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In this work, the density functional theory is employed to study the electronic and magnetic properties
of Y(Fe,Co,Mn,Ni) doped ZnX (X = S, Se) hexagonal monolayers. The transition metal dopants are
substituted in two different positions. The calculated results show that the magnetic properties of the
ZnX monolayer can be tuned by changing the kind and distribution of impurities. The Mn and Ni
doping does not show polarity and half-metallic property. In the structures doped with Fe and Co,
we observed the 100% spin polarity and half-metallic property. Our findings suggest that the doping
with the transition metals in this kind of monolayers is a suitable scheme for a future design of transition
metal dichalcogenides as a based target in technological applications.
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1. Introduction

With the development of smaller transistors in
the last decades, electronic technology has made
great strides. However, by reducing the size of tran-
sistors, scientists theoretically and experimentally
reached the size limit due to the quantum mechan-
ics limit. In order to continue the development,
there is a need of developing new materials with
suitable electronic properties that can replace the
silicon-based electronics used nowadays. Graphene,
a new two-dimensional (2D) material, as a single
layer of graphite, has become the focus of research
for producing breakthroughs in many areas over
the last two decades [1, 2]. Graphene has been
proposed for a variety of applications due to its
unique physical properties, especially as an alter-
native to silicon-based electronic applications [3—6].
However, graphene is not suitable for the fabrica-
tion of the field-effect transistors (used in logical
applications), due to its lack of an inherent band
gap [6-8]. This has led to a search for other two-
dimensional materials with a suitable band gap and
similar properties.

The graphene-like materials can show special
magnetic property when doped with magnetic im-
purities. For example, they can be semi-metallic,
semi-ferromagnetic or ferromagnetic semiconduc-
tors [9, 10]. Among the graphene-like inorganic
materials known to date, one of the best-known
representatives are monolayers of transition metal
dichalcogenides (TMDs). The TMDs are the
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materials of form MX, where M is a transition metal
e.g., Mo, W, V, Nb, and X is a chalcogen, e.g.,
S, Se, Te [8]. Among the two-dimensional TMDs,
some of them show a semiconducting behavior with
a band gap in the visible spectrum (e.g., MoS,),
which makes them suitable for field-effect transis-
tors and optoelectronics [8-11]. In order to find and
study the materials with proper electrical proper-
ties, a wide range of theoretical and experimental
methods is used. The most commonly used method
for theoretical calculations is the density functional
theory, DFT, a method where the electronic struc-
ture is described as a functional of the electron
density [12].

Recently, many theoretical and experimental
studies have focused on the magnetic properties of
graphene-like materials such as 1H-MoSy [13-16].
The bulk structure of MoSy is composed of two
molecular layers of MoSy with a trigonal prismatic
phase named as 2H-MoS;. The mechanical method
always leads to a 2D trigonal prismatic phase —
commonly denoted as 1H-MoS; — and found to be
a semiconductor with a direct 1.80 eV band gap, as
opposed to graphene’s zero energy gap. Thus, the
magnetic doping by adsorption or substitution be-
came an effective method of magnetism induction in
non-magnetic MoSs and similar compounds [17-20].
For example, magnetic interactions can be tuned by
carriers and strain. At the same time, it was found
that the sulfur S vacancies are related to the mag-
netic properties of MoSy [21]. These vacancies not
only affect the magnetic properties, but also change
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the density of the semiconductor carrier. Obviously,
S vacancies can affect magnetism when doped with
transition metals. Many studies have been reported
on each of these two findings [22-28]. However, it is
not clear how these two aspects interplay and what
is the influence of this interplay on the magnetic
properties.

In this paper, the DFT theoretical methods are
used to study the effect of group VIII transition
metals atom doping on the ZnX (X = S, Se) com-
pounds. Due to the fact that these compounds
have shown magnetic properties in various crystal
structures by adding impurities, they can be con-
sidered as a suitable option [29-32]. We design the
doped slab of a hexagonal structure of ZnX materi-
als to consider their electronic and magnetic prop-
erties using the first-principle calculations. This
study proposes a new idea of ferromagnetism as
a half-metallic material for spin valves and spin-
tronic applications.

2. Computational method

Our calculations are performed on the basis of
the spin polarized density functional theory as ap-
plied in the QUANTUM ESPRESSO first princi-
ples simulation package [33]. We have used the
PWscf code for solving the Kohn—Sham equations
self-consistently and obtaining optimized parame-
ters. The pseudopotentials are used to represent
the electron—ion interactions. We used ultra-soft
pseudopotentials with the generalized gradient ap-
proximation, GGA, in the exchange-correlation in-
teraction which proposed by Perdew, Burke and
Ernzerhof (PBE96) [34].

In these calculations, a 4 x 4 x 1 ZnX super-
cell structure containing 16 atoms of Zn and X
(X =S, Se) was constructed as the pristine model.
Moreover, a vacuum region of 10 A was added along
the ¢ direction to minimize the interaction between
the adjacent periodic images. The cutoff energy for
the plane-wave expansion is set to be 250 eV after
extensive convergence analysis. The Brillouin zone
(BZ) is sampled using 3 x 3 x 1 gamma-centered
Monkhorst—Pack grid. The valence electron config-
urations in these calculations are 4p®4d®5st, 3s23p?,
45%4p*, 3d%4s%, 3d"4s%, 3dB4s2, 3d°4s? for Zn, S, Se,
Fe, Co, Ni and Mn, respectively. All of the arrange-
ments are fully relaxed during the structural relax-
ation, the energy convergent criterion is 1076 eV
per unit cell and the forces on all relaxed atoms are
less than 10™* eV /A.

3. Results and discussion

3.1. Optimized geometric structure

In this work, the focus is on the hexagonal struc-
ture of the ZnS and ZnSe compounds, which are
impure by the elements of group VIII transitional
metals. To simulate the doped transitional metal
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Fig. 1. Top (a) and side (b) views of the supercell
configuration for the doped 4 x 4 x 1 ZnS mono-
layer by the Fe atom dopant on the top of the
supercell.
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the Fe atom dopant on the top of the supercell,
black solid and red dashed lines, is related to spin
up and spin down states, respectively. Both the
spin up and spin down channels have an energy gap
around the Fermi energy.

structures, a 4 x4 x 1 supercell was adopted. In pre-
liminary efforts, we considered various structures
and scenarios, including placing the doping atom
on top of the structure. For instant, in one sce-
nario, we placed the Fe atom above the surface of
the hexagonal monolayer structure (Fig. la and b).
This atom was placed 4 A above the S atom. The
structure was optimized by minimizing the applied
force. The calculated DOS of this structure is shown
in Fig. 2. Both the spin up and spin down chan-
nels have an energy gap around the Fermi energy.
Also, supercell magnetization of this system was
equal to 2up. As a result, the structure was consid-
ered a magnetic semiconductor [13, 29]. Because
our purpose was to achieve structures with half-
metallic properties, this scenario was set aside for
future studies. We further opted for the substitu-
tion as the main focus of our search for half-metallic
structure (see Fig. 3).

As shown in Fig. 3, one Zn, S or Se atom was
replaced by one transitional metal atom with the
doping concentration of 6.25%. The geometrical
structures and atom positions were fully relaxed.
The four elements of Fe, Mn, Co and Ni have been
added separately in two spatially different positions.



The optimized parameters for pure ZnS, ZnSe and the doped monolayers in different configurations.
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TABLE 1
The total

energy, formation energy, Fermi energy, total magnetic moment and half-metallic energy band gap are shown.

Doped atom | Configurations Position of Eiot [Ry] | Etorm [eV] | Er [eV] | Mot [1B] | Eg—nait [€V]
doped atoms
ZnS-doped
- ZnS - —2353.8 - —0.9636 0.00 -
Fe Zni15FeS16 A —2282.9 —36.34 —0.5769 4.00 0.777
ZnieS15Fe D —2388.7 —103.84 —0.0554 2.00 1.536
Co Zn15CoS16 A —2301.5 —44.00 —1.3648 3.00 0.124
Zn16515Co D —2407.4 —89.01 —0.4670 1.00 0.942
Mn Zni15MnSq6 A —2436.4 —101.91 —0.7934 5.00 -
Zni6S15Mn D —2542.2 —232.6 —0.2711 3.00 -
Ni Zn15NiS16 A —2313.0 —48.75 —1.3458 2.00 -
Zn16S15Ni D —2418.9 —166.6 —0.3911 0.00 -
ZnSe-doped
- ZnSe - —2326.1 - —0.3860 0.00 -
Fe ZnisFeSeqs A —2255.3 —36.33 —0.4993 4.00 0.643
ZnisSe1sFe D —2362.8 —99.92 0.0249 2.00 1.397
Co Zn15CoSeis A —2273.9 —43.99 —1.1396 3.00 -
Zni6Se15Co D —2381.5 —107.6 —0.3549 1.00 1.011
Mn Zni5MnSess A —2408.5 —101.89 —0.3909 5.00 -
ZnieSe1sMn D —2516.3 —165.46 —0.1065 3.00 -
Ni Zn15NiSeqs A —2285.4 —48.75 —1.1890 2.00 -
Zni6Se15Ni D —2393.1 —122.39 —0.1572 0.00 -
(a) a slight lattice distortion owing to the 3d TM sub-
\ C stitution. The distortion is due to a smaller ion
\Y Y b d \?\ ‘9’ Y L \,\\ radius of 3d TM substitution than Zn, S, and Se.
Y Y b 3 \9)\ \Y j ?\ The obtained total energies per chemical for-
\ L 2R 4 ‘9’ mula as a function of lattice constant are illustrated
L 4 \v;\ \ Y v Y V'\ in Fig. 4. When the lattice constant of ZnS is
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Fig. 3. Top (a) and (b), and side (c) views of the
supercell configuration for the doped 4 x 4 x 1 ZnX
monolayer. Two different configurations of dopants
are taken into account in this work with the marked
positions of A and D.

These two positions are also shown in Fig. 3. The
site A represents the position of the Zn atom,
and the D site represents the S or Se atoms,
where the dopant atoms are substituted in all
of them separately. We used force minimization
with 107* eV /A convergence limits to optimize the
structure. All doped systems maintain in the orig-
inal structure-type of ZnX monolayer, albeit with
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3.8 A, and of ZnSe is 3.98 A, then the energies
are minimized. The minimum total energy shows
that the structure reaches a steady state and, the
applied force to the atoms in the structure is the
lowest. The minima of the total energies per chem-
ical formula for all stable configurations are given
in Table I.
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Fig. 4. Total energy of ZnS and ZnSe versus the

lattice constant in the pure case.
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In order to consider the stability of the given
structures, we performed the calculations related to
the formation energy [35] according to:

Eform = Edoped - Epure + Hhost — Hdoped; (1)
where Egoped and Epure represent the total ener-
gies of the transitional metal doped ZnS (ZnSe)
monolayer and the pure monolayer, respectively.
Also, phost and fidoped are the chemical potentials
for the Zn (S) hosts and the transitional metal
dopant atoms, respectively. All formation energies
are listed in Table I.

3.2. Electronic properties
of ZnX (X=S, Se) monolayer

In order to determine the initial properties of the
ZnS and ZnSe compounds without a dopant, first
we performed the calculations of their electronic
structure. To have better insight into the mag-
netic behavior, the density of states (DOS) of both
monolayers is shown in Fig. 5. As indicated by blue
dotted lines, the Fermi level is set at zero energy
for easier identification of the band gap [36] and
the relative position of the states from the impurity
atoms.

The density of states shows the semiconductor
property for the undoped ZnS and ZnSe since there
are energy gaps in two spin channels. On the other
hand, according to Table I, their total magnetic
moments are zero and they do not show magnetic
properties in general. Also, the valence band max-
imum is at (E — Ey) value, i.e., —2.2 eV for ZnS
and —2.0 eV for ZnSe (where Ey is the Fermi en-
ergy). This is mainly due to electronic transitions
between the 3d orbitals of Zn and the 3p orbitals of
S and Se. The other peaks from —1.0 to —2.2 eV
and —0.7 to —2.0 eV for ZnS and ZnSe are also
associated with the 3p orbitals of S and the 4s
orbitals of Zn. The precise mirror symmetry be-
tween the spin up and spin down states indicates
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Fig. 5. Densities of states of ZnS and ZnSe mono-

layers, black solid and red dashed lines, are related
to spin up and spin down states, respectively.
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Fig. 6. The calculated partial DOS of the Zn and

the S (Se) atoms in the pure ZnS and ZnSe nano-
sheet.

the non-polarized and non-magnetic nature of un-
doped structures. According to the structural sym-
metries and orbital overlap of s with p, see Fig. 6,
the sp? hybridization has been formed. Broadening
of these two orbitals (s and p) in the same range
of energy confirms this result, as mentioned in [36].
In this monolayer form of ZnS and ZnSe, the sp*>—p
bonding orbital is the total orbital that shows the
overlapping of sp? hybridized orbital of S (Se) and
Zn atoms with the p, orbital of sulfur atoms.

3.3. Electronic and magnetic properties
of doped ZnX monolayer

In order to investigate the magnetic properties of
doped ZnS (ZnSe), first principle calculations were
performed for all doped structures. The goal is to
find 100% spin polarized materials. These types of
materials have two necessary conditions that must
be met simultaneously: (i) they have a magnetiza-
tion with an integer number of Bohr magneton ug,
(ii) an energy gap in only one of its spin chan-
nels, which confirms the half-metallic feature. Since
the spins of the conducting band cannot easily flip
to the valance band, the larger energy gap results
in the better polarization quality of the material.
With these two conditions, we try to introduce the
half-metallic materials that have 100% polarization
and are widely used in spin valves and spintronic
manufacturing.

The fully relaxed lattice constant of ZnS and
ZnSe monolayers is 3.822 A and 3.980 A, respec-
tively. Doping atoms in ZnS and ZnSe are intro-
duced by replacing a single host atom in the pris-
tine system. In this paper, we mainly consider the
transitional metal atoms as impurities to substitute
instead of the host Zn, S or Se atoms. In one
of the configurations, for the doped ZnS, the Zn
atom is replaced by an impurity atom, represented
as Zni5YS16 (Y = Fe, Co, Mn, Ni) in each su-
percell. In the other, for the doped ZnS, the S
atom is replaced by an impurity atom, represented
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Fig. 7. Densities of states of the Fe-doped ZnS
monolayer in two positions, black solid and red
dashed lines, are related to spin up and spin down
states, respectively.

as Zn1S15Y (Y = Fe, Co, Mn, Ni). Also, the two
configurations for the doped ZnSe are presented, in-
cluding Zn;5YSe1s and ZnigSe;5Y by replacing the
Zn and Se atoms, respectively.

Figure 7 shows the DOS of the Fe-doped ZnS
structure (S and Zn substitution). The graphs
show that in the two configurations, in the up-
per spin channel there is a band gap around the
Fermi energy. The values of these energy gaps are
given in Table I. The graphs also show that in the
A position, the density of states in the spin down
channel at the Fermi energy level is much lower
than in the D positions where the S atoms are re-
placed by the Fe atoms in the monolayer and we
see a stronger polarization in the D positions. Ac-
cording to Table I, the amount of the energy gap in
position D is larger than the other and shows the
significant value of 1.536 eV. Also, the total mag-
netization due to the presence of Fe atoms in the
structure is 4 pug for A and 2 pgp for the D positions
and hence all of these systems are ferromagnetic.
Although the total magnetization of A position is
larger than D, due to the significant asymmetric
DOS in D, the polarization is stronger due to the
larger asymmetry in its DOS. In these configura-
tions, the largest deformation is related to the Fe
atom which can be found from visualizing the opti-
mized structure. This deformation, in fact, removes
the degeneracy of the 3d orbitals of the Fe atom,
and leads to the formation of the localized hydride
states near the valance bands. As expected, the Fe
dopant is the main contributor to the total magnetic
moment [13].

We observed similar results over using Co impu-
rity, see Fig. 8. Different levels of asymmetry and
spin splitting occur in this doping structure and re-
sult in ferromagnetism property. The DOS of the
spin up electron near the Fermi level is zero, which
shows that this spin direction has a semiconducting
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Fig. 8. Densities of states of Co-doped ZnS mono-

layer in two positions, black solid and red dashed
lines, are related to spin up and spin down states,
respectively.

character. With doping Co as an impurity, the DOS
at the spin down at the Fermi level is significant, al-
though the half-metallic energy gap is smaller than
Fe-doped structures. However, the D configuration
shows stronger polarization with a wider gap com-
pared to the A configuration. The magnetization
for A configuration is 3 pp and for D configura-
tion is 1 up (Table I). The results are in qualitative
agreement with some results in [37].

Unlike the Fe case, the strong interaction between
the Co and Zn or Co and S pairs leads to the forma-
tion of a localized impurity state near the valance
bands. The reduction in the magnetic moment can
be attributed to the pairing of the electrons in this
mixed orbital. In other words, the magnetic prop-
erties of the Co-doped system depend on the com-
petition between the ligand field splitting and the
Hund coupling [38].

Unexpectedly, different results are obtained when
Ni and Mn atoms are doped in ZnS. As can be
seen in Fig. 9, these structures do not have any
half-metallic properties, rather they show a semi-
conductive behavior (i.e., a significant bandgap).
Table I shows the calculated total magnetization
for these compounds. The spin up and spin down
channels in the D position of the Ni-doped struc-
ture are entirely symmetric. According to the zero
value of magnetization for Ni in the D configuration,
this compound shows a non-magnetic semiconduc-
tor structure. In the other configuration (A), the
total magnetic moment of the pure nanosheet in-
creases to 2 up, due to doping the Ni atom but with
a very low level of polarity. During our calculations,
we found that the Zn15Mn816 and ZII15MD8616
compounds in configuration A have a high order
of the net magnetic moment of 5 up. Since one of
the two necessary conditions of half-metallicity is
not observed in other three positions, they are not
half-metals but are magnetic semiconductors [39].
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All of the calculations related to the ZnS mono-
layers with the impurities of Fe, Co, Mn and Ni in
two positions A and D are repeated for the ZnSe
monolayers. All the explanations mentioned above
for the structure of ZnS can be repeated for the
structure of ZnSe. For the Fe-doped ZnSe, similar
results as for the ZnS structure are obtained and
the half-metallic energy gap in these positions is
slightly smaller. The total magnetization did not
change, see Fig. 10. Half-metallic properties have
been observed for the D configuration with more
stable polarization.

In Fig. 11, the DOSs of Co-doped ZnSe are pre-
sented for two spin channels and many changes are
observed as compared to the ZnS monolayer. When
the Co atom is doped in the ZnS monolayer, both
positions, A and D, show magnetic properties but
the half-metallic property is seen only in the D po-
sition, and there exists a magnetic semiconductor
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property in the A position. Although this structure
has an integer magnetic moment greater than 1 up,
it does not have 100% polarization and cannot be
counted as a half-metal.

Since in Mn- and Ni-doped ZnSe monolayers,
for both spin up and spin down channels, there
is an energy gap, they do not show the half-
metallic property and are considered as semicon-
ductor, see Fig. 12. Similar to the D position of
Ni-doped ZnS, also the total magnetization of Ni-
doped ZnSe is zero and the system is not magne-
tized. In Fig. 13, the diagrams of total magnetiza-
tion against the contribution of the supercell atoms
containing the D position are plotted for all impuri-
ties in the ZnS monolayer. As shown, the total mag-
netization entirely belongs to the doping atoms and
other atoms have no role in magnetization. On the
other hand, according to the orbital structure and
partial density of states related to the impurity
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Fig. 14. Partial DOS of the Zn, S and Fe atoms in
the ZnS-Fe supercell in the D position.

atom, there are extra electrons that contribute to
total magnetization. For example, there are four
electrons in the d orbital of the Fe atom which play
the main role in magnetic property. Therefore, this
argument can be generalized to other TM impuri-
ties, and the magnetic strength changes according
to the number of free electrons in the d layer.

The magnetic properties mainly depend on the
correlation between the defective bands. On the
other hand, due to partial DOS of ZnS-Fe (as an ex-
ample) in the D position (see Fig. 14), magnetic
property is mainly related to the 3d orbital of the
Fe atom rather than others. One can guess that
the interaction between four free electrons of the d
orbital leads to a spin cloud and induced magnetic
properties in the structure. This description can be
generalized to other structures. In other words, be-
cause of the coupling between the d orbital of the
unsaturated Zn atoms and orbitals of the impurity
atom, ZnS-Fe possesses a net magnetic moment.

685

4. Summary

In this work, the geometrical structure, formation
energy, electronic and magnetic properties of Fe,
Co, Mn and Ni doped in two positions of a hexago-
nal monolayer slab of ZnX (X = S, Se) were inves-
tigated by first principles calculations. All of the
structures are stable. Our results show, when the Fe
atom is doped in ZnS or ZnSe monolayer as an im-
purity in place of Zn or S (Se), that the structures
possess a half-metallic property. When we doped
the Co atom in both positions of the ZnS and ZnSe
structures, it was observed that in both ZnS struc-
tures (A and D) and only in the D position of the
ZnSe monolayer (where we replace the Se atom), the
half-metallic property was observed. These struc-
tures have 100% polarization and are useful for
spintronic applications. In other cases, semiconduc-
tor properties can be seen, although they also have
magnetic properties. However, when the Mn and Ni
atoms were used as doping impurities in the struc-
tures, the compounds became semiconductor and
they could not be recommended for applications in
the spintronic applications as a half-metallic mate-
rial. The presented results can serve as useful hints
for experimental efforts.
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