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The two dimensional MoSioN4 (MSN) monolayer exhibiting rich physical and chemical properties was synthe-
sized for the first time last year. We have used the spin-polarized density functional theory to study the effect of
different types of point defects on the structural, electronic, and magnetic properties of the MSN monolayer.
Adsorbed, substitutionally doped (at different lattice sites), and some kind of vacancies have been considered as
point defects. The computational results show all defects studied decrease the MSN monolayer band gap. We
found out the H-, O-, and P-doped MSN are n-type conductors. The arsenic-doped MSN, and MSN with vacancy

defects have a magnetic moment. The MSN with a Si vacancy defect is a half-metallic which is favorable for
spintronic applications, while the MSN with a single N vacancy or double vacancy (N + S) defects are metallic, i.
e., beneficial as spin filters and chemical sensors.

1. Introduction

Two-dimensional materials (2DMs) are the most fascinating mate-
rials nowadays due to their amazing properties and tempting potential
applications [1]. Since 2004 when the first 2DM - graphene - has been
discovered many other two-dimensional crystals have been exfoliated
from different layered materials [2]. The 2DMs have demonstrated real
and potential optical, electrical, mechanical, thermoelectrical, catalytic,
energy conversion and storage, spintronic, photonics, etc. applications
[3-9]. 2DMs-based devices exhibit outstanding characteristics with
appropriate optical gain, controllable spectrum sensitivity, large pho-
toresponse bandwidth, and acceptable conversion efficiency [10]. They
belong to a wide range of materials with diverse chemical compositions
and various properties that may be rather different from their bulk
counterparts [11]. Easy modification of the 2DMs properties by nano
design makes various nanostructures to manifest insulating,

semiconducting, half-metallic, metallic, and even superconducting
properties [12-16]. In modern electronics, there is a necessity for ul-
trathin materials and hence, the 2DMs are ready to be used effectively
[16].

Defects exist in all real materials and influence their properties such
as electrical, magnetic, mechanical, and so on [16,17]. Defects have
been widely investigated from different points of view. For example, as a
category of catalytic active sites, because of their high distortion energy
and different arrangements of the atoms compared to regular crystalline
structures [18]. In conventional materials, studying the defects is
comprehensively developed and there is a huge amount of related pa-
pers, however, this is not the case of the 2DMs [19]. Obviously, the effect
of defects and their variation inside the low-dimentional materials
should be investigated in detail, even though, defect engineering in the
2DMs has been the subject of major research in recent years [20-23].
Common defects such as the monovacancy, divacancy, Stone Wales
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[24-26], antisite, substitution, adatom, heterostructures [27], charged
impurities [28-30], and grain boundary have been observed in the
2DMs [31,32]. They have a larger impact on the electronic and optical
properties of 2D materials [33-35]. Defects can play different roles such
as carrier donors, scattering, trapping, and recombination centers
[36-39]. Furthermore, the properties of the 2DMs can be tailored via
defect engineering [40-43].

For example, the chemical doping by substitution of foreign atoms,
and the making of specific vacancies or divacancies can create localized
or resonance states inside the band gap [44]. Furthermore, at low con-
centration of point defects, a slight coupling occurs between adjacent
defects and leads to localized states and magnetic moments. Also, lattice
distortions (e.g. cracks and large voids) give rise to localized states at the
Fermi level and create magnetic moments [45,46]. In addition to the
defects, the 2DMs can tolerate different strains before reaching a rupture
and may be stretched because of having plastic properties. Thus, strain
engineering has received considerable attention to regulate the desired
performance in various applications [47-49]. It was reported that
nanoscale local strains alter the fundamental band gap and modify the
electromagnetic properties of monolayered 2DMs. Besides that,
applying biaxial strain can change the non-magnetic monolayered 2DMs
into ferromagnetic state [50,51].

Recently, a new class of 2D semiconductor, MoSi;N4 monolayer,
have managed to synthesis using chemical vapor deposition (CVD) and
shows unique electrical and mechanical properties [52]. The valley-
dependent properties of MoSisN4 monolayer with a pair of Dirac-type
valleys have been reported, suggesting that it is a beneficial 2D mate-
rial for spintronic applications [53,54]. Furthermore, it is found out that
the valley polarization can be created by doping the MoSiX4 (X =N, P,
As) with V atom [55]. The high thermal conductivity of the MoSisNy is
investigated [56]. The piezoelectricity and ferromagnetism can be
induced by a small strain in the VSisX4 (X = N, P) monolayer [57].
Moreover, the electronic and optical properties of the MoSi;N4/MoS;
vdW heterostructure have been studied [58]. Furthermore, the
MoSiaN4/NbS; and MoSioN4/graphene vdW heterostructures exhibit a
Schottky barrier height which can be modified by the interlayer distance
or applied external electric field [59]. To the best of our knowledge,
different computational methods have been utilized to peruse the
properties of the monolayered 2DMs [60-63] but there is no any study
focused on vacancy defects, adsorption of atoms, strain, and atom sub-
stitution (doping) of the MoSiaN4 monolayer.

In this paper, we modified the recently synthesized and simulated 2D
MoSiaN4 MXene structure using the ab initio method. The chemisorption
of F-, H- and O- adatoms on the MoSi;N4 monolayer, substitutional
doping by of As, F, Ge, O, and P atoms in the low concentration range,
and finally, vacancy defects created by elimination of single N and Si, or
both atoms from the crystalline structure, have been studied in detail.

2. Computational methodology

The DFT calculations are performed in this work using the plane-
wave basis projector augmented wave method along with the general-
ized gradient approximation with Perdew-Burke-Ernzerhof [64,65]
functional as implemented in the Vienna ab initio Simulation Package
[66,67]. The kinetic energy cut-off of 500 eV was set for plane-wave
expansion and the energy was minimized structures are obtained until
variation in the energies fall below 108 eV. To get the optimized
structures, the total Hellmann-Feynman forces were reduced to 1077
eV/A. 21 x 21 x 1 T centered k-point sampling was employed for the
primitive unit cells by the Monkhorst-Pack [68]. The vacuum distance
between two neighboring layers, in z direction, was 20 A, to avoid any
image interaction. Test calculations including changing the vacuum
distance and the number of k points, have shown the convergence of our
results. The Bader charge analysis [69] was utilized to determine the
electron charge transfer, and the vibrational properties were computed
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by the finite-displacement method implemented in the PHONOPY code
[70]. Van der Waals correction proposed by Grimme was implemented
to describe the long-range vdW interactions [71].

Adsorption energy is calculated by E; = Examsny —Ex —Emsn, where
Exawmsn; Ex and Eysy are the energies of H@MSN, X atom (X = H, N, O)
and pristine MSN sheet, respectively. The work function, @, is calculated
from the electrostatic potential, ® = E,qcuum —Er, where E,qquum is the
energy of vacuum and Er is the Fermi energy.

3. Pristine MSN monolayer

Fig. 1(a) illustrates the top and side views of the intrinsic MSN
monolayer, which belongs to the hexagonal (honeycomb) lattice with
the Pém1 space group. The side view shows that this 2D monolayer is
composed of atomic layers in the order of N-Si-N-Mo-N-Si-N along the z-
axis, i.e., the heavy atoms layer is sandwiched by two layers of light
atoms, with a thickness of 6 A. The MSN structural parameters have
been studied in more detail in previous studies [52,9]. The dynamical
stability is confirmed by calculating the phonon dispersions through the
whole Brillouin zone (Fig. 1(b)). Phonon branches do not include any
imaginary frequencies which mean the structure has dynamical stabil-
ity. The phonon dispersion curves of MoSisN4 contains three acoustic
and sixteen optical phonon branches. Among the optical branches,
eleven are found to be non-degenerate out-of-plane vibrational modes,
while between remaining five there are three different double-
degenerate phonon modes. For the acoustic branches, the frequency of
the out-of-plane is quadratic as the frequencies go to zero. The degen-
erate and no-degenerate of optical branches are separated by a gap. The
homopolar modes (dispersionless phonon) are located at 580, 610 and
820 cm™!. The dispersionless phonons can be assigned to the SiN layers
vibrating in the counter phase in the normal direction, while the MoN
layers remain stationary [52,9]. The Bader charge analysis was per-
formed to quantitatively analyze the interaction between the atoms
involved in the compound. Fig. 1(c) displays the difference charge
density of the MSN monolayer, where the blue and yellow colors refer to
the gain charge and loss charge, respectively. The charges transfer from
the positively charged atoms (Si and Mo) to the negatively charged N
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Fig. 1. (a) Top and side views of the MoSiyN4 atomic structure (the primitive
unit cell is indicated by a red parallelogram), (b) phonon band dispersion, (c)
The density of gain and loss charges (blue and yellow colors refer to the gain
charge and loss charge, respectively), (d) electronic band structure and (e) DOS
and PDOS of MoSi;N4 monolayer (the zero of energy is set to the Fermi energy).
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atom (gains ~ 2.23e from Si and ~ 1.5e from Mo). Fig. 1(d) depicts the
band structure of the MSN monolayer. Notably, it has an indirect
bandgap of 1.79 eV, which is in a good agreement with the experimental
value (1.94 eV) [52]. The band gap determined by means of the HSE06 is
2.35 eV [9], i.e., it overestimates the experimental value. Therefore, the
PBE method is the suitable exchange correlation functional for the
MoSiyNy. Furthermore, the change in the band structure using the
spin-orbit coupling (SOC) is negligible (see Fig. S1, Supplementary In-
formation). The bottom of the conduction band is located at the K-point,
while the top of the valence band is located at the I'- point. Fig. 1(e)
reveals the bottom of the conduction band is contributed only by d,. Mo
states with a 6(Mo-Mo) bonding. On the other hand, the top of the
valence band is dominated by d,» and d,>_,» Mo states with a smaller
contribution of the p, Si and N states, representing ¢(Mo-Mo) bonding
hybridized with ¢(N-Si) bonding.

4. Impact of different point defects

The effect of the adsorbed atom (@MSN), atomic doping (-MSN), and
vacancy (V) defects on the structural, electronic and magnetic properties
of the pristine MSN monolayer is investigated. With fully structural
optimization, the calculations are performed using 2 x 2 x 1 MSN
supercell which contains 63 atoms (9 Mo, 18 Si and 36 N atoms). To
obtain vacancy defects, we have removed Si (Vg;) or N (Vy) atoms from
the MSN monolayer to produce single vacancies, while a double vacancy
(Vnssi) is created by removing one N and one Si atoms simultaneously.
The Vy is the surface vacancy which is more likely to be of experimental
relevance than the non-surface N vacancy.

4.1. Adsorption atoms effect

The electronic structure of the MSN monolayer can be modified by
the adsorption of an atom on its surface. The stable sites of adsorption
are calculated by placing the atom on different sites. The different
adsorption sites in the MSN are the following: the top site above a Si
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atom (Tg;); the top site above N atom (Ty); the hollow site above the
center of a hexagon composed of both Si and N (Hg;y); the bridge site
above the middle of a Si-N bond (Bs;y). For H@MSN and O@MSN we
find the most stable structure is achieved in the case of Ty and the H-N
and O-N bond lengths are 1.03 and 1.44 A, respectively. Meanwhile, the
most stable structure for F@MSN is the Ts; configuration and the bond
length of F-Si is 1.61 A. The bond lengths of H-N, O-N, and F-Si increase
as the atomic radius of adsorbed atom increases. We found out the
charge transfer is —0.44e, —0.56e, and —0.42e for H@MSN, O@MSN,
and F@MSN systems, Fig. 2. The large charge transfer value for O@MSN
as compared to the other system is related to the high electronegativity
values for O and N atoms. The calculated adsorption energy is —0.25,
—1.75, and —3.62 eV for H@MSN, O@MSN, and F@MSN, respectively.
The computed work function for H@MSN, O@MSN, and F@MSN is:
2.83 eV, 5.58 eV, 5.97 eV, respectively. The adsorption energy and work
function increase as the electronegativity of the adsorbed atom in-
creases. The difference charge density of the MSN adsorbed with H, F
and O atoms is presented in Fig. 2in the right panel), where the blue
(yellow) regions represent the charge accumulation (depletion). We
found that the bond formation, charge accumulation, and depletion
regions can be clearly in Fig. 2. It can be seen that electrons are accu-
mulated on the adsorbed atoms and the charge transfer is occurs from
MSN monolayer to the H, F and O atoms. The charge transfer calcula-
tions show that H, F and O gain 0.44e, 0.42¢ and 0.56¢, respectively,
from the corresponding MSN adsorbed structure. These observations
indicate a character of covalent bonding and chemisorption.

We now analyze the band structures, density of states (DOS) and
projected DOS (PDOS) of the H@MSN, O@MSN, and F@MSN structures.
In Fig. 2(a), we illustrate the band structure of the H@MSN. As
compared to the band structures of the MSN sheet, Fig. 2(a), the Fermi
energy is shifted towards higher energies due to the adsorption of the H
atom. The system has one more electron, as compared to the pristine
structure, which creates the states at the bottom of the conduction band
and the structure becomes n-type conducting with a band gap of 1.75 eV.
The band structure of the H@MSN is not similar to the band structure of
the MSN sheet. Fig. 2(a) shows that the valence band maximum (VBM)
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Fig. 2. Top and side views of optimized structure (up) (the grey, blue, brown, pink and red spheres refer to N, Si, Mo, H/F, and O atoms, respectively, electronic band
structure (middle) and DOS/PDOS (bottom) of (a) H@MSN, (b) F@MSN and (c) O@MSN. The zero of energy is set at the Fermi energy. Difference charge densities
indicated in the right panel of band structure blue and yellow colors refer to the gain charge and loss charge, respectively). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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and conduction band minimum (CBM) are still dominated by the same
states like in the case of the pristine MSN due to the very small contri-
bution of the H state in the energy range considered. Regarding F@MSN,
the Mo (d,» and d,>_,») with a small contribution of N (p.) states are
created around the Fermi level energy as compared to the MSN sheet.
The contribution of F states appears in the energy range from —8 eV to
—6 eV for the p,, states and from —6 eV to —4 eV for the p, states. The
VBM and CBM are still dominated by Mo states and the bandgap of this
structure is 1.5 eV (see Fig. 2(b)). Due to the higher electronegativity of
F atom as compared to the electronegativity of and Mo, Si, and N atoms,
a fluorine states perturb the spectrum due to the strong interaction,
resulting in the F states falling below the valence band edge of the MSN.
This will cause an electron from the MSN to occupy the lowest unoc-
cupied molecular orbital of F atom therfore the structure is a p-type
conducting. The O@MSN structure is a semiconductor with a direct
band gap of 1.35 eV at the I'- point. The VBM becomes flatter as
compared to the corresponding one of the pristine, H@MSN and
F@MSN. The VBM is dominated by O (py,) states and the CBM is
dominated by Mo states. The O states contribution appears in the energy
range from —7.0 to —4.3, at top of the VB (below the Fermi energy) and
in the CB at 2.1 eV. The CB is shifted towards the lower energy due to the
contribution of O states. The Fermi energy is located in the gap as in the
pristine structure. Therefore the type of O@MSN is a semiconductor.
The gain/loss charge mapping has been plotted in Fig. 2(c). It is obvious,
the charge gain of the O dopant is higher than for the others which can
be attributed to the higher electronegativity of O and N atoms.

4.2. Atomic doping effect

The MoSisN4 monolayer is substitutionally doped by As, Ge, and P
atoms at the Si site, and by F- and O-doping at the N site. The compu-
tational results are summarized in Fig. 3. The Ge, As, and P atoms in the
Ge-, As- and P-MSN, respectively, interact through sp2-hybridization and
form three ¢ bonds to neighboring N atoms of the MSN, inducing a
notable structural deformation perpendicular to the surfaces. The
calculated bond lengths of the Ge-N, As-N, and P-N are: 1.85 A, 1.90
Aand 1.68 A, respectively. The bond lengths and angles are dependent
on the sizes of dopants and have a small effect on the planar structures
due to the interaction between the sp-hybridization of the dopant atom
with neighboring Si atoms. The calculated bond lengths of O-Si and F-Si
are 1.82 and 2.25 A, respectively. As the atomic radius of the dopant
increases the bond length increases too. The formation energy (E")
substitutional defect, where the atom X (Si or N) is replaced by the atom
D, gives an indication which Y dopant is more likely to be of experi-
mental relevance than others; it is defined as:

Energy (eV)

Energy (eV)
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Ef = ploped L EX _ (ppristine 4 FD) where EdoPed EX EPristine and EP refer to the
total energy of MoSN with D dopant, isolated X atom, pristine structure,
and isolated D atom, respectively. We determine ES!, EAS, EG¢ EP from the
Si, As, Ge, and P isolated atom energy, respectively, while we assume EN,
E°, and EF to be the corresponding of the half the molecular energy. We
find the formation energies of As-, Ge-, P-, O-, and F-MSN are —16.03 eV,
—20.20 eV, —18.88 eV, —8.41 eV, and —2.24 eV, respectively. This re-
fers to the substitutional defects in the Si site are more stable structures
and Ge-MSN is the most stable one.

Now we are going to discuss the effect of dopants on the electronic
structure of MSN. Fig. 3(a) shows that the As-MSN has a magnetic
moment due to the asymmetric DOS for two spin components. We find
the magnetic moment is 1 y; because As has one more electron in the
outer shell as compared to Si. The midgap states for the spin up
component are created close to the Fermi energy. The As atom states are
dominated at 0.25 eV for the spin down component and in this midgap
states. This structure can be considered as a half-metallic (dilute-mag-
netic semiconductor). Computational results regarding doping at the N
site are illustrated in Fig. 3(b). Obviously, the structure is a semi-
conductor with an indirect band gap. We have determined the band gap
is 1.25 eV and the F states have contributions at the bottom of the CB and
at the top of the VB. Fig. 3(c) shows that the Ge-doped MSN is a semi-
conductor with a band gap of 1.75 eV. The VBM and CBM are still
dominated by Mo states. The Ge states have good contributions inside
the VB and CB. For O-doped MSN, the band structure is very similar to
the band structure of P-doped MSN with the same band gap and n-type
conducting behavior (see Fig. 3(d)). For P-doped MSN, Fig. 3(e), the
Fermi energy is shifted towards the higher energies and the P dopant
creates states around the Fermi energy so, the structure becomes n-type
conducting with a band gap of 1.75 eV. The bottom of the CB is domi-
nated by Mo states with a small portion of P states, while the VB is
dominated by Mo states only. The P states have a larger contribution to
the VB than to the CB. The difference charge density of the MSN doped
with As, F, Ge, O and P) is presented in Fig. 3(f). The blue and yellow
regions represent the charge accumulation and depletion, correspond-
ingly. Notice that the bond formation, charge accumulation, and
depletion regions can be clearly seen in Fig. 3(f). It can be seen that
electrons are depleted on the As and Ge dopants, whereas the majority of
electron enhancement has shown the charge transfer from As and Ge
doping atoms to the MSN monolayer. The charge transfer calculations
show that As, Ge and P lose 1.72 e, 1.9 e, and 3.22 e, respectively, while
O and F gain 1.64 e and 0.77 e, respectively, from the surrounding atoms
of the corresponding MSN doped structure. These observations indicate
a character of covalent bonding and chemisorption. The calculated work
function value is 5.19 €V, 4.09 eV, 3.17 eV, 3.12 eV, 5.23 eV for Ge-, As-,

47 pos PDOS

Fig. 3. Top and side views of optimized structure (left), electronic band structure (middle) and DOS/PDOS (right) of doped—MSN:3 (a) As-MSN atom, (b) F-MSN, (c)
Ge-MSN, (d) O-MSN, and (e) P-MSN. (f) Difference charge densities of the studied structures with isosurface value of 0.003 e/A". The zero of energy is set at the

Fermi energy.
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P-, O-, and F-MSN structures, respectively.

4.3. Vacancy defects

Next we explore the effect of vacancy defects such as Vg;, Vn, Vnisi
and Vy, on the MSN properties. The Ab initio molecular dynamics
(AIMD) simulation of the MoSioN4 monolayer with a single N vacancy,
as an example, shows that the structure could stay intact at 500 K with a
very stable energy and temperature profiles, indicating the thermal
stability of the MSN monolayer with a N vacancy (see Figs. S2(a-c),
Supplementary Information). The computed optimized atomic struc-
tures with the corresponding electronic band structure of vacancies are
demonstrated in Figs. 4(a-c). We discover that the Si and N atoms around
the vacancy do not undergo a Jahn-Teller distortion [72]. Notice also
the non-reconstructed MSN structures in the presence of the considered
types of vacancies. The calculated bond lengths of N-Si and Mo-N at the
edge of Vg; are 1.74 A. and 2.08 A, respectively. The computed work
function value is 4.36 eV, which is smaller than the work function value
of the pristine MSN (5.12 eV) [52,9]. The formation energy (E') gives an
indication which Y vacancy is more likely to be of experimental rele-
vance than others; it is defined as:E’ = Eveaney 4 EY _ppristne  where
Evacaney EY and EPisine refer to the total energy of MoSN with Y vacancy,
isolated Y atom, and of pristine structure, respectively. We determine
EMo(5i) from the Mo (Si) isolated atom energy, while we assume EN to be
half the molecular energy. We have determined the formation energies
of Vs;, VN, Vnusi, and Vy, are 24.27 eV, 11.34 eV, 12.15 and 16.15 eV,
respectively. This means that the Vy is by far the most stable vacancy
defect among the ones considered, followed by the Vn.si, Vmo, and Vg;
defects.

Clearly, the Vg; creates states at the Fermi level for the spin up
component only. These states are dominated by Si and N states, see the
Supplementary Information (Fig. S1(a)). Because of the asymmetric DOS
for the two spin components, the structure has a magnetic moment of 1
ug. This structure can be considered as a half-metallic and it is prom-
issing for spintronic applications (see Fig. 4(a)) due to the metallic state
at the Fermi energy for one spin component [73].

Fig. 4(b), exhibit the band structure of the MSN with Vy (VN-MSN).
The average bond lengths of N-Si and Mo-N at the edge of Vg; are 1.74
Aand 2.08 A, respectively, which are very similar to the corresponding
bond lengths in the case of Vg;-MSN. The work function value becomes
6.01 eV which is larger than the corresponding one of pristine and
Vsi-MSN due to the metallicity of the VN-MSN system. The asymmetry
between the spin up and spin down in the band structure induces a
magnetic moment of ~ 1 yg. The Mo states are dominant for the spin up
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component, while the N and Mo states are dominant for the spin down
component at the Fermi energy (see Fig. S1(a)). Due to the asymmetry of
the two spin orientations at the Fermi energy, this system can be used in
spin filter applications [74]. The last defective structure within the
studied configurations includes the double vacancy (Vs n). The bond
lengths of N-Si and Mo-N are very similar to the corresponding bond
lengths in the case of the Vy-MSN structure. The work function is 6.23
eV which is the largest value in this study indicating the metallicity
character of the Vg; y-MSN structure. The band structure, represented in
Fig. 4(c) is also similar to the corresponding one of the Vy-MSN structure
with higher concentration of N and Mo states at the Fermi energy (for
spin down component, Fig. S1(c)). The magnetic moment is determined
as ~ 2 eV due to the effect of the double vacancy. Therefore, the
Vsiin-MSN structure could be beneficial for spin filter devices.
Regarding the last vacancy in this study, Vyo, the created states at 0.5
eV and 1.2 eV decrease the band gap to 0.65 eV as compared to the
bandgap of the pristine structure (Fig. 4(d)). The Mo states are domi-
nated in the created states with a good contribution from Si states
(Fig. S3(d), Supplementary Information). The Vp,-MSN is a non-
magnetic structure. In order to analyze the magnetism, the difference
spin density of the MSN monolayer with different vacancy defects is
illustrated in Fig. 4(e). The blue and yellow regions represent the 1 and |
spin channels, respectively. The difference spin density is calculated
from the difference spin density between 1 and | spin channels. One can
conclude that the magnetism mainly originates from the vacancy atoms
in the MSN monolayer.

5. Conclusion

In summary, employing spin-polarized DFT, the effect of different
types of point defects on the structural, electronic and magnetic prop-
erties of MoSisN4 monolayer has been investigated. We considered H, O,
and F as adsorbed atoms, As, Ge, P as substitutionally doped atoms at Si
site, and O and F as substitutional doped atoms at N site, and Si, N, and
Si + N vacancies in this study. The structures of the H@MSN, O-MSN, P-
MSN are n-type conducting due to the created states at the bottom of the
conduction band. The As doped MSN, and defected structures with the
considered vacanciesy have a magnetic moment. The Vg;-MSN structure
is half-metallic and can be used in spintronic applications, while the V-
and Vg, n-MSN structures are metallic and they can be employed in spin
filter devices.

Energy (eV)

Fig. 4. Optimized atomic structures with corresponding electronic band structure of MoSi»N4 monolayer with (a) single N vacancy, (b) single Si vacancy, (c) N + Si
vacancies, and (d) single Mo vacancy defects. (e) Difference spin densities of the (a-c) studied structures. The blue and yellow regions represent the 1 and | spin
channels, respectively. The zero of energy is set to Fermi-level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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