#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Unusual features of nitrogen substitutions in

i ") Check for updates ‘
silicene

Cite this: RSC Adv., 2020, 10, 32193

Hai Duong Pham,*® Godfrey Gumbs,” Wu-Pei Su,® Ngoc Thanh Thuy Tran®
and Ming-Fa Lin ®*2

The quasiparticle properties resulting from charge and spin are clearly identified in nitrogen-substituted
silicenes, for which a theoretical framework is successfully developed from first-principles calculations.
Such systems create extremely non-uniform chemical and physical environments through the
distribution of the guest atoms. They present unusual geometric, electronic, and magnetic properties,
which can be identified from the optimal honeycomb lattices, the atom- and spin-dominated energy
spectra, the spatial charge density distributions, and the atom-, orbital- and spin-projected van Hove
singularities [the net magnetic moments]. The complicated relations between the highly hybridized sp?-
N-Si bonds and the ferromagnetic/non-magnetic configurations are responsible for the p-type or
semiconducting behavior, the significant modifications to the Dirac cone structures, the difficulty in
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1 Introduction

Both group-IV and group-V systems have been successfully
synthesized on distinct substrates since the first discovery of
monolayer graphene by mechanical exfoliation of a graphite
surface in 2004,* such as layered silicene on Ag(111)/Ir(111)/ZrB,
surfaces,>® and germanene on Pt(111)/Au(111)/Al(111)
surfaces.>” Apparently, they are mainstream 2D materials that
exhibit diverse physical/chemical/material properties,®® clearly
illustrating their critical role in basic and applied sciences. It is
well known that C, Si, Ge, Sn, and Pb atoms present four half-
occupied orbitals in condensed-matter systems, respectively
covering [2s, 2Py, 2Py, 2P;), [3S, 3Px, 3Py, 3Pz], [4S, 4Px, 4Py, 4P:),
[55, 5pxs 5Py, 5Pz, and [6s, 6py, 6Dy, 6p,]. In general, they can
generate T, ¢ and sp® chemical bonding. These atomic config-
urations are quite different from those of the isolated atoms;
therefore, the material surfaces are able to provide very active
chemical environments. Diverse properties are easily achieved
by modulating various critical factors including lattice
symmetries,'®" planar/buckled/curved geometries,'>"* stacking
configurations [simple/greatly enlarged unit cells'], chemical
adatom adsorption,” guest atom substitutions,* defects/
vacancies,"” quantum confinement and edge structures,'®
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could be verified by high-resolution experimental measurements.

heterojunctions,” gate voltages,” magnetic fields,” and
mechanical strain.?” In this paper, a theoretical framework built
from first-principles calculations is developed to comprehend
the highly diverse essential properties of nitrogen-substituted
silicene systems, especially the charge-*® and spin-created
quasiparticle behavior.**

Chemical modifications, which include substitution® and
adsorption,” are very efficient in creating totally different
condensed-matter systems or inducing significant modifications
of the pristine lattice through strong host-guest multi-orbital
hybridizations and significant atom-induced spin distribu-
tions. Such methods are suitable for surface manipulations of
2D emergent materials. Specifically, many graphene-related
materials have recently been produced in laboratories, e.g.,
halogenated and hydrogenated graphene systems***” and gra-
phene oxides.”®*® There are also some experimental and theo-
retical studies on silicene-based compounds. For example, rare
earth layers, with thicknesses ranging from a thin film down to
a monolayer, are shown to present a dramatic anti-
ferromagnetism to ferromagnetism transition.** That is, a class
of robust 2D magnets is generated in the synthesis. On the
theoretical side, first-principles calculations are utilized to
explore the substitution- and adsorption-enriched essential
properties, e.g., the diverse phenomena in N-, B-, C-, Al-, P->
transition-metal-,** CO,-/H,S-/SO,-containing silicene systems.*
N-substituted silicene, in some specific configurations, is pre-
dicted to be a ferromagnetic metal.®® However, the sensitive
concentration and configuration dependencies and the critical
physical/chemical/material mechanisms are not clear. System-
atic investigations of these are conducted in this work.
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Our study covers the extremely non-uniform physical and
chemical environments, the absence/existence of Si-Si, Si-N
and N-N bonds, the bond-length modulations, the fully
destroyed/modified Dirac cone structures, the semiconducting
or semi-metallic/metallic properties, well-defined or irregular
doping cases, p- or n-type doping, identification of the =- and o-
electronic properties [e.g., their band widths] and the
ferromagnetic/non-magnetic/anti-ferromagnetic configura-
tions. The theoretical predictions of the nitrogen-substitution-
enriched geometries, band structures, van Hove singularities
and net magnetic moments could be verified through high-
resolution scanning tunneling microscopy/transmission elec-
tron microscopy [STM/TEM],** angle-resolved photoemission
spectroscopy [ARPES]** scanning tunneling spectroscopy
[STS],*® and superconductor quantum interference device
[SQUIDJ** measurements.

2 Computational details

The unusual features of nitrogen substitutions in silicene are
investigated in detail by using the VASP code.*”** The exchange
and correlation energies due to many-particle electron—electron
interactions are calculated with the use of the Perdew-Burke-
Ernzerhof (PBE) functional under the generalized gradient
approximation.* Furthermore, the electron-ion interactions
can be characterized by the projector augmented wave (PAW)
pseudopotentials.® A space of 15 A width is inserted between
the silicene planes to avoid their interaction. In general, a plane-
wave basis set with a maximum kinetic energy cutoff of 500 eV is
chosen to expand the wave function. The first Brillouin zone is
sampled by 9 x 9 x 1 and 100 x 100 x 1 k-point meshes within
the Monkhorst-Pack scheme for further calculations of the
electronic and magnetic properties. The energy convergence is
set to be 107> eV between two consecutive steps and the
maximum Hellmann-Feynman force acting on each atom is
less than 0.01 eV A~* during the ionic relaxations.

3 Results and discussions
3.1 Geometric structures

The nitrogen-substituted silicene systems exhibit very unique
geometries [Fig. 1 and Table 1]. To achieve the optimal
geometric structures, the spin-dependent many- and single-
particle interactions, which respectively correspond to the on-
site Coulomb and spin-orbital interactions,” need to be
included in the first-principles calculations. Extremely non-
uniform bond lengths are observed in enlarged unit cells
except for the pristine and [1:1] cases [Fig. 1(a)]. The N-N
bonds, with length ~1.418 A [Table 1], are stable in the [2 : 4]-
ortho case [Fig. 1(d)]. However, the opposite is true for the [2 : 6]-
and [2 : 16]-ortho cases [Fig. 1(f) and (i)], in which the nitrogen
atoms are too far apart to form a bond. Furthermore, buckled
geometries are observed for various concentrations and
configurations [Fig. 1(a)—(1)]. Roughly speaking, the maximum
height difference between the A and B sublattices is bigger than
that in the absence of nitrogen substitution. These features
might be closely related to the multi-orbital hybridizations of
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Fig.1 The top and side views of the optimal geometric structures for
nitrogen-substituted silicene systems in (a) pristine, (b) full, (c) 50%-
meta, (d) 50%-ortho/para, (e) 33.3%-meta, (f) 33.3%-ortho, (g) 33.3%-
para, (h) 12.5%-meta, (i) 12.5%-ortho, (j) 12.5%-para, (k) 20%-single and
(1) 14.3%-single substitution cases.

the ill-defined = and o chemical bonds [discussed later in the
spatial charge density section]. The highly asymmetric chemical
environments, which are characterized by the observable fluc-
tuation ranges of N-Si/Si-Si bond lengths and buckled struc-
tures, are expected to create complicated charge distributions
and thus diversify the other essential properties.**

3.2 Electronic band structures

The nitrogen atoms, with five valence electrons in the 2s, 2p,,
2p,, and 2p, orbitals, can create unusual substitution effects on
the silicene-based electronic states [Fig. 2(a)-(1)], mainly owing
to the complicated multi-orbital hybridizations in the N-Si/Si-
Si/N-N bonds, the enhanced buckling of the two sublattices,
and the ferromagnetic spin configuration. The electronic
structures are very sensitive to changes in the N concentration.
For the [1 : 1] case [Fig. 1(b) and 2(b)], the uniform 2D nitrogen-
silicene compound is an indirect-gap semiconductor with
a unique ferromagnetic spin configuration. The lowest unoc-
cupied conduction state is located at the I' point, while the
highest occupied valence state is located in between the I and K
points. There is an indirect band gap Eig of ~0.21 eV. The
occupied and unoccupied electronic bands are highly asym-
metric about the Fermi level, clearly illustrating the complex
hopping integrals and site energies as a result of the strong
interactions of the atom-dependent orbitals. Obviously,
a modified Dirac cone structure near Ef is totally absent. This
indicates that the original © bonding in pristine silicene has
undergone a dramatic transformation [discussed later for the
charge distribution in Fig. 3(b)]. It is almost impossible to trace
the initial, intermediate, and final m-bands along the high-
symmetry paths. A full investigation of the w-band widths
becomes meaningless. Similar phenomena could be found in

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04470a

Open Access Article. Published on 01 September 2020. Downloaded on 7/12/2025 2:20:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
3 0 0
a8 O N o
R
© coc =
o — =)
o< @ N n 1N O — o 0 <
2 T Srnaen¥eToasaq
© N O oo Ccoo0oCco oo
Q —
) >
< L
+ (=]
E‘ =
5 T
= N N FTOONHO N ®
= N®ONF AN 0N D
L Bl NN xme 9o oo
o =) TS F A F IS
c Q| ST MmN FFFFONDND
o [© 2 e e e L e e e
o) —_
- <
A k3] R T E RS R
%) = L QO Vv VU U O L QO
o 2 £ EE8E8E E&
2 | =L LD .LL LT
& & S8 EESEEEEREE
— T s L SIS B IS R S B D RS T )
) 3] SO NUNOUNULVNUNUNOWnNW
! =
z 3
N =
= ey
! g
z =
g o
S g
= 2
% E
8 on n O — —
) S a e S -
= = SHoSoocod oo o
|
> I
o o
€ b
e
—_ ® 1 ©
o g RS J QQ
SO S 9 N
© = = O (SIS
wn = I=I=! [
c © =1 n o =N Ao
oo SR a o o I © X
=] o .2 NI RER R
© ©n o XXXXXAAXAANAN
< m o—
S o P 1 © o
o e © ® QO
25 2 ] NV
S« | B2 q Teq
) L= <) NDNO A Mmoo X O
0w @ = S 0 COSHFIFNNODA O
3= 0 .4 N BB B ER ER B ER
Qc | ZT| dxadadddadddadd
S O —
ol <
© o =
wg o
IS =
o9 3
= @ — © —
wn O k=] N (=3
> C o =) 1)
>G5 ) H
vy 2 N q
Cg — N O M-I DA XN O
o = 7] 0V S B WO NN ®
Lo | NN Y XN QX
ZE Z X o= o= oH o =
golie) <
ISl <
25 | &
2
=2 o
% < =
o ¥ 9
S5 C
n = o [ee] [oe) —
L2 zZ = — =] o))
= IS < - =
Yo Z 2 XX X = X X XXX X
o5 N
= v ]
c @ 2 3 8
« O S s S s 9 S < 8
[¢) 4 s S SS B NN
— T B Q 5 5 8
nw = . N NS S 3 ]
[} ) £ 3 NS [
()] <} = N G S Q9 X —
= 0 ° R i anlanlreirs il )
2 = =t L = <+ oo N o
> > &~ [N R RN RN sl N Rl
N
R ) o
o @
58| £
0 g o £ SR
€ 2 2 S inin g
o v (9] S oo o mmmFAAA
o C =W X = AN MmN A
o v -
= B
T L [=]
eS| 2
221 2
Qo
O ¢ 8
o 3 <
< O o
= & S
St
)
— & E
L = g
o] =
© C =i ©
- © Z o S © © —

This journal is © The Royal Society of Chemistry 2020

0.35-0.65

—88.810

Semi-metal

2.264-2.329

2.315

1.830

[1:17]

5.8%

View Article Online

RSC Advances

the o-bands, clearly illustrating the absence of well-defined
and o chemical bonding.

The electronic energy spectrum shows non-monotonic wave-
vector dependence, in which the band-edge states might appear
in between two high-symmetry points. This result is reflected in
the rich van Hove singularities of the density of states and
optical excitation spectra.** Most importantly, the spin degen-
eracy is destroyed by the spin-induced many-body effects [the
on-site Coulomb interactions in the Hubbard-like model].** The
ferromagnetic spin distributions are associated with the host
and guest atoms [the spin density distributions are shown in
Fig. 4(a)-(d)]. The spin-up and spin-down energy sub-bands
have observable spacings of Es ~ 0.1-2.0 eV, which can be
examined through spin-polarized ARPES and STS
measurements.

In general, the spin-split energy sub-bands which are more
than 1.50 eV apart are either both occupied or unoccupied
states. As a result, such pairs do not contribute to the net
magnetic moments. On the other hand, the valence and
conduction bands closest to the Fermi level respectively arise
from the spin-up and spin-down configurations [the red and
black curves]. The former can create a ferromagnetic configu-
ration in the buckled honeycomb lattice [Table 1] and thus
a large magnetic moment per unit cell. Very interestingly, each
sub-band is dominated by both silicon and nitrogen atoms, as
seen from the size of the blue circles and green triangles rep-
resenting the silicon and nitrogen contributions, respectively. It
would be very difficult to distinguish between the N- and Si-
dominated energy sub-bands by experimental measure-
ments.*® The magnetic properties are determined by both the
host and guest atoms. This would make it very difficult to adopt
a tight-binding model, ie, the multi-orbital-dependent
hopping integrals, ionization energies, and on-site Coulomb
interactions would become very complex.*’

3.3 Spatial charge density and spin density distributions

The ferromagnetic bands deserve a closer examination. They
exist in certain cases with sufficiently high nitrogen concen-
trations, such as [2 : 4]-meta, [1 : 5] and [1 : 7] [Fig. 2(c), (k) and
(D]. The [2 : 4]-meta and [1 : 7]/[1 : 5] nitrogen substitution cases
exhibit metallic [or semi-metallic] behavior. Their ferromag-
netic configurations are, respectively, dominated by two and
one pairs of spin-split valence and conduction bands near the
Fermi level. Whether these energy sub-bands cross Ep will
determine the existence of free carriers and their densities.
Furthermore, they are closely related to the relative contribu-
tions of the host and guest atoms. The silicon and nitrogen
atoms might have distinct weights and even opposite signs in
the spin density distributions [discussed later in Fig. 4(a)-(d)].
Only nitrogen-substituted silicene systems are capable of dis-
playing ferromagnetic spin configurations, as opposed to the
carbon- and boron-containing ones.*®

Whether nitrogen-substituted silicenes present spin-split
energy sub-bands, as well as finite-gap or gapless behavior,
strongly depends on the concentration and arrangement of
guest atoms. Non-magnetic band structures also exist in high-

RSC Adv, 2020, 10, 32193-32201 | 32195
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Fig. 2 Electronic band structures of the nitrogen-substituted silicene systems, showing the dominance of N and Si atoms [the green triangles
and blue circles, respectively], for the substitution cases: (a) no substitution, (b) [1: 1], (c) [2 : 4]-meta, (d) [2 : 4]-ortho/para, (e) [2 : 6]-meta, (f)
[2 : 6]-ortho, (g) [2 : 6]-para, (h) [2 : 16]-meta, (i) [2 : 16]-ortho, (j) [2 : 16]-para, (k) [1 : 5]-single, (1) [1 : 7]-single.

concentration cases, e.g., the [2:4]-ortho/para, [2:6]-meta,
[2:6]-ortho and [2:6]para cases, as clearly indicated in
Fig. 2(d)—(g). This result suggests that the spin-dependent on-
site Coulomb interactions are strongly suppressed by the
complicated multi-orbital hybridizations in Si-Si, N-Si, and
N-N chemical bonds. Most importantly, the semiconducting or
semi-metallic/metallic behavior, is mainly determined by the
low-lying energy sub-bands with complicated dispersion. For
example, the three 33.3% cases exhibit partially flat sub-bands
across the Fermi level, thus they are expected to have a large
density of states at Er [discussed later in Fig. 5(e)—(g)]. It should
also be noted that it is almost impossible to recognize n- or p-
type doping in the nitrogen-substituted silicene systems from
the complicated low-lying sub-bands. That is to say, the valence
electron number cannot be utilized to characterize the
substitution-induced free carriers. Ferromagnetic configura-
tions are absent at sufficiently low concentrations, as illustrated
by the [2:16]-meta, [2:16]-ortho, [2:16]-para, and [1:17]
configurations in Fig. 2(h), (i), (j) and (1), respectively. Very
interestingly, the modified linear valence and conduction sub-
bands [the modified Dirac cone structures] are located near
the I' point. They are related to the van Hove singularities close
to E [Fig. 5(h)-(j) and (1)]. They should be dominated by pure
and hybridized 7 bonding. However, the band structures are too
complex to characterize by m- and o-band widths. No well-
behaved chemical bonding can be deduced in the nitrogen-
substituted silicenes.

32196 | RSC Adv, 2020, 10, 32193-32201

Apparently, the calculated band structures are very compli-
cated for the nitrogen-substituted silicene systems. It would be
difficult to reproduce them from a tight-binding model with
complex multi-orbital hopping integrals and site energies,*
even with the Hubbard-like spin-induced on-site Coulomb
interactions.** That is, phenomenological models might not be
able to provide a critical mechanism and a concise picture of the
essential properties. For example, the generalized tight-binding
model,*® which includes magnetic-field effects, cannot be
utilized to explore the unique magnetic quantization
phenomena. As a result, first-principles calculations are the
only way to fully understand the diverse phenomena.

Although the calculated electronic energy spectra are very
complex, they can be verified by careful examination by ARPES
and SP-ARPES. The former is very successful in identifying the
electronic structures of layered materials, e.g., the dimension-
diversified energy bands in bulk graphites,* graphenes,* gra-
phene nanoribbons,* and substrate-enriched few-layer group-
IV systems.*® The latter has confirmed the spin-resolved occu-
pied energy sub-bands of topological insulators,> ferromag-
netic materials,> and superconductors.”® Experimental
examinations of the nitrogen-substituted silicene systems can
focus on the oscillatory energy dispersions near the Fermi level,
the non-magnetic or ferromagnetic electronic states, the gap-
less or finite-gap band properties, and the modified/absent
Dirac cone band structure at sufficiently low/high guest-atom
concentrations. The measured results could provide impor-
tant information closely related to the complex relations among

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04470a

Open Access Article. Published on 01 September 2020. Downloaded on 7/12/2025 2:20:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the m, sp®, and sp® bonding, and the strong competition/
cooperation between the multi-orbital hybridizations and the
spin configurations.

The nitrogen-substituted silicene systems exhibit unique
charge density distributions, compared with the pristine one.
The charge density is highly asymmetric about the center of the
N-Si bond in the [x, y]-, [x, z]- and [y, z]-plane projections. Most
of the charge is accumulated around the nitrogen atoms, which
affects the formation of the 7 bonds. The N-Si bonds are esti-
mated to have significant and complicated [2s, 2py, 2py, 2p;]-
[3s, 3Py, 3Py, 3P.] sp’-orbital hybridizations. That is to say, it is
very difficult to characterize the o- and w-electronic bonding.
There are also Si-Si and N-N bonds when the nitrogen
concentration decreases [Fig. 3(c)-(h)]. Apparently, the charge
distributions between two identical atoms are seriously dis-
torted compared with the pristine case. For example, the rect-
angular o-distribution, which is present in the pristine silicene
[the [x, y]-plane projection in Fig. 3(a)], dramatically changes
into a triangular one upon nitrogen substitution. Serious
distortions are also revealed in the 7w-bonding. The pure orbital
hybridizations are strongly affected by the non-uniform chem-
ical environment. The presence of mixed four-orbital hybrid-
izations implies that it would be difficult to simulate the VASP
band structures by employing a tight-binding model with
orbital-induced hopping integrals and site energies,® and the
spin-dependent interactions.’* The above-mentioned results
clearly indicate that there are important differences between the
three kinds of guest-atom substitutions. The unusual features
of the charge density distributions might be closely related to
the strong affinity of the nitrogen atoms.

(a) Pristine Silicene

(e) N:Si:2:6 Meta

e/ap®

Fig. 3 The spatial charge distributions of nitrogen-substituted silicene
materials for various concentrations and configurations: (a) without
guestatoms, (b) [1 : 1], (c) [2 : 4]-meta, (d) [2 : 4]-ortho/para, (e) [2 : 6]-
meta, (f) [2 : 6]-para, (g) [1 : 5]-single, and (h) [1 : 7] conditions. The two
projections along the [x, z] and [x, y] planes clearly indicate the multi-
orbital chemical bonding.

This journal is © The Royal Society of Chemistry 2020
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The ferromagnetic configurations which occur for certain
high-concentration substitutions are clearly revealed in the
spatial spin density distributions, as illustrated in Fig. 4(a)—(d)
with top and side views. The net magnetic moment is very
sensitive to nitrogen concentration [Table 1]. Generally
speaking, the spatial spin density distributions are highly non-
uniform and anisotropic. For the [1 : 1] case, only the spin-up
density could survive in the stable honeycomb lattice of
a uniform 2D nitrogen-silicon compound [the red regions in
Fig. 4(a)]. Very interestingly, the spin-up density is only revealed
in the upper half-plane of z > 0 for the host atoms [the gray
atoms], while its distribution is nearly symmetric about the
center of the guest atoms [the blue atoms]. The highly asym-
metric spin distribution could play an important role in the
creation of ferromagnetism.*>” The nitrogen-induced red regions
are comparable with those associated with the silicon atoms;
that is, both make important contributions to the magnetic
properties. This result is consistent with the N and Si domi-
nance in the first spin-split valence band below the Fermi level
[Fig. 2(b)], and the comparable spin-up densities of states due to
the 2p, and 3p, orbitals [discussed later in Fig. 5(b)]. Similar
magnetic phenomena are revealed in the [2:4]meta case
[Fig. 4(b)]. However, some small spin-up density is present in
the lower half-plane of z < 0, and the weight related to the
nitrogen atoms declines quickly. With further decreasing
nitrogen concentration, the spin-up and spin-down states start
to exist simultaneously [the red and yellow regions], residing on
neighboring silicon atoms, e.g., the [1:5] and [1 : 7] cases in
Fig. 4(c) and (d), respectively. Also, note that the guest N atoms
possess some weak spin-up density. Most importantly, the
competition between opposite spin configurations leads to
a weakened magnetic moment and thus greatly reduces the
ferromagnetism.

(a) N:Si=1:1

PRLEEES

(b) N:Si=2:4 Meta

@sSpinup ©Spin down
(d) N:Si=1:7

Osi ©N
(c) N:Si=1:5

Fig. 4 The spin-charge distributions in nitrogen-substituted silicene
systems for certain cases: (a) [1: 1], (b) [2 : 4]-meta, (c) [1: 5] and (d)
[1: 7], showing top and side views. Red and yellow correspond to spin-
up and spin-down, respectively.
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The theoretical predictions of the spatial ferromagnetic
configurations and the spin-created magnetic moments could
be verified by high-resolution SP-STM and SQUID measure-
ments, respectively. Specifically, the non-magnetic configura-
tions mostly occur in the low-concentration cases [<~13% for
the ratio of guest to host atoms in Table 1]. Furthermore, the
spin-degenerate energy sub-bands correspond to the modified
Dirac cone structures [Fig. 2(h)-(j) and (1)]. It seems that the
atom-created spin configurations are effectively suppressed by
the well-behaved = bonding [the 3p,-3p,, 3p.~2p;, and 2p,—2p,
orbital hybridizations, especially the first ones], i.e., the spin-
induced on-site Coulomb potentials®® have a negligible effect
in reducing the total ground state energy, compared with the
charge-dependent atomic interactions.*

3.4 Density of states

The atom-, orbital- and spin-decomposed density of states are
able to provide more information about the complicated orbital
hybridizations and spin configurations in nitrogen-substituted
silicenes, as clearly illustrated in Fig. 5(a)-() for the various
substitution cases. There are many special structures in the
density of states, mainly owing to the band-edge states of
parabolic and oscillatory energy dispersions [Fig. 2(a)-(1)].
These special critical points are closely related to the extremal
states in the parabolic sub-bands/modified Dirac cone struc-
tures, the partial flat bands along with any direction/a specific
direction [the quasi-zero-/one-dimensional parabolic bands],
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and the saddle-point structures near the high-symmetry point.
They create van Hove singularities in the form of shoulders/
asymmetric V-shapes, delta-function-like peaks/divergent
peaks in the square-root form, and logarithmic peak, respec-
tively. Very interestingly, the modified V-shape structures,
which are centered in the range of —0.5 eV < E < 0, appear at
sufficiently low concentrations, such as the [2:16]-meta,
[2 : 16]-ortho, [2 : 16]-para and [1 : 17]-single cases [Fig. 5(h)-(j)
and (1)]. These results indicate gradual recovery of the Dirac
cone structure with decreasing N concentration. According to
the density of states near the Fermi level, one can distinguish
between semiconducting and metallic behavior. Only the [1 : 1]
and [2 : 16]-meta cases are clearly semiconductors [Fig. 5(b) and
(h)], while the other ones are gapless conductors/
semiconductors. Specifically, certain nitrogen-substituted sili-
cenes have sufficiently high numbers of free carriers due to the
crossings of partially flat sub-bands with the Fermi level, as
clearly illustrated by the large density of states at Er for the
[2 : 6]-meta, [2 : 6]-ortho, [2 : 6]-para and [1: 7]-single configu-
rations [Fig. 5(e)-(g) and (1)].

The atom-, orbital- and spin-dependent interactions play
critical roles in the creation of various van Hove singularities.
Roughly speaking, within the energy range of —1.0 eV < E <
1.0 eV, the density of states is dominated by the Si-3p, and N-
2p, orbitals [the solid and dashed purple curves], with the 3s,
3px, 3Py, 28, 2py, and 2p, orbitals also making significant
contributions. Furthermore, the series of extended van Hove
singularities, being associated with the m-electronic orbitals,

@)

| Pristine

1109 s
N:Si=2:6 Para

(h)

N:Si=2:16 Meta

(d)
N:Si=2:4 Ortho/Para

DOS (states /eV.atom)

N:Si=2:6 Ortho

i

£

3

W/ \ /[ e S v YA
0123 6543241
E(eV)

01 23

6 54 3240 1
E(eV)

Fig. 5 The atom- and orbital-decomposed density of states of nitrogen-substituted silicenes for various cases: (a) pristine, (b) [1: 1], (c) [2 : 4]-
meta, (d) [2 : 4]-ortho/para, (e) [2 : 6]-meta, (f) [2 : 6]-ortho, (g) [2 : 6]-para, (h) [2 : 16]-meta, (i) [2 : 16]-ortho, (j) [2 : 16]-para, (k) [1: 5], and (1)
[1:7]. For ferromagnetic systems, negative DOS corresponds to the spin-down component.
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are very difficult to identify among the special structures. As
a result, the w and o sub-bands do not survive in any nitrogen-
substituted silicene system. It should be noted that the van
Hove singularities due to the eight orbitals of the guest and
host atoms might overlap at certain energies. This further
illustrates the mixed four-orbital hybridizations in any chem-
ical bond, as observed earlier in the spatial charge distribu-
tions [Fig. 3]. Concerning the spin-split density of states, the
ferromagnetic configuration is mainly determined by the sub-
bands near the Fermi level. The spin-up and spin-down states
appear at E < 0 and E > 0, respectively, such as those of the
[1:1], [2:4]-meta, [1:5]single and [1: 7]-single conditions
[Fig. 5(b), (c), (k) and (1)]. Apparently, in the former case, the
occupied electronic states account for the net magnetic
moment. On the other hand, at lower/higher energies, two
kinds of spin arrangements coexist and lead to the absence of
ferromagnetism.

High-resolution STS/SP-STS measurements are the most
efficient and accurate way of exploring the van Hove singu-
larities of layered materials. They are very suitable for identi-
fying the abundant special structures in the density of states
due to the various numbers of layers and stacking configura-
tions of few-layer graphene systems, such as monolayer gra-
phene,*® AB bilayer and trilayer stackings,* twisted bilayer
graphenes,”” and ABC- and AAB-stacked trilayer graphene
systems.*>** Very interestingly, direct combinations of SP-STM
and SP-STS are capable of thoroughly examining the spin-
induced magnetic properties. To date, the former is success-
ful in observing magnetic domains and domain-wall structures
with a high spatial resolution of 10 nm;* furthermore, the
latter can distinguish between metallic and semiconducting
ferromagnetism.*® They can be used to verify the unusual
special features of nitrogen-substituted silicenes, which
include the finite or vanishing density of states at the Fermi
level, the special structures due to complicated multi-orbital
hybridizations, the modified V-shape near Ey at sufficiently
low substitution concentrations, the absence of well-defined 7t-
and o-band widths, and the low-lying spin-degenerate or spin-
split energy spectra. Such examinations could provide further
information on the multi-orbital- and spin-dependent
interactions.

4 Concluding remarks

Nitrogen-substituted silicene materials exhibit many unusual
properties. These include the bond lengths, the total ground
state energies, the net/vanishing magnetic moments, the band
crossing Fermi level [the semiconducting, semi-metallic and p-
type phenomena], the modified Dirac cone structures/the low-
lying oscillatory dispersions, the well-defined = and w* sub-
bands/the ill-defined - and o-states [the 7- and oc-orbital
bonding/the four-orbital hybridizations], the abundant and
complicated o valence sub-bands, the spin-degenerate/spin-
split bands, the frequent crossings/few anticrossings along
the I'M and KM paths, the atom-, orbital- and spin-dependent
van Hove singularities, and the highly non-homogeneous spin
density distribution for certain N substitution cases.

This journal is © The Royal Society of Chemistry 2020
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The N-Si bond lengths could be estimated from the N-N
and Si-Si ones, indicating the characteristics of covalent bonds
in the silicon-based few-layer compounds. Roughly speaking,
the Fermi level is situated in the middle of the modified Dirac
cone structures. In general, the initial ¢ valence sub-bands
could be roughly defined from the zone-folding effects. On
the other hand, the low-lying non-monotonic sub-bands
clearly illustrate the complicated [2s, 2py, 2p,, 2P;]-/[35, 3Px,
3py, 3pz]-[3s, 3px, 3Py, 3p;] orbital hybridizations in the N-Si/
Si-Si bonds. It is almost impossible to clearly characterize the
7 and ¢ chemical bonding. The spin-split sub-bands, as well as
the net moments and the spatial ferromagnetic configurations
could survive only in specific cases, in which the spin states are
associated with the guest and host atoms simultaneously.
There exist ferromagnetic semiconductors or semi-metals.
Furthermore, it is almost impossible to define the blue/red
shift of the Fermi level in the absence of a modified Dirac
cone structure. Also note that these materials cannot be
regarded as n-type materials even with an extra valence elec-
tron provided by each nitrogen atom.

Most importantly, substitution-enriched electronic struc-
tures are expected to present diverse essential properties. First-
principles calculations show that the low-energy electronic
states could be approximated by modified Dirac cones [the T
chemical bonding] for the carbon- and boron-substituted sili-
cene systems, but not for the nitrogen-containing ones. As to
the former, a generalized tight-binding model is available for
thorough investigations of the unique magnetic quantiza-
tions,” the rich magneto-optical absorption spectra, the
unusual quantum Hall conductivities,”® and the various
magneto-plasmon modes.®® Very interestingly, the modulation
of the free hole densities by variation of the boron concentra-
tion is capable of creating diverse essential properties,” but for
nitrogen substitutions, the multi-orbital hopping integrals
might be too complicated to calculate and the tight-binding
model cannot fit the VASP band structures well along the
high-symmetry points.” Consequently, it would be very difficult
to fully explore the above-mentioned magnetic quantization
phenomena. However, besides the substitution of guest atoms
in silicene, there are other events and phenomena that may
occur during experimental growth, such as vacancy defects,
heterojunctions, interstitial sites, and vacancy-interstitial pairs,
which can be investigated in a similar manner.
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