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The structural, magnetic properties, and mechanism of magnetization of SnO monolayer doped with 3d transition
metal Mn atom were studied using first-principles calculations. The calculated results show that the substitution doping is
easier to realize under the condition of oxygen enrichment. Numerical results reveal that the spin-splitting defect state of
the Mn doped system is produced in the band gap and the magnetic moment of 5.0 up is formed. The induced magnetic
moment by Mnyy, is mostly derived from the 3d orbital of the doped Mn atom. The magnetic coupling between magnetic
moments caused by two Mn atoms in SnO monolayer is a long-range ferromagnetic, which is due to the hole-mediated
p—p and p—d interactions. The calculated results suggest that room-temperature ferromagnetism in a SnO monolayer can be

induced after substitutional doping of a Mn atom.
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1. Introduction

With the discovery and characterization of graphene,!!?!

researchers have increasingly studied the graphene-like two-
dimensional (2D) nanomaterials, both theoretically and exper-
imentally. It has been proven that these 2D nanomaterials have
novel properties compared with their bulk structures.3-!2I
Among them, a newcomer of the 2D material family, metal
oxide, has been studied because of its unique and fascinating
properties. [13-1]

More recently, attention has been focused on 2D tin
monoxide monolayer, which has a unique layered structure in
the [001] crystallographic direction with Sn—O-Sn sequence
layered, in which bipolar conductivity is easy to achieve.[?->!]
Moreover, SnO possesses attractive characteristics such as in-
direct band gap, comparatively large electron affinity, high
electron mobility, and good optical activity.!*>-?’! Further-
more, few to many-layer SnO films on sapphire and SiO>
substrates have been synthesized via the pulsed laser depo-
sition (PLD) technique and they exhibit many fascinating
properties.[?82%1 Tn addition, it has been reported that ferro-
magnetism can be obtained in monolayer SnO with hole den-
sity of 2-3 x 10" ¢cm~2.3% Meanwhile, the results of the
structural, optical, and transmission properties indicate that 2D
SnO could become the potential candidate in fabricating room-
temperature 2D field effect transistor (FET).[*?! These theo-
retical and experimental studies show that a 2D SnO mono-
layer can be considered as a potential nanoelectronic material,
optoelectronic material, and spintronic device. More partic-

ularly, SnO-based dilute magnetic semiconductor material is
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regarded as one of the most promising candidates for spin
electronic devices and magnetic devices. However, a pris-
tine pure SnO monolayer does not have intrinsic magnetic
properties as a semiconductor. Generally speaking, to obtain
a set of integrated electric and magnetic spintronic devices,
both spin and charge of electrons combined closely need to
turn the semiconductor material into a magnetic material. Ex-
ploring and manipulating the magnetism of the 2D material
is a research hotspot because of its application in spin elec-

[31-35] For example, it has been confirmed the-

tronic devices.
oretically that B-, N-, and F-adsorbed SnO monolayers have
magnetic ground states, and B or N contributes less to the to-
tal magnetic moments than F.3!! The room temperature fer-
romagnetism of Mn-doped SnO nano hexagonal plates and
cubes has been observed experimentally.[??] Theoretical cal-
culations indicate that ferromagnetism in monolayer SnO can
be obtained by hole-doping.**! Interestingly, it is theoretically
predicted that the hole doping of the 2D (single layer) SnO
can induce a paramagnetic to ferromagnetic phase transition
in this 2D material, because the hole density is usually above
5% 1013 cm~2.13* In addition, Wang et al. used first-principles
calculations to investigate the electronic and magnetic proper-
ties of monolayer SnO doped with 3d transition metals from
V to Ni.!! The magnetism of single Mn atom doped SnO
monolayer has been studied and a large number of remark-
able scientific breakthroughs have been reported. >3] However,
the coupling effect between two Mn atoms doped in a SnO
monolayer has not been investigated. Therefore, in this pa-
per, we focus on the most intensively investigated electronic
structures, magnetic properties, the mechanism of magnetiza-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

117505-1


http://dx.doi.org/10.1088/1674-1056/27/11/117505
mailto:hanruilin0116@sxu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 27, No. 11 (2018) 117505

tion of single Mn atom and two Mn atoms implanted into SnO
monolayer within the framework of a first-principles study.

2. Computational method and details

The electronic and magnetic properties of two-
dimensional tin monoxide were calculated within the frame-
work of density functional theory.!3%7] Our calculation was
carried out by the Vienna ab initio simulation package!3¢!
with a generalized gradient approximation (GGA) functional
of PBE.’®l We used the GGA+4U scheme to include the
strong correlation effects and the exchange parameter for
the 3d states of Mn was 3.0 eV, which was chosen based
on Ref. [39] and consistent with the values used in Refs. [35]
and [40]-[42]. The cutoff energy for the plane wave basis
was set to 520 eV. In the process of the structural relaxations
and physical properties calculations, we used a Monkhorst—
Pack k-point mesh of 5x5x1 to sample the Brillouin zone.
To avoid interactions between adjacent layers, a vacuum layer

space of 15 A along the z direction was added. All atoms in the

Fig. 1. (color online) Atomic structure of 4 x 4 monolayer SnO from
the top view and the side view. The red and dark grey spheres represent
Sn and O atoms, respectively. We take i to mark the doped pair, Mn (0,
i), in which the first doped atom occupies the fixed Sn position, labeled
0 in the diagram, and the second doped atom takes position i = 1-8.

monolayer were relaxed until the convergence threshold of
107 eV and each atom had a force less than 0.01 eV/A. The
Grimme DFT-D3 approach was adopted to describe the van
der Waals interactions for lattice optimization. The doped SnO
monolayer was modeled with a supercell consisting of 4 x 4
two-dimensional unit cells, which contains 64 atoms in total

(Fig. 1).

3. Results and discussion

Bulk SnO has a tetragonal litharge structure and space
group P4/nmm, see the ball-and-stick model in Fig. 2(a), and
the lattice parameters a = 3.799 A and ¢ = 4.841 A.1*3! Our
optimized unit-cell bulk and monolayer SnO have lattice con-
stants of @ = b = 3.803 A and ¢ = 4.963 A, which agree
well with previous findings.[*+*1 In Figs. 2(b) and 2(c), the
Brillouin zone and band structure of bulk SnO along high-
symmetry directions are given. The calculated results show
that the bulk SnO is an indirect band gap semiconductor. The
valence band maximum (VBM) is located on the I'-M line,
while the conduction band minimum (CBM) is located at the
M point, which is in good agreement with previous theoreti-
cal results.[31:46-481 SnO has an indirect band gap of 0.37 eV,
which is close to the previous findings.*!#! In its monolayer
counterpart, the band gap increases dramatically to 2.96 eV,
see Fig. 3(a), which shows that pristine monolayer SnO is a
wide band gap semiconductor. The huge change of the band
gap will lead to additional potential applications. Moreover,
the partial density of states (PDOS) shown in Fig. 3(b) for pris-
tine SnO indicates strong hybridization between the Sn and O
states, especially at the edge of the valence band and the con-
duction band, in agreement with Ref. [35]. In addition, from
the calculation results of the pure SnO monolayer, as shown
in Fig. 3(b), it can be seen that there is no spin polarization
in either the majority-spin channel or minority-spin channel,
indicating that the pure SnO monolayer is essentially nonmag-
netic. These results show the reliability of our computational
methods.
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Fig. 2. (color online) (a) Bulk SnO crystal structure, (b) Brillouin zone of SnO. (c) Band structure of SnO along high-symmetry directions.
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Fig. 3. (color online) (a) Band structure of pure 2D SnO monolayer. (b) Total DOS and partial DOS of p and s states for the Sn atoms

and O atom. The Fermi energy is indicated by the dotted line.

We then began to investigate single Mn doped monolayer
SnO system (Sn3z; MnQO3;), in which one Sn atom in the mono-
layer is displaced by one Mn atom, marked as 0 (impurity con-
centration of 3.125%), as numbered in Fig. 1. To understand
the stability of the doped Sn3;MnO3, system, the formation
energy, Ef, of the Sn3;MnO3; monolayer was analyzed. As
presented in Table 1, the calculated results under both O-rich
and Sn-rich growth conditions are —3.76 eV and 0.74 eV, re-
spectively. The calculated results show that the substitution
doping is easier to realize under oxygen rich conditions. We
also calculated the total energy difference between the spin
polarized and non-spin polarized states for the Sn3;MnOs;
monolayer; i.e., AEgpin = Esp—Ensp. The calculated total en-
ergies of AEg,;, are negative for the Snz;MnOs3; monolayer,
which indicates that the doped system is more inclined to the
spin polarized state, and the ground state of the Sn3;MnOs3;
monolayer is magnetic. The optimized bond lengths of Mn—
O, the local magnetic moment of dopant Mn with its nearby
O atoms, and the total magnetic moment of the monolayer are
also listed in Table 1. In Table 1, it can be found that the opti-
mized bond length of Mn-O is 2.215 A, which is smaller than

the pristine Sn—O bond length of 2.252 A. This phenomenon
is mainly attributed to the fact that the ionic radius of Mn
(0.46 A) is shorter than that of Sn (0.69 A). The local mag-
netic moments of the doped atom, four O atoms nearest to
the dopant, and the total magnetic moment of the Sn3; MnO3,
monolayer are also listed in Table 1. As presented in Ta-
ble 1, the total magnetic moment of the Sn3;MnO3, mono-
layer is 5.000 up induced by a Mn atom. The explanation
for this phenomenon is as follows. The Mn has seven valence
electrons compare to the host Sn (two valence electrons), this
leads to the calculated total magnetic moment exactly equal to
the number of the produced holes for the Sn3;MnO3; mono-
layer. According to our calculations, the doped Mn atom in
the monolayer contributes most to the magnetic moment. The
nearest neighbor O atoms around the Mn atom also contribute
part of the magnetic moment. The residual magnetic moment
is provided by the gap region between the doped atom and
the nearest atoms. From DOS and partial DOS in Fig. 4 and
spin density distribution in Fig. 5, this viewpoint can be well

proven.

Table 1. Calculated results of the energy difference between the spin polarized and non-spin polarized states, optimized Mn—-O
bond lengths, magnetic moment of the doping atom (M), the nearest neighboring O atoms (Mop) around the doping atom, the
total magnetic moment of the monolayer (M), and the formation energies Ef of Mn doped SnO monolayer in Sn-rich and O-rich

conditions.
E¢/eV
System AEgnleV Mn-O/A My /1B Mo /s Mot/ i —t .
Sn-rich O-rich
Sn3; MnO3, -30.2 2.215 4.108 0.592 5.000 0.74 -3.76
(a) (b) 0-2f —Mns, (c) 1-§' e o 4—O12p
1201 total 0 v LI S _1. _WW. I
—0.2¢ s 0.8E AJ\»-M,'L — O2-2p
5 0 Mo ;
8 OMJVM,W /Mw 1 8 1'(2) —Mns, 8 —0. 8V ,
A UWM v &) 1.9 A 1'(6);.\ — — O32p
: W
120f Mg —1.6f . |
—120¢ 0 0-8K — Ous2p
, —120} , — 0.8V :
iy _9 0 2 4\ —4 -2 0 2 4 —4 -2 0 2
Energy/eV Energy/eV Energy/eV

Fig. 4. (color online) (a) The total density of states of Sn3; MnO3, monolayer, (b) the partial density of states of dopant Mn and (c) its

nearest O1-p, O2-p, O3-p, and O4-p states.
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Figure 4 presents the total density of states (TDOS) of
the Sn3;MnO3, monolayer, the partial density of states of the
dopant Mn, and its nearest four O-2p states. From Fig. 4(a),
it can be clearly seen that the distributions of the electronic
states for majority-spin and minority-spin orbits are asymmet-
ric. From Figs. 4(b) and 4(c), we can see that the splitting of
states near the Fermi energy and in the band gap mainly con-
sists of the 5d states for the dopant, and a part of 2p states for
the first neighboring O atoms around the dopant Mn. In other
words, the 5d state of the doped Mn atom and the p states of
the nearest O atoms around the dopant significantly overlap
near the Fermi level and in the band gap, which reveals that
the p—d exchange mechanism between the doped Mn atom and
four nearby O atoms around the dopant atom in the monolayer
can be the origin of the magnetism. Together, the above in-
formation illustrates that the Sn3;MnO3; monolayer exhibits

magnetic ground states.

:
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Fig. 5. (color online) The spatial distribution of spin density in the re-
laxed Sn3;MnOs3;. The yellow and blue isosurfaces correspond to the
majority and minority-spin densities. The red and dark grey balls rep-
resent Sn and O atoms, respectively. The position of the doped atom is
marked as green.

Now, we focus on the magnetic coupling between the
magnetic moments of two Mn atoms doped SnO monolayer
(doping concentration of 6.25%). We substitute two Sn atoms
by Mn atoms in SnO monolayer. Eight possible and indepen-
dent configurations of the two Mn atoms are considered. We
take i to mark the doped pair, X (0, i), as shown in Fig. 1,
where the first doped atom selects the Sn at a fixed position,
marked 0 in Fig. 1, and then the second doped atom labeled by
position i = 1-8. We take account of the spin-polarized cal-
culations, ferromagnetic (FM), and antiferromagnetic (AFM)
coupling between the moments induced by two dopant atoms
in case of each configuration. We calculate the distances be-
tween two doped Mn atoms (dmn—mn), relative energy (Ag)
for the (0, 3) configuration, differences of the FM energy mi-
nus the AFM energy (AE, = Erm — Earm), and total magnetic
moment for all the configurations of the doped system. The re-
sults are summarized in Table 2, which show that AE,, of all

configurations is negative, implying that all ground states of

Sn3Mn; 03, are FM. More importantly, we find out that the
AE, of all the eight configurations with different distances be-
tween two Mn doped atoms are negative from Table 2. The
AEy, of (0, 8) configuration for the Mn doped SnO monolayer
is a small negative value, which still suggests that ferromag-
netism may be obtained by doping group Mn atoms in the SnO
monolayer. Furthermore, the magnetic moments generated in
FM or AFM states of monolayer SnO doped with two Mn
atoms are basically consistent with the magnetic moments of
Sn3;MnOs3; monolayer. In addition, using mean-field theory,
the Curie temperature can be estimated from the energy differ-
ence between the system in FM and in AFM states using the
equation %kB Tc = —AEy, /n, where kg is the Boltzmann con-
stant and » is the number of the dopants in the system. Our
estimated results of eight configurations are 356.3 K, 341.8 K,
338.1 K, 327.3 K, 316.0 K, 304.8 K, 294.8 K, and 272.3 K,
respectively. Consequently, our results could provide a theo-
retical basis for further experimental studies in the future.

Table 2. Calculated distance dy,—Mn between two dopants; the rela-
tive energy, A€, with respect to that of the (0, 3) structure; the energy
difference (AEy,) between FM and AFM states, AE,, = Egpm — EARM
and the total magnetic moment (M) in FM state for doped system Sn3
Mn;03;.

Configuration  dyn_mn/A  Ae/meV  AEn/meV My /us
0,1) 3.520 130.1 -92.1 9.9982
0,2) 3.805 109.8 -88.3 9.9987
(0,3) 5.381 0 -87.4 9.9985
0,4) 6.430 66.3 -84.6 9.9986
(0,5) 7.610 50.7 -81.7 9.9989
(0,6) 8.385 76.8 -78.8 9.9985
0,7) 8.508 84.8 -76.2 9.9988
(0,8) 10.762 101.4 -70.4 9.9979

Combined with the DOS diagram of SnO monolayer
doped with single Mn atom and the spin density spatial dis-
tribution diagram of the SnO monolayer doped with two Mn
atoms, we can explain the intrinsic reason of the long range
ferromagnetic coupling between the magnetic moments in-
duced by the two doped atoms. From Fig. 4, we can find that
the density of states of d orbital of doped Mn atom is obviously
overlapped with the density of states of p orbital of nearest O
atom in the vicinity of Fermi energy level and in the band gap.
This indicates the occurrence of p—d hybridization interaction
between the Mn dopant and its adjacent O atoms.*”! In addi-
tion, figure 4 also shows that the nearest O1-p, O2-p, O3-p,
and O4-p states around the doped Mn atom overlap more ob-
viously than other states. This indicates that p—p hybridization
interaction occurs between the p state of O atoms around the
doped Mn atom. Under such strong p—p and p—d hybridization
interactions, there is a coupling between the holes caused by
the p-state of the nearest neighbor O atoms around the doped
Mn atoms.[**% Indeed, the spin density calculated in Fig. 6
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indicates that the O atoms between the two doped atoms are
polarized to an extent which depends on their direction and
distance relative to the Mn site. Furthermore, under the p—d
interaction, the spins of O atoms and the dopant have the same
polarization direction, which is good for the long-range FM
coupling between the two doped atoms.

0006600090
000000000

Fig. 6. (color online) The spatial distribution of spin density in the re-
laxed Sn3sMny0O36. The yellow and blue isosurfaces correspond to the
majority and minority-spin densities. The red and dark grey balls rep-
resent Al and N atoms, respectively. The position of the doped atom is
marked as green.

4. Conclusion

We used the first-principles methodology to investigate
the electronic, structural, and magnetic properties of Mn el-
ement doped SnO monolayers with 3.125% and 6.25% Mn
concentrations. Our calculation results indicate that the doping
actively favors O-rich conditions in comparison with Sn-rich
conditions. Our numerical results reveal that a Mn doped SnO
monolayer can induce magnetic properties and its magnetic
moment is 5.0 up per supercell. The total magnetic moment of
the doped SnO monolayer is mainly derived from the dopant
Mn atom and four nearest neighboring O atoms. The total
magnetic moment of the system is consistent with the number
of holes caused by the dopant atom. Furthermore, when we
compared our results with those in Ref. [35], we found that
magnetic coupling between the magnetic moments introduced
by the dual Mn atoms is FM. The p—p and p—d hybridization
interactions are responsible for the long-range FM coupling.
We believe these results will be useful to further study the
properties and applications of the SnO monolayer.
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