have been investigated, such
as photocatalytic[11-13], field effect emission and lithium-ion batteries[14-18]. On the other hand,
previous studies have showed that monolayer SnS, is nonmagnetic semiconductor, to explore the
monolayer SnS,-based electronics and spintronics devices, developing approaches to effectively
induce and manipulate the magnetic ground states are quite vital. To date, some methods have
been investigated to modulate the electronic and magnetic properties of the SnS, monolayer, such
as various intrinsic defects[19], strain and chemical doping[4,5,7,20,21]. It is well known that
chemical adsorption is a promising and effective method to induce and control the electronic and
magnetic properties of materials, and it has demonstrated great potential in many materials, such
as graphene[22-24], BN monolayer[25-27], ReS, and MoS, monolayer[28-31]. However, to our
knowledge, there are no systematic studies on the structures, electronic and magnetic properties of
TM (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) atoms adsorbed SnS, monolayer.

In this paper, the stable structure, adsorption energy, electronic structure and magnetic
properties of TM atom adsorbed on the SnS, monolayer were explored using density functional
theory. Our results show that all the TM atoms prefer to the site above the Sn atom, and the
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electronic structures and magnetic properties of the SnS, monolayer can be effectively tuned by
the adsorption of different TM atoms.

2. Computational methods

All the calculations in this work were performed using DFT methods with the projector
augmented wave (PAW) potentials implemented in Vienna ab initio simulation package (VASP)
code[32-34]. The exchange-correlation functional is treated within the generalized gradient
approximation (GGA) and parameterized using the Perdew-Burke-Ernzerhofer (PBE) formula[35].
A plan-wave basis set with a cutoff energy of 500 eV was adopted to expand the electronic wave
functions. A 4 x 4 x 1 supercell was used to model single TM atom adsorbed on SnS, monolayer,
which ensure the separation between neighboring adatoms. A vacuum space of more than 15 A
was taken to avoid interactions between the neighboring slabs. The Billouin Zone (BZ) is sampled
by the Monkhorst-Pack (MP) scheme with 5 x 5 x 1 and 11 x 11 x 1 for the geometrical
optimization and electronic density of states (DOS), respectively[36]. During geometrical
optimization, all the atomic positions were relaxed with the convergence thresholds less than 1.0 x
10 eV for energy and 0.01 eV/A for force without any symmetry constraints.

In the present paper, we only consider single TM atom adsorbed on the different high
symmetry sites of the SnS, monolayer. The configurations of the TM atoms adsorption systems are
shown in Fig. 1. The structures of TS, TSn and H are, respectively, that the TM atom occupies the
site above the S atom, Sn atom and the hollow site of the hexagonal ring. To explore the magnetic
ground state of the adsorption system, we calculate the spin polarization energy ( AE;, ):
AE,;, =Eysp —Egp, the By and Eg, are the total energy of the adsorbed system in the
non-spin-polarized state and spin-polarized state, respectively. At the same time, to determine the
stability of different adsorption systems, we have systematically calculated the adsorption energy
(E.g ) using the formula[29]: E, ;= E  oiaer + Eatom — Etorar» Where, E e 1S the total energy
of the pure SnS, monolayer, E,, . is the total energy of the isolated TM atom in its ground state.
E.w IS the total energy of the optimized adsorption system. According to the definition of
adsorption energy, the positive E_, shows the adsorption process is exothermic. The accuracy of
our calculations was carefully checked based on the pristine SnS, monolayer, in which the lattice
constant was calculated to be 3.696 A. This value was in good agreement with the previous
studies[21,37].

Fig. 1. Top view of three different adsorption sites of SnS, monolayer: TS, TSh and H stand

for the site above S atom, Sn atom and the center of the hexagonal ring of SnS, monolayer,

respectively. The yellow, gray and white spheres represent the S, Sn and TM atoms,

respectively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article)
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3. Results and discussion

To study the stability of TM atoms adsorbed on the SnS, monolayer, the adsorption
energies of the most stable adsorption configurations are summarized in Table 1. It is shown that
the TSn site is the most favorable surface adsorption site for all the TM atoms. At the same time,
the adsorption energies also show that all the TM atoms can be chemically adsorbed on the SnS,
monolayer. These results are some different from those that TM atoms adsorbed on the MoS,
monolayer[31], which is mainly because of the different crystal structure of them. To investigate
the interaction between TM atom and the nearest atom, Fig. 2 shows the comparison of the
distance between TM atom and the nearest S (Sn) d,,, ¢ (d;, s, ) and the sum of the covalent
radii 1, +ry (I, +r,). These results show that the bond length between TM atom and S is
very close to the sum of the covalent radii for all the TM atom adsorbed system, even the
maximum difference for the Mn adsorbed system is only 4.8%. These features indicate that the
interaction between all TM atoms and the S atoms are the covalent interaction. At the same time,
the bond lengths between TM atoms and Sn atoms for all the TM atoms are also close to the sum
of covalent radii. Therefore, it is obvious that all the TM atoms considered can stronger bonding
on the SnS, monolayer. The variation of the adsorption energies of the TM atoms at the most
stable configurations with respect to the number of the 3d electrons (Ng) is shown in Fig. 3. The
adsorption energies of the Cr and Mn with the half-filled d electrons (N4=5) show the minima
between two maxima (except Cu and Zn). The adsorption energy of Sc with the smallest number
of d electrons (N4=1) is the maximum. The second local maxima of the adsorption energy occur at
N¢=8 (corresponding to Ni), which is smaller than that of VV (N4=3). While the adsorption energies
of Cu and Zn with full filled d electrons (Ny=10) are small. The overall variation for adsorption
energies of TM atoms with respect to the d electron is similar with the results of TM atoms
adsorbed on the graphene and monolayer MoS, [31,38].

Table 1. Calculated adsorption energy (Eags) of the TM atom adsorbed on SnS, monolayer

at the most stable adsorption sites, spin polarization energy (AESpin), the total magnetic

moments (ura) Of the system, the magnetic moments of the adatom ( 24,4, ) @nd the free

atom (uaom), the magnetic moments in the parentheses based on Hund's rule, amounts of
charge transferred (CT) from the TM atom to SnS, monolayer.

Eads (EV) AEspin Hiotal (/uB ) Hadatom (/JB ) Hatom (:uB ) CT(e)

Atom Site &V)
Sc TSn 5.752 0.000 0.000 0.000 1(2) 1.600
Ti TSn 5.727 0.000 0.000 0.000 4(2) 1.347
\/ TSn 4,955 0.405 2.707 1.852 5@3) 1.095
Cr TSn 3.407 1.096 4.000 3.114 6 (6) 0.892
Mn TSn 3.468 1.152 4.316 3.659 5 (5) 0.857
Fe TSn 4,124 0.393 2.000 2.075 4 (4) 0.570
Co TSn 4.461 0.172 1.000 0.897 3(3) 0.346
Ni TSn 4,711 0.000 0.000 0.000 2(2) 0.282
Cu TSn 2.798 0.002 0.083 0.009 1(1) 0.372
Zn TSn 0.847 0.000 0.000 0.000 0 (0) 0.694

The electronic and magnetic properties of the SnS, monolayer can be modified by
adsorption of TM atoms. In Table 1, we show the magnetic moments of the adsorption systems,
TM adatoms and the ground state free TM atoms. According to the Table 1, we can see that the
adsorptions of Sc, Ti, Ni and Zn do not induce any magnetism in these host SnS, monolayers. The
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total magnetic moments of the V, Cr, Mn, Fe, Co, Cu adsorbed systems are 2.707, 4.000, 4.316,
2.000, 1.000, and 0.083 14, , respectively. We find the magnetic moment of Cu adsorbed system is
very small. To check the stability of the magnetic ground state, we show the spin polarization
energy (AE;,) in Table 1. From the results, we can see that Sc, Ti, Ni and Zn adsorbed systems
are non-spin polarized. The values of AE_; for the V, Cr, Mn, Fe and Co adsorbed systems are
much greater than the thermal energy at room temperature, indicating that the magnetism in these
systems is stable. While AE_, of the Cu adsorbed system is only 0.002 eV, which is smaller
than the thermal energy at room temperature. So the magnetism of Cu adsorbed system is not
stable. It also can be seen that the sequence of AE;, value is similar to that of magnetic moment
of the TM atom adsorbed system. At the same time, we find that the local magnetic moments of V,
Cr, Mn, Fe and Co are smaller than that of the free TM atoms. To explore the origin of the
reduction of the magnetic moment for the TM adatoms, the charge transfer between the TM
adatoms and the SnS, monolayers are calculated by Bader charge analysis[39], as listed in Table 1.
From the results, it can be seen that there are obvious electrons transfer from TM atoms to the
SnS; monolayer, indicating strong coupling between TM adatoms and the SnS, monolayer, which
will induce the reduction of magnetic moments of the TM adatoms. At the same time, we find that
the number of electrons transferred for all the TM adatoms considered is consistent with the
Pauling electronegativity of the TM atoms except for Mn, which mainly attributes to the relative
larger distance between Mn atom and the S atom of the surface, as shown in Fig. 2. The
contributions of the adatoms V, Cr, Mn, Fe and Co to the total magnetic moments are 68.4%,
77.9%, 84.8%, 103.7% and 89.7%, respectively. So the magnetism of these magnetic systems
mainly attributes to the TM adatoms. In order to study the mechanisms of forming magnetic
moment, we show the spin density contour of the magnetic system in Fig. 4. It can be seen that the
spin density is mainly localized around the TM adatoms, the magnetic moment of the nearest S
atom mainly attributes to the p orbital. At the same time, the spatial extensions of the spin density
in V and Cr adsorbed systems are much larger than that in Mn, Fe and Co adsorbed cases, which is
important to achieve long-range magnetic coupling interaction at low adsorption concentrations. In
Fig. 4, we also find the nearest S and Sn atoms have opposite spin density with the TM atoms,
especially, which induce the total magnetic moment is smaller than the local moment of the Fe
adatom for Fe adsorbed system. Fig. 5 shows the projected density of states (PDOS) of TM
adatoms. Fig. 5 shows the spin up and spin down PDOS of the Sc, Ti, Ni and Zn adatoms are
symmetric, which is also in good agreement with the calculated total magnetic moment of 0 £, in
these systems. While the PDOS of the Cu adatom shows small spin polarized, even it can be
negligible. At the same time, the magnetic moments of the V, Cr, Mn, Fe and Co adatoms are
mainly contributed from the 3d electron orbital.
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Fig. 2. Calculated the distances (0, ¢, Oy _s,) between TM adatom and the nearest S
(Sn) atom corresponding to the most stable adsorption configurations. The dashed line
represents the sum of the covalent radii Iy (I, )and I3, forS(Sn)and TM.
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Fig. 3. Variation of the adsorption energies with respect to
the number of d electrons in the TM atom

(d)

Fig. 4. Spin density distribution of (a) V, (b) Cr, (c) Mn, (d) Fe and (e) Co adsorbed on the

monolayer SnS, for the most stable configuration. Blue and red distributions correspond to

positive (spin up) and negative (spin down) values, respectively. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this
article)

Finally, we study the spin-polarized total density of states (TDOS) for the pristine and TM
atoms adsorbed SnS, monolayer, as show in Fig. 6. The pristine SnS, monolayer is nonmagnetic
semiconductor with the band gap of 1.577 eV, which is consistent with the previous reports[37].
The DOSs of spin up and spin down are symmetrical near the Fermi level for the Sc, Ti, Ni, and
Zn adsorbed system, which implies the systems should be nonmagnetic. We also find the Sc and Ti
adsorbed system are metal, while the Ni and Zn adsorbed system are still semiconductor with the
band gap of about 0.628 eV and 0.516 eV, respectively. According to Fig. 6, we can see that the Cu
adsorbed system is metal, and the spin splitting is negligible. For the V, Cr, Mn, Fe and Co
adsorbed SnS, monolayer, the adatoms bring the spin polarized impurity states in the gap. Among
them, the valence band and conduction band edges around the Fermi level of the Fe and Co
adsorbed systems are contributed by the same spin component, therefore, they are half
semiconductors[40]. However, for the Cr adsorbed system, the occupied and unoccupied states
near the Fermi level belong to different spins, which shows that the Cr adsorbed SnS; is a bipolar
magnetic semiconductor (BMS) material[41]. While the Mn adsorbed SnS, monolayer is magnetic
metal.
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Fig. 5. PDOS of the TM adatoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) for the most stable
configurations. The Fermi level is set to zero energy with the vertical black dashed line.
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Fig. 6. Calculated spin-polarized TDOS of pristine and TM atom adsorbed SnS,
monolayer. The Fermi level is set to zero energy with the vertical black dashed line.
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4. Conclusions

In summary, we have systematically studied the most stable adsorption configurations,
electronic structures and magnetic properties of the TM atoms adsorbed SnS, monolayer by
density functional theory. It is found that the most favorable adsorption site is above the Sn atom
for all the TM atoms considered, and all these adatoms can be chemically adsorbed on the SnS,
monolayer. The variation of the adsorption energy may be related to the number of the d electrons
for the TM adatoms. The Sc, Ti, Ni, Cu and Zn adsorbed SnS, monolayer is nonmagnetic, while
the V, Cr, Mn, Fe and Co adsorbed monolayer SnS, produce magnetism. The magnetic moments of
the adsorbed systems are mainly contributed by the TM adatoms. Interestingly, the electronic
structure of the SnS, monolayer can be widely modulated by the TM adatoms. The narrow gap
nonmagnetic semiconductor, half semiconductor, bipolar magnetic semiconductor, and
nonmagnetic or magnetic metal can be obtained in different TM atom adsorbed SnS, monolayer.
These results suggest that the TM atoms adsorbed SnS, monolayers are the potential material for
future optoelectronic and spintronic devices.
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