Int. Jnl. of Multiphysics Volume 12 - Number 3 - 2018 221

Structural, Electronic and Magnetic
Properties of Silicene Substituted with
Monomers and Dimers of Cr, Fe and Co

M. Davoodianldalik, A. Kordbacheh*

Materials Simulation Laboratory, Department of Physics,
Iran University of Science and Technology, Tehran, Iran

ABSTRACT

Extensive full-potential density functional theory calculations were
performed to investigate the structural, electronic and magnetic properties
of silicene substituted with monomers and dimers of Cr, Fe and Co atoms.
Different concentrations of monomers between 1 and 12 percent were
considered. The structures substituted with all concentrations of Fe were
metal and showed magnetic properties. The structures substituted with Co
and Cr were half-metal or metal and, surprisingly, silicene substituted with
1.4 percent Co did not show a magnetic moment. Homonuclear and
heteronuclear dimers of the above atoms were investigated for two
different substitution positions in silicene. The structures showed metallic or
half-metallic properties and a range of magnetic moments from O to 6 p;.
This variety of electronic and magnetic properties suggest that metal-
substituted silicene materials could play essential roles in nano-electronic
devices in fields such as spintronics.

1. INTRODUCTION
More than a decade has passed since the discovery of graphene [40]. During this period of
time, the advantageous and unique properties of graphene have been investigated, and
atomically two-dimensional (2D) materials have arisen as a subject of research in nanoscale
materials science. Silicene, on the other hand, is the graphene equivalent of silicon with a
buckled crystal structure due to sp3 hybridization. Silicene has attracted considerable attention
from scientists and engineers as an alternative to graphene, primarily because of the
compatibility of silicene with current silicon-based electronic devices. The first hints of the
possibility of fabricating silicene (as nanoribbons) on silver substrates were provided after a
few fairly obscure theoretical studies on silicene and its general properties [2,11,15,28,52].
Some of the remarkable properties of silicene revealed by theoretical and experimental
investigations include: large spin—orbit coupling at the Dirac point of 1.5 meV [8,33,34], in
contrast to that of graphene (24 peV) [1,17]; quantum spin and quantum anomalous Hall
effects [12,33,45]; electrically tunable band gap [7,10,39,58]; transition from a topological
insulating phase to a band insulator under electric field or strain [13,31,56]; and tunable band
gap under strain [9,10,21,38,39,43,44].

The 2D nature of silicene makes it possible to tune its characteristics to introduce
impurities such as adsorbing or substituting atoms. In numerous investigations, defects have
been patterned into silicene to modify the electronic and magnetic properties of the structure
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or enhance the diversity of attainable properties. The functionalization of silicene has been
shown to significantly influence the band structure and magnetic properties of the system
[6,14,16,20,30,53,54,59]. For instance, when non-magnetic silicene is half-hydrogenated,
it changes into a ferromagnetic semiconductor [59]. Moreover, the metal atoms interact
strongly with silicene because of its buckled hexagonal structure. This interaction depends
on the type and atomic radius of the adatom; thus, silicene can exhibit the behavior of a
metal, half-metal or semiconductor [32,47]. Lin et al. found that when the silicene surface
is functionalized with adatoms like Li, Na, k, Ca, Co, Ni, Pd and Pt, a large binding energy
is obtained compared to the cohesive energy of the bulk metal. Au and Sn bind strongly and
covalently to silicene, whereas their binding with graphene is weak. This binding energy is
appropriately ionic for the adatoms of alkali metals on silicene [18,47]. The substitution of
Si by B, N, Al or P atoms in silicene nanoribbons has been shown to result in ferromagnetic
character of the system, which can be attributed to the perturbation of p and p* states
localized at the doped edges [23,35,36,60,61]. Furthermore, the adsorption of homonuclear
and heteronuclear dimers has been shown to result in exotic physical properties. B. Mohan
et al. showed that while the adsorption of homo-dimers of B, C and N results in
semiconductor behavior, the hetero-dimers of B-C and C-N produce metallic behavior, in
contrast to the absorption of B and N monomers, which does not result in band gap opening
[37]. In a theoretical study, H. Johll et al. carried out density functional theory (DFT)
calculations to study the adsorption site configuration and stabilities, magnetic moments
and band structures of ferromagnetic elements Fe, Co and Ni as adatoms and homonuclear
dimers adsorbed on silicene; they found that the adsorption energies of the above elements
were greater compared to on graphene [22]. In addition, they observed a small band gap
induction from the adsorption of the metal adatoms on silicene, with Co adatom having the
largest spin-polarized band gap.

As traditional 3d magnetic elements, Cr, Fe, Co and Ni have attracted considerable interest
in recent years because of their enhanced magnetization diversities, high spin polarization,
strong binding as adatoms with 2D materials, and so on, making them a potential material
candidate for use in data storage and spintronic applications. These metals are economical
and, because of their degree of spin polarization, can supply spin-polarized carriers. Although
few theoretical studies have been carried out on the electronic and magnetic properties of
single silicene layers with adsorbed monomers and dimers of these atoms, the variety of their
applications necessitates more investigations. In this paper, we present a DFT study of
traditional metal atoms, Cr, Fe and Co, embedded as monomers and dimers in monolayer
silicene. To provide a comprehensive comparison, all possible configurations of the atoms
have been investigated, and different concentrations between 1 to 12 percent have been
considered for the monomer substitution of these three atoms in silicene. The substitution of
dimers has been investigated in two different positions: interlayer and intralayer. The paper is
organized as follows. The computational methods are described in Section 2. The electronic
and magnetic properties of monomer-substituted structures are presented in Section 3. In
Section 4, the dimer-substituted structures are investigated. The results are summarized in
Section 5.
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2. COMPUTATIONAL METHODOLOGY
We employed spin-polarized DFT with the WIEN2k code, which is based on the full-potential
linearized augmented plane wave plus local orbitals approach [3]. Electronic exchange-
correlation effects were simulated using the generalized gradient approximation (GGA) of
Perdew, Burke and Ernzernhof (PBE)[42]. The potential and charge density of the full
potential were expanded by spherical harmonics inside the muffin-tin spheres and by plane-
wave basis sets in the interstitial region. The Brillouin zone sampling was performed using an
18 x 18 x 1 Monkhorst-Pack grid for self-consistent calculations. All atomic positions were
optimized by minimizing the total energy and atomic forces to 10-7 Ry and 1.0 mRy/au,
respectively. The plane-wave cut-off value and Fourier expansion value were chosen to be 12
Ry and 144 Ry, respectively.

To obtain structures with different concentrations of one impurity atom, we substituted
Cr, Fe and Co atoms in supercells with 8 (2 x 2), 18 (3 x 3), 32 (4 x 4), 50 (5 x 5) and 72 (6
x 6) atoms. For monomer substitution, one Si atom in the supercell was replaced by one
impurity atom. For the substitution of dimer compounds, a 4 x 4 supercell (30 Si atoms and
two impurity atoms) was chosen. The monomers and dimers of impurity atoms were displaced
slightly away from the high-symmetry sites to avoid the local minima.

To avoid interaction between silicene layers, a vacuum layer of 29 Bohr was added normal
to the silicene plane in the Z direction.

3. MONOMER SUBSTITUTION

Pure silicene has been reported to have a buckling height of 0.43 to 0.54 A, and the Si-Si bond
length is between 2.25 and 2.29 A [4,19,26,32,34,41,46]. The freestanding silicene in these
calculations had a buckling height of 0.48 A and an Si-Si bond length of 2.26 A.

First, different concentrations of impurity atoms were considered. One impurity atom was
substituted for one Si atom, and the structure was relaxed. Because of the special geometry of
silicene, local minimization may occur. Thus, the impurity atom was added from both sides
of the silicene plane (at the top and bottom of the removed Si atom), and the relaxed structure
with minimum energy was chosen.

The typical atomic configuration of silicene substituted with one impurity atom is shown
in Figure 1. Since the covalent radii of transition metal (TM) atoms like Cr, Fe and Co are
larger than that of Si, the substituted atoms are displaced from the silicene layer. This behavior
has also been observed in TM-substituted graphene [25,27,50,55].

The formation energies were calculated as below:

Ef = Egoral — Nj X Ej — Ng; X Eg;

where E; is the formation energy, E.,: is the total energy of the relaxed structure, N; is the
number of impurity atoms in the supercell, E; is the energy of the impurity atom(s), Ng; is the
number of silicon atoms in the supercell, and Eg; is the energy of one silicon atom. The
stabilities of these structures are an important topic for fabrication and application in silicon-
based electronics; in this paper, the properties of the stable structures are investigated.

The TM-Si lengths, buckling height, formation energies and total magnetic moments
(TMMs) of silicene structures substituted with different concentrations of Cr, Fe and Co are
shown in Table 1.
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Figure 1 Substitution of an impurity atom in a silicene plate

Table 1 Properties of silicene structures substituted with different concentrations
of Cr, Fe and Co

(Sltr;l;fjtﬁg Impurity  Formation TM-Si length Bugkling ;\r/loe:g:letic
percent %) atom Energy (Ry/atom)(A) Height (A) Moment (jt,)
2in2 Cr -0.2995 2.26 1.12 2
(12.5) Fe -0.2812 2.21 1.21 2.2
Co -0.2773 2.19 1.16 1
3in3 Cr -0.2891 2.26 1.52 2
(5.5) Fe -0.2801 2.19 1.26 0.3
' Co -0.2806 2.19 1.13 1.3
4ina Cr -0.2741 2.25 1.88 2
(3.1) Fe -0.2503 2.2 1.43 0.5
' Co -0.2787 2.19 1.17 1
5in5 Cr -0.2445 2.26 1.98 2
@) Fe -0.2555 2.18 1.72 0.6
Co -0.2617 2.17 1.15 0.4
6in6 Cr -0.2107 2.26 1.777 2.1
(1.4) Fe -0.1533 2.20 1.64 0.8
' Co -0.1103 2.21 1.63 0

A glimpse at the table reveals that the buckling height for Co does not change significantly
with Co concentration, while for Fe and Cr, it increases with the structure dimensions. Among
these three transition metals, the structures substituted with Cr are more buckled. The bond
lengths between these impurity atoms and the nearest-neighbor Si atoms do not change
dramatically with concentration, and Cr has the biggest Si-M distance. The TM-Si bond
length and elevated height of the impurity monomers in the silicene layer generally reflect the
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size of the TM atom. In the structures with Cr as the impurity atom, only the substituted Cr
atom was removed from the structure. In contrast, for the other impurity atoms, nearby Si
atoms came out along with the substituted atom. Compared with Co-substituted graphene [48],
the Co-Si bond length in silicene is approximately 0.4 A more than that in graphene, likely
because of the larger atomic radius of silicon atom. In general, the Si-M bond lengths in
silicene with substituted metal atoms are smaller than those in metal-adsorbed silicene (Table
2).

Table 2 Average TM distance to the nearest Si(C) atoms in adsorbed and
substituted silicene and graphene from different references and this work

Metal-Added Metal-Added  Metal-Substituted = Metal-Substituted
graphene [23] ([5]) Silicene[22,24] Graphene[27] Silicene

Cr - 2.3 2.02 2.25

Fe 1.54 (2.11) 2.3 1.96 2.2

Co 1.51(2.10) 2.3 1.94 2.19

Investigation of the formation energies for the substitution of different concentrations of
monomers shows that the Cr-substituted structures have the highest formation energies among
the three TMs, and formation energy decreases from Cr to Co. The hybridization with the
silicone vacancy states near the Fermi energy level is reduced as the 3d shell becomes
occupied and moves towards lower energy, thereby decreasing the binding energy. For
different impurity concentrations, the formation energy increases as concentration increases
(for clarification, the formation energies are shown in Figure 2). The formation energies found
in this study are larger than those for smaller atoms like B, N or P [51]. These considerable
formation energies indicate strong interactions between the TM atoms and their nearest-
neighbor Si atoms.

The up and down band structures of the silicone substituted with different concentrations
of Cr are shown in Figure 3 as an example. The general schematic of the band structure for all
impurity atoms is the same; with decreasing impurity concentration, the effect of the TM
atoms on the properties of the structure is reduced, and the structures show more similar
schemes. This is not true for graphene, which is less dependent on the size of the supercell
[49]. The crossing band of pure silicene at the K symmetry point is removed for these
monomers because of the strong interaction with the d states of the metal atoms.

For all Fe concentrations, the Fe-substituted structures are metal and high concentration
(5.5 and 12.5 percent) of Cr-substituted structures are half-metal. Although GGA DFT is
known to underestimate band gaps, some of the above half-metal structures may be
categorized as non-metal in nature. The interesting point of these band structures is that in the
low concentration (1.4 and 2 percent) of Fe and Co, there is a transport middle band at the
Fermi level, which can be used as special electronic and spintronic devices.

For the adsorption of Cr, Fe and Co atoms to silicene, the preferred position is hollow site
on top of silicone hexagons, and the structures with Cr, Fe and Co atoms are half-metal,
semiconductor and metal, respectively [47]. In another study [22], the Fe- and Co-adsorbed
structures were found to be non-metal with small band gaps of approximately 0.04 and 0.7 eV
(0.06 and 0.28 eV for minority spins) at the k-point, respectively. However, when these atoms
are substituted into a 4 in 4 silicene structure, they show metallic properties.

We also present the total and partial density of state (PDOS; major and minor) for all
concentrations of Co impurities. The PDOS analysis of all concentrations of Co impurities
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revealed strong hybridization between the substituted atom and the nearby Si atoms of the
sheet, resulting in the deformation of the Dirac cone of pristine silicene. These metal atoms
drastically modify the silicene electronic structure, and the states around the Fermi level
mainly arise from the d orbitals of substituted 3d atoms. In graphene, when cobalt or iron
atoms are added to graphene as adsorption atoms, the DOS opens a gap of approximately
0.2 eV for the majority spin but remains continuous for the minority spin [5]. For Cr- and
Fe-embedded graphene, the structures have small band gaps; for Co-embedded graphene,
the structure band is spin polarized and have a little gap for minority spins[49]. As stated
earlier, for the adsorption of Cr, Fe and Co on silicene, the structures are half-metal,
semiconductor and metal, respectively [47].

The investigation of the TMMs of the silicene structures indicated that the TMMs of the
structures with Cr impurity atoms were approximately 2 ug for all concentrations. The Cr-
substituted structures had the largest Si—-M distances for all tested concentrations. The effect
of Cr absorption did not change significantly with Cr concentration. In fact, for Cr, the non-
bonding 3d levels become populated, giving rise to strong localized d character and a 2-ug
spin moment. At concentrations of 3 to 12 percent, Co Impurities induced TMMs of
approximately 1 ug; the TMM decreased to almost zero at the Co concentration of 1 percent,
and the characteristic silicene states were maintained at the low impurity concentrations. This
behavior is similar the report of lan et al., who found that TMM changed between 0 and 1 ug
for different positions [29]. The TMMs of structures containing Fe impurity atoms were less
than 1 pp, in agreement with the work of Zheng et al. [62,63].
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Figure 2 Formation energies of silicene substituted with different concentrations
of Cr, Fe and Co
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Figure 3 Band structures for silicene substituted with different concentrations of
Cr

4. DIMER SUBSTITUTION

Dimer substitution results in more complex structures compared to monomer substitution.

Dimers can be homonuclear or heteronuclear (as described in the next parts), and the

substitution positions of these dimers in silicene can be different. For dimers of impurity

atoms, the following two different dimer positions in a 4 in 4 supercell have been
considered:

1) In-plane (intralayer) substitution where two impurity atoms substitute for two silicone
atoms, and each atom of the dimer binds to the two nearest Si atoms of the silicene plate
(Figure 4). Table 3 presents the formation energies, average TM-Si bond length, buckling
height and metal type of the intralayer dimer-substituted silicene structures.

2) Normal (interlayer) substitution where two impurity atoms substitute for one Si atom
perpendicular to the silicene plane. In this structure, each atom of the dimer can bind to
the three nearest Si atoms (Figure 5). In addition, because of the buckling height of
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silicene, there are two different permutations of the two atoms of one heteronuclear dimer.
This means that the exchange of the two impurity atoms of a dimer are not equivalent;
accordingly, in perpendicular form, there are a total of six different structures for
heteronuclear dimers and three different structures for homonuclear dimers. The properties of
interlayer dimer-substituted silicene structures are presented in Table 4.

Figure 4 Intralayer substitution of a dimer in silicene

Table 3 Formation energies, average TM-Si bond length, buckling height and the
metal type of intralayer dimer-substituted silicene (M: metal; H: half-metal)

Formation . . Magnetic
Hggé)é?etero Dimer Energy -Il_—mgfr; A) ﬁgf;r:'tn(g’&) Moment Metallicity
(Ry/atom) (1p)
Cr-Cr  -0.2548 2.27 1.22 0 M
Homonuclear Fe-Fe  -0.2365 2.21 1.23 5 M
Co-Co -0.2186 2.12 0.18 2.9 M
Fe-Cr  -0.2419 2.23 1.23 2 M
Heteronuclear Co-Cr -0.2411 2.26 1.65 3 H
Fe-Co  -0.2390 2.8 1.81 3.3 M

Figure 5 interlayer substitution of a dimer in silicene



230 Structural, Electronic and Magnetic Properties of Silicene Substituted with Monomers
and Dimers of Cr, Fe and Co

Table 4 General properties of interlayer dimer-substituted silicene (Cr, Fe and Co).
Dimer notation is A-B sign, where A represents the down impurity atom, and B is
the up impurity atom (M: metal; H: half-metal)

Homo/Hetero- . Formation Average Buckling Magnetic -
Nuclear Dimer Energy TM-Si Height (A) Moment Metallicity
(Ry/atom)  Length (A) (up)
Cr-Cr  -0.2673 2.35 1.97 2 H
Homo Fe-Fe  -0.2744 2.23 2.07 6 H
Co-Co -0.2751 2.24 2.40 1 M
Cr-Fe  -0.2595 2.29 1.94 4 H
Fe-Cr  -0.2646 2.29 1.97 4 H
Hetero Cr-Co -0.2725 2.28 2.07 3 H
Co-Cr -0.2601 2.29 2.08 4.2 M
Fe-Co -0.2514 2.23 2.17 3.7 M
Co-Fe  -0.2755 2.24 2.37 3.1 M

4.1. Homonuclear dimers

The average Si—M bond lengths of the silicene structures substituted with one impurity atom
are 2.25, 2.2 and 2.12 A for Cr, Fe and Co, respectively. When two similar impurity atoms
are substituted for two silicon atoms to form an intralayer homonuclear dimer, the average
Si-M bond length become 2.27, 2.2 and 2.12 A for Cr, Fe and Co, respectively. This is
because of the dimer bonding length, which increases from Cr to Co, pushing impurity
atoms nearer to silicon atoms. In the interlayer homonuclear dimers, the average Si—-M bond
lengths for the up and down atoms of the dimers are similar (difference less than 0.05 A);
the bond lengths are approximately 2.35, 2.23 and 2.35 A for Cr, Fe and Co dimers,
respectively.

Here, the structures with Fe as the impurity atom are presented as an example. The free Fe
dimer bond length has been reported as 1.96 A [22]. For Fe dimer adsorbed on silicene, the
most stable configuration is the b-atom site-hole site configuration. The bond length of the Fe
dimer and the distance from Fe to the nearest Si atom are both 2.3 A [22]. In our calculations,
the bond lengths for the free, intralayer and interlayer Fe dimers are 2.01, 1.97 and 2.07 A,
respectively. The Fe-dimer bond length of the interlayer substituted silicene is the same as the
dimer added to graphene layer in which, the preferred position is perpendicular (PBE
calculations) [5]. In silicene substituted with intralayer Fe dimer, the symmetry of the system
causes the two Fe atoms to be equivalent, and the PDOS of the Fe atoms are identical.

The silicene structure substituted with interlayer Fe dimer (Cr dimer) is a half-metal since
the band structure shows an indirect energy gap of 0.4 (0.31) eV for the minority (majority)
spin channel in our calculation and no energy gap for the majority (minority) spin channel
(Figure 6).

It has been reported that the most stable configurations for Fe dimer adsorption open a spin-
polarized band gap [22]. Here, for the intralayer configurations of Fe-dimer (Cr-dimer)
substitution, there is no spin-polarized band gap. The above discussion is true for Co
homonuclear structures; however, they are metal for both intralayer and interlayer silicenes.

The investigation of the formation energies for Cr, Fe and Co homonuclear dimers in
intralayer and interlayer structures shows the following. First, silicene with intralayer Cr dimer
has the highest formation energy among structures with intralayer dimers. The formation
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energy decreases from Cr to Co with decreasing Si—-M distance and increasing dimer bond
length. Second, for perpendicular homonuclear substituted dimers, the formation energy (per
atom) increases from Cr to Co with increasing dimer bond length. Third, the difference in
formation energy between the dimers in intralayer and interlayer silicene structures shows that
the structures with perpendicular homonuclear dimers have greater formation energies
compared to the same dimers in intralayer structures, for which there are two Si—-TM bonds
for each TM atom.

The magnetic moment of a free Fe dimer is 6 ug . In silicene with adsorbed Fe dimer,
TMM is about 6 ug [22,47]. Here, the TMM of the intralayer Fe dimer-substituted structure
is about 5 pg, while that of the interlayer structure is about 6 ug. This difference results from
the charge difference between the structures. For vertical substitution, each Fe atom possesses
less than seven electrons on its five 3d orbitals after orbital hybridization; thus, electrons
remain unpaired are not three, and the local magnetism of the Fe atoms are about 2.2 and 2.3
ug for down and up atoms, respectively. Although this is true for the parallel Fe dimer
substitution, the TMM decreases to approximately 5 uz. We should mention that there is a
configuration for vertically stacked at hole site of the silicene with about 0.68 eV less
adsorption energy than the most stable structure which has 6 ug [22]. Therefore, it can be
compared to the structure substitutes with vertical Fe dimer.

Although the TMM of the perpendicular homonuclear Cr dimer-substituted structure is
about 2 ug, it decreases to about zero when the Cr dimer is parallel to the silicene plate. The
TMM of the silicene with perpendicular substituted Co dimer is about 3 ug, which again
decreases to about 2 uz when the dimer is parallel to silicene.
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Figure 6 The majority and minority band structures of silicene doped with interlayer
Fe dimer
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4.2. Heteronuclear dimers

Tables 3 and 4 show that the interlayer structures with heteronuclear Co-Fe dimers (Co
down and Fe up) and Fe-Co (Fe down and Co up) have the largest dimer bond lengths
regardless of which atom is up or down. The dimer bond length is the smallest for Cr-Fe
dimer (Cr down and Fe up), and the Fe-Cr dimer (Fe down and Cr up) has the second
smallest bond length. In general, Cr-Si bonds are the longest. Co has the shortest Si—-metal
bond length among these three atoms because the atomic radius decreases from Cr to Co.
As in these structures, the dimers are perpendicular to the silicene plate, and the atoms of
the dimers are more elevated than the Si atoms. The buckling heights of the structures are
equal to the dimer lengths. Therefore, the structure with Co-Fe dimer has the largest
buckling height. This is not consistent with the structures substituted with only one impurity
atom, for which neither the Fe- nor Co-substituted structures have the greatest buckling
height.

The formation energies per atom of the interlayer dimer-substituted structures show that
all the structures are stable. In general, the formation energies of homonuclear structures are
greater than those of the heteronuclear ones. Among the interlayer heteronuclear structures,
the structure substituted with Co-Fe dimer has the maximum formation energy. The
homonuclear perpendicular Co dimer-substituted structure has the greatest formation energy,
and the Co atom binds strongly to three nearby silicon atoms. Here, the interlayer
heteronuclear structures with Co atoms have high binding energies and are stable, likely
because of the low interconfigurational energy of Co atom. For Co, the experimental
interconfigurational energy for the transfer of one electron from an s orbital to a d orbital (i.e.
3d"24s? - 3d™ 14s')is-0.03 eV [57]. This is not true for intralayer structures which less
atomic radius of Co and the Si—-M bond length change the Si-Si bond length of pristine silicene
drastically and the structures with intralayer substituted Co dimer have less formation
energies.

The band structures and PDOS analyzing of heteronuclear structures in intralayer and
interlayer forms show that four structures of nine different structures are half-metal, five
structures of them have no band gap and are metal. Figure 7 shows the band structure and
density of state for interlayer Cr-Co dimer as an example. The interlayer and intralayer
structures substituted with heteronuclear dimers of Cr-M and M-Cr, except intralayer Co-Cr,
are half-metals. The Cr atom is the common atom in these structures, and the half-metal
property comes from this atom. In the structures substituted with one impurity, a few of the
Cr-substituted structures also exhibited half-metal properties.

The TMMs of the interlayer and intralayer heteronuclear dimer-substituted structures are
shown in Tables 3 and 4. The magnetic moments are related to features in the electronic band
structure; thus, they should respond to changes in the Fermi level. The TMMs for the interlayer
Cr-Fe and Fe-Cr dimers are about 4 ug. As the M-Si bonds do not change drastically upon
changing the atoms of the dimer in the structure, the TMMs of the Cr-Fe and Fe-Cr interlayer
substituted structures are similar. This is also true for Fe-Co (Cr-Co) and Co-Fe (Co-Cr). In
intralayer structures, every atom of the dimer bonds with two nearby Si instead of three, as in
the interlayer structures. The TMM for the dimer with Co as the down atom and Cr as the up
atom is about 4.2 ug, which decreases to 3 uz upon changing the positions of the dimer atoms.
The TMM for Fe-Co dimer is 3.7 ug, which again decreases to 3.1 ug for Co-Fe. The
difference in the TMMs of the interlayer and intralayer structures is attributed to the different
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electronic interactions and charge transformations between the impurity atoms in different
positions and the pristine silicene layer.
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Figure 7 Majority and minority band structures and PDOS of silicene substituted
with interlayer Cr-Co dimer

5. CONCLUSION

In summary, using spin-polarized DFT, we examined the structural, electronic and magnetic
properties of 2D, low-bucked silicene substituted with monomers and dimers of Cr, Fe and
Co atoms.

The substitution of monomers was performed for monomer concentrations from 1 to 12
percent. The numerical studies revealed that high concentrations of Co and Cr atoms produce
half-metal structures, while low concentrations result in metal structures. The formation
energies are the greatest for the structures with Cr atom as the impurity and decrease from Cr
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to Co. For different impurity concentrations, the formation energy decreases from as
concentration decreases. The silicene structures substituted with all concentrations of Fe are
metal. The TMMs of the structures show that the structures substituted with high
concentrations of Co are 1 ug, which decreases to zero for low concentrations of Co. The
TMMs of Fe-substituted structures are between 0.3 and 2 ug. The Cr-substituted structures
have TMMs of 2 ug for all Cr concentrations.

Dimers were categorized in two classes, homonuclear and heteronuclear, which assume
two different substitution positions: in the plane (intralayer) and normal to the plane
(interlayer) of silicene. All the intralayer homonuclear dimers have no band gap in their band
structures and are metal. Unlike the monomer Cr-substituted structures, the intralayer Cr
dimer-substituted structures have no magnetic moment. The structure containing Fe dimer has
a TMM of about 5 ug, and the TMM of the structure substituted with Co dimer is about 3 pp.

The structure substituted with the interlayer homonuclear dimer of Cr is half-metal, and its
TMM is about 2 ug, which is different than that of the intralayer structure. The TMM of the
interlayer Fe dimer-substituted structure is about 6 ug, which decreases to 5 ug for the
intralayer structure. The interlayer structures with Co dimers have no band gaps and are metal.
Interestingly, the interlayer structure of the Co dimer has a TMM of about 2 ug, lower than
that of the intralayer structure.

There are six different interlayer heteronuclear dimers of these three atoms, and three of
them are half-metal. The Cr atom is the common atom in these three half-metal structures.
The obtained TMMs for these six structures range from 3.1 to 4.2 ug. The heteronuclear
structures with Fe and Co atoms have the greatest TMMs among these structures. The
intralayer heteronuclear structures with Fe-Cr, Co-Cr and Fe-Co dimers are metal, half-metal
and metal, respectively, and their TMMs vary from 2 to 3.3 u. The variety of electronic and
magnetic properties observed in this study suggest that monomer- and dimer-substituted
silicene may have applications in nano-electronic devices in fields like spintronics.
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