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First-principles study of magnetism of 3d transition metals
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The electronic structures and magnetic properties of diverse transition metal (7M = Fe, Co, and Ni) and nitrogen (N)
co-doped monolayer MoS; are investigated by using density functional theory. The results show that the intrinsic MoS;
does not have magnetism initially, but doped with TM (T M = Fe, Co, and Ni) the MoS; possesses an obvious magnetism
distinctly. The magnetic moment mainly comes from unpaired Mo:4d orbitals and the d orbitals of the dopants, as well as
the S:3p states. However, the doping system exhibits certain half-metallic properties, so we select N atoms in the V family
as a dopant to adjust its half-metal characteristics. The results show that the (Fe, N) co-doped MoS; can be a satisfactory
material for applications in spintronic devices. On this basis, the most stable geometry of the (2Fe-N) co-doped MoS,;
system is determined by considering the different configurations of the positions of the two Fe atoms. It is found that the
ferromagnetic mechanism of the (2Fe—-N) co-doped MoS; system is caused by the bond spin polarization mechanism of the
Fe-Mo-Fe coupling chain. Our results verify that the (Fe, N) co-doped single-layer MoS, has the conditions required to

become a dilute magnetic semiconductor.
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1. Introduction

Since the discovery of graphene,!!! there has been a grow-
ing interest in atomically thin two-dimensional (2D) crys-
tals for potential applications in next-generation nanoelec-

5.1273] Layered transition metal dichalcogenides

tronic device
(TMDs) represent a class of material that can be shaped into
monolayers, which display distinct physical properties from
their bulk counterpart.!®) Monolayer MoS,, as a new type of
2D material, has gradually aroused considerable interest in the
past few decades, due to its unique physical, chemical, opti-
cal, and mechanical properties. The interest originates from
its high surface-to-volume ratio comparable to the surface-
to-volume ratio of graphene, indirect-to-direct band-gap, and
layer-dependent tunable band-gap. The MoS; exhibits its
enormous potential applications in the field of transistor,!”!
field-effect transistor (FET),[®! photocatalytic degradation,”!

(11 [2

hydrogen production,!'’! gas sensor,!!!l solar cells,!'?! and

photodetector.[!3] The electronic properties of MoS, strongly
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depend on the layer thickness. Bulk MoS; has an indirect
band-gap of 1.2 eV, and the MoS; has a direct band-gap of
about 1.9 eV.14

Owing to the potential applications and the great demands
for MoS; nanostructures, a variety of methods have been de-
veloped and explored in the past few years. Particularly, recent
research showed that TM elements-doped MoS; could drasti-
cally enhance the chemical activity and the sensitivity as the
doped atoms could effectively regulate and control the elec-
tronic structures and magnetic properties. Komsa et al.!'”]
found it possible to control the creation of vacancy by using
electron irradiation or low-energy argon sputtering and then
the vacancies are filled with substitutional impurity atoms.
Suh et al."% investigated the effect of niobium (Nb) doping
on the crystal structure, electronic and optical properties of
MoS,, and proved that Nb doping can improve the electromag-
netic properties of MoS, materials. Fan et al.l'” studied the
structure and electronic properties of MoS; doped with differ-
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ent 7M elements in S vacancies, as well as the adsorption of
various gas molecules. Their results showed that embedded
Fe and Co significantly changed the electronic and magnetic
properties of the single-layer MoS,, and had better adsorption
properties on gas molecules than those doped with other TM
elements. Zhang et al.!'® discussed the electronic properties
of MoS; doped by non-metallic elements with different doping
concentrations. The calculation results showed that P atoms
made the system to present p-type characteristic. In contrast,
Cl was considered as a suitable n-type dopant. Ramasubrama-
niam and Naveh!'"! investigated the electronic and magnetic
properties of Mn-doped monolayer MoS,. They demonstrated
the potential for engineering a new class of atomically thin
diluted magnetic semiconductor (DMS) based on Mn-doped
MoS;. Zhao!?! investigated the magnetic properties of Re
atom doped single-layer MoS; by first-principles calculation,
and found that Re doping can effectively improve the magnetic
properties of MoS,. Cui et al.”!l predicted the adsorption
performances of Pd-MoS, for Hy, CH4, and C,H,, and found
that the Pd-MoS; has good adsorption and desorption perfor-
mance, and is a satisfactory CoH, and H; sensing material,
but not suitable for detection methane gas. Cheriyan et al.[*!
studied the electronic and optical properties of monolayers of
MoS, doped by N, Co, and co-doped by (Co, N) for visible
light photocatalytic activity by using density functional the-
ory (DFT). The observed results showed that intrinsic MoS,
was highly suitable for visible light photocatalytic dye degra-
dation compared with N-doped MoS,. Garandel et al.[*] in-
vestigated the hep Co (0001)/MoS; interface electronic struc-
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ture by first-principles calculations based on the DFT. They
demonstrated that the Co-doped system became metallic due
to hybridization between Co:3d and S:3p orbitals. At present,
the doping of MoS; has been widely studied.>*-?8] However,
as far as we know, there are few studies about the electronic
structures and magnetic properties of the transition state atoms
and nonmetallic atoms co-doped MoS,. Therefore, it is nec-
essary to study the electromagnetic properties of (T M, N) co-
doped MoS, systematically.

In this research, we propose (TM, N) (TM = Fe, Co, and
Ni) co-doped MoS; as a promising DMSs material. We calcu-
late TM-doped MoS, and (TM, N) co-doped MoS, systems.
The effects of Fe, Co, and Ni dopants on the electronic struc-
tures and magnetic properties of (TM, N) co-doped MoS, sys-
tem are investigated. We further study the possible structure of
(2Fe, N) co-doped MoS,, and obtain a most stable structure.

2. Computational details and models

MoS, belongs to the P63/mmc space group, the lattice
constant calculated here was 3.15 A, which is in agreement
with the experimental result.[>”! According to the unit cell, we
calculate TM-doped and (TM, N) co-doped MoS, by using
the 4 x 4 x 1 supercell cleaved through (0 O 1) surface of bulk
material, which includes 16 Mo atoms and 32 S atoms with a
vacuum range of 10 A as shown in Fig. 1. A previous report!3(]
demonstrated that the size of the supercell is sufficient to study
the discrete doping geometry and co-doping geometry, while
a 10-A slab can prevent interaction between adjacent units and

[31

isolate the interaction between dopants.?! Figure 1 shows the
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Fig. 1. Structure of the supercell used for the calculation, showing top view and side view of (a) intrinsic MoS,, (b) TM-MoS,, (c¢) (TM, N) co-doped
MoS; and (d) (2Fe, N) co-doped MoS,, respectively. Mo atoms replace Fe atoms, which is indicated by 1-9.
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vertical view and lateral view of the optimized MoS, super-
cell structure: figure 1(a) shows intrinsic MoS,; figure 1(b)
shows TM-MoS,, figure 1(c) is the structure of (TM, N) co-
doped MoS,, and figure 1(d) shows the structure of (2Fe, N)
co-dopecd MoS;. As shown in Fig. 1(d), the Mo atoms re-
places the Fe atoms, which is indicated by numbers 1-9.

The structural optimization and electronic structures were
calculated in this work by using Cambridge Serial Total En-
ergy Package (CASTEP) package based on the density func-
tional theory (DFT) method.*?! We used the Perdew—Bruke—
Ernzerh (PBE) function of the Generalized Gradient Ap-
proximation (GGA) to calculate the exchange and related
energy. 3334 The k-point sample of the Monkhorst—Pack grid
was sampled to 3 x 3 x 1 of the Brillouin-zone integration
and the plane wave cutoff energy was set to be 500 eV
for geometric optimization and electronic structure calcula-
tions. We selected the convergence criteria of the energy as
11073 eV/atom. All atoms were allowed to relax completely
until any force is less than 0.05 eV/A, the maximum atom dis-
placement is 0.002 A, and the stress is not more than 0.1 GPa

to ensure accurate results for the total energy. (35-371

3. Results and discussion
3.1. Intrinsic MoS,

Prior to studying different types of doping systems, we
first study the electronic structures and magnetic properties of
the intrinsic MoS, monolayers. For the intrinsic MoS;, the op-
timized lattice constants of the supercell are a = b = 12.72 A
and ¢ = 13.12 A. Our calculation results are close to the re-
sults of the non-optimized MoS,, indicating that the calcula-
tions are accurate. Then we calculate the total intrinsic den-
sity of states (TDOS) and partial density of states (PDOS)
of pure MoS;. The calculation results show that the intrin-
sic MoS; is non-magnetic. In the meantime, we also calculate
its energy band structure. The calculated results obtained af-
ter relaxation, display that band structure of intrinsic MoS;
(Fig. A1 in Appendix A) shows a bandgap of 1.846 eV, which
approximates to the experimental result of 1.88 eV.[33! In the
perfect case, the valence band minimum (CBM) and the va-
lence band maximum (VBM) are both at K point, therefore
the bandgap is direct and in good agreement with previously

reported results. >

3.2. TM (Fe, Co, and Ni)-doped MoS; monolayers

We first calculate the electronic structures of 7M-doped
MoS, monolayers. The doping concentration of TM is
6.25 at.% as shown in Fig. 1(b). The calculation results are
shown in Table 1. It shows that S—T'M bond length is shorter
than S—Mo bond length (ds_p. = 2.283 A, ds_co = 2.293 A,

ds_ni = 2.405 A, and ds_pmo = 2.408 A). These differences

can be attributed to the fact that the atomic radius of Fe, Co,
and Ni atoms are smaller than that of the Mo atom. Then we
calculate the band populations of TM-doped MoS,. The re-
sults show that the total magnetic moment of Fe-doped MoS,
is 2.02 up, and the local magnetic moment of Fe atom is
1.17 up.
is 2.93 up, and the local magnetic moment of Co atom is

The total magnetic moment of Co-doped MoS;

0.86 pup. The total magnetic moment of Ni-doped MoS; is
4.05 ug, and the local magnetic moment of the Ni atom is
1.11 ug. As can be seen from the data in Table 1, the mag-
netism of TM-doped MoS, system mainly comes from the
doped TM atoms.
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Fig. 2. TDOS and PDOS for (a) Fe, (b) Co, and (c) Ni-doped MoS,, calcu-
lated by using PBE functional, with Fermi level set to be 0 eV.

Next, we calculate the total density of states (TDOS) and
partial density of states (PDOS) of T M-doped MoS, as shown
in Fig. 2. Figure 2 shows the TDOS of TM-doped MoS; sys-
tem and the PDOS of TM dopants and TM atom nearest Mo
and S atoms. From Fig. 2 it can be easily determined that
TDOS is mainly contributed to by TM:3d, Mo:4d, and S:2p
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orbitals near the Fermi level. To further understand the effect
of TM doping on the electronic structure of MoS,, we also
calculate the band structure of the TM-doped MoS; system as
shown in Fig. A2 in Appendix A. It can be seen from Fig. A2
that the TM-doped MoS, system exhibits the half-metallicity
to a certain degree, which can also be found from the density
of states.

Table 1. Calculation results of intrinsic MoS; and 7M-doped MoS;, S—
Mo, and S—-TM bond lengths, and total magnetic moment, and magnetic
moment of S, Mo, and TM atoms, respectively.

Bond length/A Magnetic moments/Ug

Dopant site

ds_Mo ds_1t™ Total S Mo ™

MoS, 2.408 - 0.00 0.00 0.00 -
Fe 2412 2.283 202 001 013 1.17
Co 2.416 2.293 293 004 030 0.86
Ni 2.398 2.405 405 029 0.16 1.11

3.3. (TM, N) co-doped MoS; monolayers

There are few studies of the electronic structures and
magnetic properties of the MoS, co-doped with transition
atoms and nonmetallic atoms. Therefore, in this subsection,
we will continue to study the electronic structures and mag-
netic properties of (TM, N) co-doped MoS,. The structure is
shown in Fig. 1(c), in which an S atom in MoS; is replaced
with an N atom, then one TM atom is doped in the adjacent
Mo position, and doping concentration is 6.25 at.%. The cal-
culation results are shown in Table 2. To determine the stabil-
ity of the (TM, N) co-doped MoS,; system, we calculate the
formation energy of the three doping systems.

The formation energy formula is calculated to be[**-#!]

Eform = Edoped — Eintrinsic — Urpm — UN + UMo + Us, (D

where Egoped and Enos, are the total energy of (TM, N) co-
doped MoS; and intrinsic one, respectively; Uras, UN, UMos
and g are the chemical potentials for the TM dopant, N atom,
Mo host, and S host, respectively. Their specific values are ob-
tained from the stable element of the corresponding element.
Co and Ni elemental chemical potential are obtained from a
faced-centered cubic structure (fcc), and the chemical poten-
tial of Fe is obtained from the body-centered cubic (bbc) struc-
ture. The formation energy of MoS; itself, Ego (M0S;), can
be calculated from the expression

Eform = .uMOSZ - .ul?/[o - Z.ugv (2)

where Umos, is equal to Epye per MoS; formula unit, and
“1(\)/10 / ,ug is the total energy per atom of Mo/S in its reference
phase. For Mo, the reference phase is the bulk bcc metal.
The reference phase for S is the S8 ring, which is the most
stable state at room temperature. The value of L, and Ug

depend on the experimental growth conditions. For the Mo-
rich case, the Mo chemical potential is equal to the bulk Mo
value, uMo—rieh — ;10 ' and the S chemical potential can be
obtained from pimos, = UMo + 2Us based on thermodynamic
equilibrium. Therefore, combined with Eq. (2), the chemical

potentials for the Mo-rich limit can then be written as

Mg ™" = Mo 3)

pgtoTneh = uS%Eform(Mosz). @
Likewise, under S-rich conditions, the values are

Hto™" = Hyto +Eform (MoS2), ®)

pg "M = g (6)

All of the formation energy values are listed in Table 2.

The calculation results show that the formation energy of
the (Fe, N) co-doped MoS; system is the smallest in the three
systems, indicating that the (Fe, N) configuration is the most
stable. The length of the Fe-N bond is 1.965 A. The total mag-
netic moment of (Fe, N) co-doped MoS; system is 1.00 ug,
and the local magnetic moment of doped Fe atom is 0.64 ug.
From the data in Table 2, we can see that the formation en-
ergy values of (Fe, N), (Co, N), and (Ni, N) co-doped MoS,
system are all higher than 0, indicating that the formation of
these systems requires energy absorption. We further calcu-
late the band structure for each of (Fe, N), (Co, N), and (Ni,
N) co-doped MoS;. In Fig. A3, the bandgap of (Co, N) co-
doped MoS is 0.042 eV, which is smaller than that of (Fe, N)
co-doped MoS,. It can be seen from Figs. Al and A2 that the
introduction of N atom regulates the half-metallic properties of
Fe-doped MoS; system, which is consistent with our research
requirements. According to the above reasons, we choose the
(Fe, N) co-doped MoS; system as the project of further study.

Table 2. Calculation results of (TM, N) co-doped MoS,, TM-N bond

length, total magnetic moment, the local magnetic moment of 7M atom,
and formation energy.

Etorm/eV
Dopant sitt  dry n/A  Totallug  TM/ug i
Mo-rich ~ S-rich
Fe 1.965 1.00 0.64 2.64 -0.06
Co 1.975 1.98 0.73 3.91 1.21
Ni 1.939 1.11 0.18 4.72 2.22

Next, we come to analyze the TDOS and PDOS for (Fe,
N) co-doped MoS,, and the results are presented in Fig. 3(a).
Due to the doping of TM and N atoms, some new impurity
state energy levels are introduced into the energy gap. It can
be seen that the valence band (from —8 eV to —1 eV) mainly
comes from Fe:3d, Mo:4d, S:3p, and N:2p orbitals, while
Fe:4s, Mo:5s, S:3s, and N:2s orbitals contribute less. We can
see that (Fe, N) TDOS co-doped MoS; is asymmetric. It can
be seen from Table 2 that the system has a total magnetic mo-
ment of about 1.00 ug. The doping Fe atom plays a great role
in contributing the magnetic moment.
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Fig. 3. TDOSs and PDOSs for (a) Fe-N, (b) Co—N, and (c) Ni-N co-doped
monolayer MoS,, with Fermi level set to be 0 eV.

3.4. (2Fe, N) co-doped MoS»

The previous studies indicated the substitutional dopant
at the Mo site, and did not take into account the atomic com-
plexes due to being doped with more atoms. We put more
thought into the effect of the doping concentration on the prop-
erties of materials. After studying the electromagnetic prop-
erties of TM-doped MoS, and (TM, N) co-doped MoS;, we
continue to study the magnetic source of (Fe, N) co-doped
single-layer MoS, system. We increase the doping concen-
tration of Fe atoms in the (Fe, N) co-doping MoS, system
to 12.5 at.%, by replacing two Mo atoms in MoS; with two
Fe atoms as shown in Fig. 1(d). In Fig. 1(d), one N atom
is fixed, and two Mo atoms marked by numbers 1-9 replace
the two Fe atoms. The calculation results are shown in Ta-
ble 3. Select the (2, 4) configuration with the smallest d (Fe—
Fe) as the benchmark, and calculate the total energy differ-
ence (AE) between different configurations and (2, 4) config-
uration in Table 3, then we will use the energy differences
between ferromagnetic (FM) and antiferromagnetic (AFM)
states (AEpm = Eapm — Erm ), which have been calculated in
(2Fe, N) co-doped MoS,, to determine the magnetic coupling
between the two Fe atoms. The Fe—Fe distance value after re-
laxation under AFM and FM, AE, AEpy, the total magnetic
moment of (2Fe, N) co-doped MoS; system, and local mag-
netic moment of Fe;, Fep, N, Mo, and S atoms are all listed in
Table 3.

Table 3. Calculation results of 8 configurations for (2Fe, N) co-doped MoS,. Fe-Fe distance, AE, AEgy, total magnetic moment, and magnetic

moment of Fey, Fe,, N, Mo, and S atoms, respectively.

Configuration d (Fe-Fe)/A AE/eV AEpy/meV Magnetic moment/ug

(a,b) AFM FM Total Fe, Fe N Mo S

(2,4) 3.286 3.294 - 42.5 3.26 1.77 1.77 -0.03 -0.01 -0.06
(1,2) 3.428 3.425 -0.48 2.2 3.00 1.96 1.74 -0.09 -0.10 0.00
(2,6) 5.255 5.275 0.68 4.8 3.40 2.05 2.05 0.03 -0.01 0.00
(1,5) 5.495 5.487 0.14 -29.1 3.02 1.87 1.80 -0.06 0.38 -0.05
(3,8) 5.535 5.508 0.59 -1.1 3.32 1.81 1.78 -0.01 -0.04 0.00
(1,3) 6.289 6.242 -0.68 64.2 347 1.85 1.85 -0.03 0.04 0.00
(3,7) 6.253 6.280 0.33 -92.3 3.44 2.08 2.03 -0.02 0.01 0.00
(1,9) 10.923 10.918 0.38 -14.8 3.05 1.84 1.85 -0.08 0.00 0.00

It can be seen that the magnetic properties and lattice pa-
rameters of different Fe dopants in MoS; configuration are dif-
ferent from those listed in Table 3. Next, we study the different
atomic structures of a single layer of MoS, doped with two Fe
atoms. For a series of (2Fe, N) co-doped MoS,, the (1,3)
configuration has the minimum AE (—0.68 eV), the maxi-
mum AEgy (64.2 meV) and the largest total magnetic moment

(3.47 up). The local magnetic moment for each of Fe; atom

and that of Fe, atom is 1.85 up, and the local magnetic mo-
ment of N atom is —0.03 ug. The (1,3) configuration has the
lowest energy, indicating that it is the most stable structure and
has stable ferromagnetism.

Next, we calculate the TDOS and PDOS for (1,3) con-
figuration for investigating the magnetic origin in these sys-
tems, which is depicted in Fig. 4. From Fig. 4, we can see that

the band structure around the Fermi level is derived mainly
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from Fe:3d, Mo:4d, and S:3p orbitals, although there are also
small contributions in the valence band from Fe:3p, Mo:4p,
S:3s, Fe:4s, Mo:5s, and N:2s orbitals. The magnetism can be
explained by the direct magnetic coupling mechanism of d or-
bitals. Since Fe and Fe atoms are close to each other, the wave
functions of d orbitals may overlap to some extent, which en-
ables the hybridization of d orbitals in both Fe and Mo atoms.
We also calculate the band structure of (1, 3) configuration as
shown in Fig. A4. As can be seen from Fig. A4, the (2Fe, N)
co-doped MoS; material is a direct bandgap semiconductor.
The bandgap is 0.505 eV.

AT Sy
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Fig. 4. TDOSs and PDOSs for (2Fe, N) co-doped monolayer MoS,, with
Fermi level set to be 0 eV.

To further study the magnetic generation mechanism of
(2Fe, N) co-doped MoS; system, we calculate the spin-charge
density of the doping system and analyze the charge transfer

of each atom in the system, and the results are shown in Fig. 5.

© Mo
oS
© Fe
oN

top view

Fig. 5. Spin density distribution of (2Fe, N) co-doped MoS; in FM coupling,
with isovalue set to be 0.02 e/A3.

The three-dimensional (3D) iso-surface possesses a spin-
charge density of 0.02 e/A®. According to the results, we find
that spin-polarized states are localized around the Fe atoms in
the configuration of (2Fe, N) co-doped MoS,. We can see that
the blue range with Fe|, Fe;, and N. It shows that the doped Fe
atoms play a major role in the magnetic moment of the system,
and the three Mo atoms around the N atoms play a secondary
role. From Fig. 5, we infer that the Fe|:3d—Mo:4d-Fe,:3d cou-
pling chain is the reason why the (2Fe, N) co-doped MoS;

system produces magnetism. Classically, the spin-polarized
states are not located in the Fe—Fe system, which may induce
magnetic order.

4. Conclusions

We systematically studied the electronic structures and
magnetic properties of MoS; induced by TM and N dopants
based on density functional theory. The results show that the
TM atoms Fe, Co, and Ni-doped MoS, are magnetic, and the
local magnetic moment mainly comes from the contribution
of doped atoms. The (TM, N) co-doped MoS, also has mag-
netic properties, and the doping of the N atom regulates the
half-metallic nature of the doping system. The doping sys-
tem has both semiconductor properties and certain magnetic
properties, which is beneficial for practical application as a di-
lute magnetic semiconductor. Among them, (Fe, N) co-doped
MoS; has the best electromagnetic properties. The total mag-
netic moment of the (2Fe, N) co-doped single-layer MoS; is
3.47 ug, and the maximum local magnetic moment for each
of two Fe atoms is 1.85 ug. The spin polarization of the sys-
tem is mainly contributed by two doped Fe atoms, which in-
dicates that the Fe atoms in the MoS, lattice are localized. It
can be concluded that the main contributions of magnetism
come from Fe:3d, Mo:4d, S:3p, and N:2p orbitals. The re-
search results have a certain reference value for experimental
verification and practical application.
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Appendix A: Supporting materials

Band structures of TM-doped MoS; system are shown in

the following figures.

Band gap is 1.846 eV
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