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Abstract

Silicene is a graphene-like material with relatively strong spin-orbit coupling

exhibiting gapless topologically protected edge states. In addition, it has a

buckled structure, and hence, it stands as a feasible candidate for spintronic ap-

plications, where spin-polarized channels could be controlled with external elec-

tric field realized with voltage gates attached to a Silicene sheet. Breaking the

periodicity in 2D-materials with spin-orbit coupling produces one-dimensional

edge and interface nanostructures which may give rise to an intrinsic locking of

spin-polarization to electron momentum. We consider field induced and chem-

ical ways to create interfaces to create spin polarized states for both zigzag

and armchair alignments. While the spin polarization of a field induced inter-

face channel can be feasibly tuned, a chemical interface is less flexibly tunable.

However, controlling Fermi-level, e.g., with a gate voltage might serve as a spin

valve along the interface.
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1. Introduction

Properties of Graphene set the foundation for the research of all the novel 2D-

materials prospective to new avenues to nanoscale electronics and spintronics [1].

In spite of the versatility of graphene, the requirement to simultaneously control

the band gap between valence and conduction bands, as well as spin-polarization

of electron current at edges or interfaces, has been the leading motivation to

study and develop other low-dimensional materials. In innovating spintronic

applications [2], the aim is to control spin currents with gate voltages instead

of magnetic fields. An intrinsic spin-polarization can be obtained as a result of

a sufficiently strong spin-orbit coupling (SOC), which is necessary for Quantum

Spin Hall Effect (QSHE) to take place with coupling of momentum and spin-

polarization [3, 4]. For this purpose, there are several promising materials and

materials groups like nanolayers made of group IV elements Si and Ge, as well

as a wide variety of compound systems such as MoS2 and other transition metal

dichalcogenides.

From group IV materials, Silicene is the one which has attracted vast atten-

tion [5, 6, 7, 8, 9, 10]. As an advantage over graphene, the fascinating feature of

Silicene and other similar materials is that they are topological insulators (TI)

due to SOC, i.e., there is a gap in the 2-dimensional bulk, while they exhibit

topologically protected gapless edge states [3, 11, 12, 13]. Furthermore, Silicene

has a buckled structure with two sublayers [14] at different levels which leads

not only to a gap controllable by an external electric field, but also to a phase

transition between topological and trivial state at a certain critical field strength

Ec. In the case of ribbons, QSHE with helical edge states arise, which can fur-

thermore be spatially separated by an external perpendicular electric field. [10]

These features have brought forth ideas about spin-based devices, such as spin

field effect transistor [15], spin filter [8] or a four state logic device [16].

Unfortunately, there are clear indications that an independent Silicene sheet

cannot be created but, on the other hand, Silicene has been synthesized on

several different substrates [17, 18, 19, 20, 21]. A practical challenge in Sil-

3



icene synthesizing is the sensitivity of Silicene’s electronic structure to the sub-

strate [22, 23]. An appropriate substrate should obviously possess a wide enough

gap in order not to interfere with the Dirac physics, and obviously the substrate-

overlayer interaction should be of van der Waals -type physisorption bonding.

A promising substrate candidate would be MoS2, which has been successfully

used as a substrate for Germanene sheets [24].

In a previous work, we discussed how tunneling through a one-layer thick

silicene nanoribbon could be controlled via external electric fields [16]. Earlier

suggestions of spin-controlling devices with different geometries can be found in

Refs. [15, 8]. In our study, a field induced interface was created into the middle

of the ribbon in order to control a spin neutral or spin polarized transport

channel. In the case of nanoribbons with zigzag edges, the edge states themselves

were insulating, but the conduction channels were generated to the middle of

the ribbon by external electric fields. Specifically, we showed how unpolarized

as well as spin-polarized interface channels can be created via an appropriate

external electric field, and that it is possible to control the evolution of helical

modes at the Fermi-energy. Finally, we discussed how these properties of a

silicene nanoribbon could be exploited to design a gate controlled ternary logic

device.

In this paper, we expand our previous work by studying various interfaces,

modelled by attaching two semi-infinite sheets to each other. We also attempt

to study similarities and differences between the electronic structures of arm-

chair (AC) and zigzag (ZZ) edges and these interfaces. To create an interface,

we need a perturbation that breaks the lattice periodicity, and possibly spin-

degeneracy as well, thus giving rise to interface states. We have three basic ways

to create this symmetry break: edge states of semi-infinite layers, field induced

interfaces and chemically controlled interfaces. As the chemically induced inter-

face, we model an interface between a pristine semi-infinite Silicene sheet and

a hydrogenated sheet. Even though there are reports of hydrogenated Silicene,

see Ref. [25, 26], one could also consider metal decoration [27] despite that no

decorated edge states have been realized, yet.
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2. Methodology

In this study, there are a few methodological extensions to the former stud-

ies of silicene. First of all, the computational basis of the tight-binding (TB)

model is larger in order to include hybridization of s- and p-orbitals, necessary

especially in bonding between hydrogen atoms and the silicene sheet. Further-

more, we discuss a recursive Green’s function technique to model semi-infinite

structure, and consider various quantities derivable from the density matrix and

their different presentations.

Our analysis is based on a versatile tight-binding model of silicene using

Slater-Koster hopping integrals as the basis of the Hamiltonian matrix. As

an extension to the one-band models previously used, silicon is modeled with

a set of a s-orbital and three p-orbitals in order to allow hybridization of va-

lence states for bonding with functionalizing hydrogen atoms with s-orbitals.

In 2D hexagonal structures such as silicene, the key physics can be captured

in a minimal tight-binding model using one pz-orbital per atom. However, if

other chemical species are attached to the silicene sheet, sp-hybridization may

be important, and hence one must adapt the minimal basis of one s-orbital and

three p-orbitals. In this study, the only chemical species is Hydrogen, which

contributes one s-orbital per atom. As a starting point, we adapt the effective

low-energy Hamiltonian of Liu et al. [28] (derived from the graphene Hamilto-

nians in Refs. [3, 29]), augmented by the required additional orbitals fitted to

ab-initio bands. Furthermore, SOC is modeled using the second-nearest neigh-

bor model by [28], as discussed below, and an electric field induced interfaces in

the middle of the sheet (see Fig. 1(a)) incorporated along the lines of systems

in Refs. [30] and [31]. Hence, our total Hamiltonian is written as:

Ĥ =
∑
αβσ

(εαc
†
ασcασ + Vαβc

†
ασcβσ) + ĤSOC + ĤE . (1)

Here c†ασ (cασ) is the real-space creation (annihilation) operator, α is a com-

posite index which encodes both the site and orbital information, and σ is the

spin index. The on-site orbital energy (εα) and the hopping integral between
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Figure 1: (Color online) (a) The structure of 2-dimensional silicene sheet. In the honeycomb

structures there are two sublattices at different heights, the atoms of A and B lattices are

indicated by blue and brownish spheres, respectively. Also shown the principle how a gradient

in the potential felt by the electrons leads to spin-momentum locking at edges and interfaces

(see Eq. 2), (b) A schematic view of how the Green’s function of the cental cell is constructed

by describing side cells as self-energy terms (see Eq. 9).

orbitals α and β (Vαβ) are obtained within the Slater-Koster formalism [32, 33].

All parameters in the normal state part of the TB Hamiltonian are fitted to

agree with the low-energy ab initio band structure obtained using the Quantum

Espresso [34, 35] package.

In principle, the Hamiltonian matrix element for SOC can be derived from

USOC = − gµB
2mc2

σ · p×∇V (2)

which also is the starting point of the expressions used in Ref. [28] for next

nearest neighbour matrix elements, as well as for onsite elements as discussed

in Ref. [36]. Since Si atoms are very light, the onsite SOC is very weak. On

the other hand, there are no nearest neighbour matrix elements for SOC since

the expectation value of the potential gradient is zero for neighbouring atoms,

assuming mirror symmetry of the Hamiltonian basis orbitals. The next nearest

neighbour matrix elements for p between atoms i and k are proportional to

pik ∝ iuik = i(uij + ujk), where ujk is the unit vector pointing from atom j

to atom k, and j is the nearest neighbour of both atoms i and k. Now also the
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symmetry of the potential is broken, and hence ∇V ∝ uij −ujk. It follows that

p×∇V ∝ i(uij × ujk). (3)

As a result, we derive the matrix elements of SOC between pz-orbitals of the

next-nearest neighbours from

ĤSOC = −αiσ · (uij × ujk) (4)

where, α is a real adjustable parameter. It is noteworth that the buckling

of silicene leads to parallel Rashba-type components of SOC in addition to

perpendicular component found in graphene. Furthermore, the cross-product

between the nearest neighbour unit vectors leads to different chirality for the

intrasublattice (A-A and B-B) interactions: νik = (uij × ujk)z = ±1. As

sketched in Fig. 1(a), this leads to opposite spin-polarizations of A- and B-type

atoms at edges and interfaces, hence supporting real space spin separation.

Due to buckling of the silicene layer, an external electric field causes a po-

tential difference between the two layers. In modeling an interface, we use a

shift of the onsite matrix element of the atomic orbitals in the following way:

ĤE =
∑

iα,h∈L,R

ξiV (h)c†iαciα (5)

where the parameter V (h) is the potential on the left or right hand side with

ξi = ±1 indicating the change in sign of potential on A and B sites. The electric

field induces a potential difference VAB(h) = 2V (h) between the A and B sites

on side h.

Although the detailed band structure is more complicated than in earlier

model studies due to the extended basis, the Dirac point physics is dominated

by pz-orbital of the Si atoms. In addition, the details of the band structure are,

of course, dependent on the direction of the edge, but in overall, as is shown in

earlier studies [9], the gap and spin-polarization at different valleys at K and

K ′ can be controlled by external field, so that these gaps can be simultaneously

closed, but for opposite spin polarizations at the two non-equivalent valleys.

For the bulk states, there exists a quantum critical point Vc = USOC , where
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the gap closes, and there is a transition from a SOC driven gap below Vc to

a hybridization induced gap above Vc. This critical point also marks a phase

transition from a topologically nontrivial to a trivial insulating phase [9].

In modeling interfaces, we have to mimic either one semi-infinite slab or

two slabs attached together. This is done by utilizing recursive calculation

of Green’s function. In this case, we remove periodicity in one direction so

that momentum remains a good quantum number in the other (kx) direction,

allowing the Hamiltonian to be easily diagonalized in the whole Brillouin zone.

By employing Green’s function techniques, we then project the eigenstates n at

any momentum k on particular orbitals i and j with chosen spin polarizations,

σ and σ′, to obtain local electronic structure at various sites in the central

simulation cell as follows [38, 39]:

Gciσ,jσ′(k, E) =
∑
n

ciσ(n)c∗jσ′(n)

E − εn(k) + iη
(6)

where the summation is over all the eigenstates of the Hamiltonian with eigenen-

ergies εn. Here ciσ is the expansion coefficient for orbital i with spin σ, and iη

is a small positive imaginary part. The semi-infinity or attachment of two semi-

infinite sides of the system can be implemented by modeling side cells in terms

of self-energies ΣL(E, k) and ΣR(E, k) for left and right sides, respectively (see

Fig. 1(b)). Dyson’s equations can be applied to exacly solve the Green’s function

for the interacting system:

G(E, k) = [E −H(k)− Σ(E, k)]
−1

(7)

= Gc(E, k) +Gc(E, k)Σ(E, k)G(E, k),

where

Σ(E, k) = ΣL(E, k) + ΣR(E, k) + Σint(E, k),

with Σint(E, k) modeling other possible many body effects or interactions.

The self-energy for the side cells can, in principle, be calculated exactly by

utilizing recursion. Let us consider the Green’s function of an unattached side

cell, G
(0)
ss , where the subscript s points to the orbitals of a side cell. If the sub-

Hamiltonian matrix elements from a side cell to its replica are denoted by Vrs,
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the replica can be attached to the side cell by self-energy term Σ(1) = VrsG
(0)
ss Vsr,

and the Green’s function of the side cell can be amended utilizing Dyson’s

equation:

G(1)
ss = G(0)

ss +G(0)
ss Σ(1)G(1)

ss .

The Green’s function of the replica can then be substituted by this corrected

Green’s function, and the calculation can be repeated. In the more general form,

we end up to equations

Σ(n+1) = VsrG
(n)
rr Vrs (8)

and

G(n)
ss = G(n−1)

ss +G(n−1)
ss Σ(n−1)G(n)

ss . (9)

Finally, we can replace ΣL/R by ΣN , where N is the number of recursion. The

procedure is exact, if N → ∞, but in practice one can use a finite number of

recursion loops, and use a terminating self-energy Σ0, to start the recursion

loop.

The density matrix at a given momentum, k can be derived (see, e.g., [40]):

ρiσjσ′(k,E) =
1

2πi

(
Giσjσ′(k,E)−G∗jσ′iσ(k,E)

)
(10)

One can then elaborate this further to obtain the electron density and the spin

polarizations:

〈n〉 = Tr[ρI] = ρ↑↑ + ρ↓↓ (11)

〈σz〉 = Tr[ρσz] = ρ↑↑ − ρ↓↓ (12)

〈σx〉 = Tr[ρσx] = ρ↑↓ + ρ↓↑ (13)

〈σy〉 = Tr[ρσy] = i (ρ↑↓ − ρ↓↑) (14)

These representations of ρ, above, are given as a function of energy and

momentum, and hence can be used to plot distribution curves (EDC) projected

to specific orbitals. But as is seen in the results, it is also possible to make various

kinds of projections to real space, by using a suitable real space presentation for

the basis orbitals. Especially, we use different representation of 〈n〉 and 〈σz〉 in

the following analysis of ZZ and AC interfaces.
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Figure 2: (Color online) Comparison of band structure of semi-infinite edges and field induced

boundaries. (a) The band structures of the semi-infinite slab with ZZ-alignment. (b) Corre-

sponding infinite system of a field induced boundary with V (h) = 0V at the lower half and

V (h) = 0.5V (−0.5V ) at A(B)-type atoms in the upper half. (c) As in (b) but with reversed

polarity of A and B type atoms. (d) The spin resolved band structure derived from (a). (e)

A schematic figure showing the two non-equivalent field induced boundaries. The band struc-

tures of the semi-infinite slabs with AC aligned edge (f) and of the field induced boundary

configuration (g). (i) and (j) are the spin resolved band structures corresponding to (f) and

(g). (k) A schematic figure showing that there is only one kind of AC aligned field induced

boundary.
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Figure 3: (Color online) Zigzag-direction. Comparison of a semi-infinite cell with edge states

(left column) with two field induced cases: unequal fields (middle column) and equal fields

(right column). The first row shows E-k -diagrams and the second row presents corresponding

spin resolved bands. The intensity in (d–e) is thousandfold compared to (f).

3. Results

In earlier studies, such as Ref. [42], the ZZ edges have been shown to be more

interesting than AC edges. The reason for this is that the one-dimensional BZ

for ZZ-alignment contains two non-equivalent valleys of the band structure and

a topologically protected edge state. If there were no SOC, there would exist a

spin-degenerate zero energy edge mode coupling the two high symmetry points

K and K’. The existence of SOC, however breaks the degeneracy leading to two

symmetry protected bands with specific Sz connecting the conduction band at

K to the valence band at K’ and vice versa. In the case of AC edge, K or K’ is

only found once, and no such connection is established.

To consider this basic difference of the two alignments in the case of finite

ribbons, we repeat the calculation using a four orbital basis for the edge of an

semi-infinite system. We compare this to an infinite slab, where the lower half

has a zero-field and the upper half a non-zero field. This tests the idea, whether

this kind of field-induced interface resembles an edge of a semi-infinite slab,
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Figure 4: (Color online) Zigzag-direction. E-y DOS diagrams for (a) semi- infinite silicene

sheet, (b) interfaced system with unequal fields (c) interfaced system with equal fields. (d)

Calculation cell to be compared with (g–j). The atoms belonging to the same half are drawn

with the same color when we have an interfaced system. The numbered spots mark the atoms

where the projections of Figs. 5 and 6 are taken from. Spin-resolved states projected to the

direction perpendicular to the interface for (e) unequal fields (f) equal fields. The real space

ldos of the states at E = 0 eV for (g) unequal fields (h) equal fields, and the corresponding

spin-resolved projection for (i) unequal fields (j) equal fields.
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see Fig. 2. It is also instructive to compare these calculations to the ribbon

calculations with a pz-orbital basis of Ref. [42]. There are two main differences

to those former ribbon studies. First of all, the present configurations are semi-

infinite in a sense that the central primitive cell is replicated recursively eight

times with a finite self-energy termination. Second, we use a basis of four

orbitals per atom in order to more faithfully model sp-hybridization present in

a buckled system, as well as in the case of hydrogenated system. Despite these

differences, we see that Figs. 2 (a) and (f) for ZZ and AC edges, respectively,

are in their most salient features strikingly similar to the ribbon bands shown

in Ref. [42]. In the case of ZZ-edge, the symmetry protected topological edge

states are formed beween the conduction states at K and valence states at K’,

and vice versa. In the case of AC edge, there is only one kind of high symmetry

point, and no such topological edge states are formed. However, trivial edge

states are seen, which close the gap between the conduction and valence states.

Next we consider infinite systems consisting of two semi-infinite sides in y-

direction. In Figs. 2 (b), (c) and (g) we demonstrate that applying a zero

voltage to the lower side and a non-zero voltage to the upper half, creates a

symmetry break at the boundary, which acts like an edge to the lower side.

Indeed, in Fig. 2(b) one can see that the topological states are preserved in the

case of the field induced interface, but the onsite potential at the boundary of

the upper half distorts the edge states. As is shown in panel (e), there are two

non-equivalent boundaries with opposite polarization - the onsite potential of

the blue and yellowish atoms has the same magnitude but opposite signs. In

the case of AC edge, the overall band structure is also like an edge at vacuum,

but now there is no field induced shift of the gap states, because there are two

kinds of atoms at the boundary of the upper half, as seen in panel (k).

The spin polarization of the boundary states is another interesting feature.

In Fig. 2 (d), we see that the spin degeneracy for the semi-infinite system is

broken mainly for the topological edge states. The same pattern is followed

also in the case of the field induced boundary (not shown in these figures). It

is notable that while the breaking of the spin degeneracy of topological states
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in the case of ZZ-alignment is directional only band-wise, the case is different

for the conventional boundary bands for the AC alignment. A very clear spin-

momentum locking is seen for both the semi-infinite boundary, Fig. 2 (i), and

the field induced boundary, Fig. 2 (j). This arises naturally from the form

of the SOC-term of in Eq. 3. This suggests that, while the ZZ-alignment

has raised more interest due to the topological edge states, the strong spin-

momentum locking of the conventional boundary state may also be interesting

as applications are concerned. The crucial factor here is whether the effect is

robust enough for practical applications.

After this comparison of an edge of a semi-infinite sheet to a field-induced

asymmetric interface, we make a few more specific observations of field induced

and chemical interfaces. Since the Brillouin zone is symmetric with respect to

coupled inversion of spin and momentum, the band structures are shown for

half BZ, only. We start this analysis with a semi-infinite system with zigzag

edges. In a way, this serves as a reference system to which one can compare

different interface states. As for the interface systems, we have two field-induced

cases: one where no electric field is applied onto the lower half of silicene sheet

(the field parameter V (h)lower = 0 V) whereas onto the upper half the field

parameter is V (h)upper = 0.5 V, i.e. the fields are unequal, and the other one

where V (h)lower = −0.5 V and V (h)upper = 0.5 V, i.e. the fields are equal

but opposite. Next, we turn to a system where the interface is induced by

hydrogenating the upper sheet half from the top side, i.e. hydrogen atoms

are attached to only one sublattice. The whole process is finally repeated for

armchair geometry.

3.1. Zigzag-aligned interfaces

To start with the band structures, the upper row of Fig. 3 shows these for

three different configurations where an interface with ZZ-alignment is formed.

Similarily, the lower row shows the corresponding spin-resolved band structures.

Since the Hamiltonian is symmetric with respect to combination of k-inversion

and spin flip, only one half of the one-dimensional Brillouin zone is shown.
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For a semi-infinite zigzag sheet in Fig. 3(a), the linear edge band crosses the

bulk gap roughly at −0.6eV , at a momentum which would correspond to the K

point of a 2-dimensional BZ. As is well known, the edge has strongly localized

states with spin separation that arises naturally without external manipulation.

This is confirmed in Fig. 4(a) where DOS is projected in the range -1 – 0 eV

along the y-direction of the sheet.

In Figs. 3(b), we see that due to the negative onsite potential of the upper

interface row, the topological edge states are pushed down towards the valence

bands. For an opposite field direction, the state would be shifted upwards.

The same effect holds true also for the case where both semi-infinite slabs are

affected by an electric field (Fig. 3(c)). Concerning spin-resolved edge channels,

the interface of unequal field strengths at opposite sides leads to momentum-

spin locking (Fig. 3(e)), while equal field strengths generate spin degeneracy

(Fig. 3(f)).

The spatial localization of the interface states are depicted in Figs. 4(b) and

(c). The interface band traversing through the bulk gap in Fig. 3(c) can be seen

to be strongly localized at the interface atoms residing around y = 12 Å (see

Fig. 4(c)). However, no such strong localization is present in Fig. 4(b). This

is due to a smaller potential difference in the opposing halves. Furthermore,

by comparing Figs. 3(b) and 3(c), we can see that interface created by equal

but opposite electric fields drives a larger separation of the bulk states which

is a direct result of the different shifts in onsite energies between the opposing

halves. In other words, the bulk gap can be somewhat controlled via external

fields.

In addition, spin-polarization of the interface states strongly depends on the

difference of field magnitudes, as can be seen in Figs. 4(e) and 4(f). Applying

unequal fields allows spin-polarized current to flow along the interface. Switch-

ing the polarity of the fields also switches the direction of spin. On the other

hand, equal fields make spin-polarization vanish, making the interface spin cur-

rent properties highly tunable. The real space projections of LDOS at E = 0eV

(Figs. 4 (g)-(h)), give another depiction of the localization of states at the
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interface for equal fields and unequal fields.

These observations are further verified in Figs. 4(e–f) which show spin den-

sities of states for unequal and equal fields, respectively, as well as in Figs.

4(i–j) which show the corresponding real space representations of spin densities.

Especially, Fig. 4(f) demonstrates how equal fields kill spin-polarization in the

vicinity of the interface, whereas Fig. 4(e) presents the spin asymmetry when

the fields are not equal. Furthermore, looking at the electron density of states

at E = 0 eV in Figs. 4(g) and 4(h), we can see the DOS concentrating on the

A or B lattice atoms in the different halves depending on the field direction in

that half.

In the case of hydrogenated silicene, our system consists of a silicene sheet

with hydrogen atoms in the upper half only. In addition, only A atoms in the

upper half are hydrogenated, i.e. hydrogenation is one-sided. First, we look at

the system without any external fields. Fig. 5(a) shows the full band structure,

and Fig. 5(d) the corresponding band spin-polarization, of our hydrogenated sil-

icene. The bulk states are recognizable in the figure but otherwise the hydrogen

atoms seems to strongly distort the bands. Spin-polarization is negligible except

for the nearly flat bands at around E = −0.3 eV. To better analyze the results,

we make a projection onto the s- and p-orbitals of two different silicon atoms:

one at the interface and one far from the interface as indicated in Fig. 4(d).

Fig. 5(b) presents the band projection for the interface atom with corre-

sponding spin bands presented in Fig. 5(e). This already reveals the interface

bands and confirms that the bulk bands remain virtually unaffected for any

practical purposes. However, hydrogenation seems to amplify up-spin around

the bands at E = −0.3 eV, as indicated in Fig. 5(e). Down-spin remains slightly

dominant in the other interface bands.

As is the case with field-induced interface, also hydrogenation creates strong

localization of states at the interface since only the bulk bands are present at

our second projection location not very far from the interface (see Figs. 5(c) and

5(f)). This is an identical situation to the the field-induced case as well as to

plain semi-infinite zigzag sheet case. However, the bulk bands are now slightly
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Figure 5: (Color online) Zigzag-direction. Bands for half-hydrogenated silicene: (a) Total

bands for the computational cell (b) Projection to site 1 (c) Projection to site 3 (see Fig. 4(d)).

Corresponding spin-bands in (d–f). The intensity in (d) is tenfold compared to (e–f).

spin-polarized unlike in our other systems, see Fig. 5(e). As can be expected,

polarization is still, however, stronger at the interface.

Combining both hydrogenation and electric fields brings little value to this

analysis. Figure 6 presents the results for half-hydrogenated silicene where elec-

tric field is present only in the lower half with sulphur atoms only (V (h)lower =

0.5 V and V (h)upper = 0 V). As seen in Fig. 6(a), the full band structure is

next to unaffected around E = 0 eV. Main changes can be seen around −1

eV with the bulk bands. The bands around this energy have also stronger

spin-polarization (Fig. 6(d)). However, the effects on the interface bands are

minimal, as is seen by comparing Figs. 5(b) and 6(b).

Curiously, even the spin-polarization is little affected by the asymmetric

field in the sheet. Comparing Figs. 5(e) and 6(e), we can conclude that in-

terface bands have neither changed spin sign nor have substantially stronger

polarization. The inherent spin-polarization induced via hydrogenation widely

shadows the effect of electric fields; thus spin manipulation by external fields

is best realized on plain silicene sheets. On the other hand, external fields do
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Figure 6: (Color online) Zigzag-direction. Bands for half-hydrogenated silicene with electric

field in the plain silicene side: (a) Total bands for the computational cell (b) Projection to site

1 (c) Projection to site 3 (see Fig. 4(d)). Corresponding spin-bands in (d–f). The intensity in

(d) is tenfold compared to (e–f).

enhance spin-polarization in hydrogenated silicene, but only in the bulk bands

as indicated in Fig. 6(f) where spin has poured from the valence bands to the

conduction bands. Furthermore, Fig. 6(c) indicates that larger bulk gap is still

achieved with electric fields. However, this seems to occur independently of

the difference of field magnitudes in the halves, as opposed to the case without

hydrogenation.

3.2. Armchair-aligned interfaces

As is seen if Fig. 7(a) and (c), also the edge AC-alignment of a semi-infinite

slab leads to states arising from breaking the periodicity. However, in this

case there is no band crossing typical to topological states of ZZ-alignment.

Rather, the in-gap edge band seems to meet the bottom of the conduction band

at π-point of BZ. In the case of the field-induced interface with unequal field

strengths, the two linear bands with opposite spins seem to cross in the middle

of the gap between valence and conduction bands (Fig. 7(b) and (d)). However,

in the equal field case, there is a change from a mid-gap band crossing to opening
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of a gap. In addition, the spin polarization is practically vanishing.

While the zigzag-direction already gives an idea of how edges and inter-

faces behave, there are some specific features of armchair edges that could

make a difference. For instance, the nature of armchair edge states depends

on the number of rows [41]. The edge becomes metallic only at ribbon widths

W = 3k − 2, where k is an integer larger than 1. Although not shown in our

figures, we tested the spin-polarization for different terminations in order to

have a reference for interface states. The non-metallic ribbons do not exhibit

notable spin-polarization, while the bands in metallic case are spin-polarized.

The semi-infinite edge seems, in this sense, to follow the metallic ribbon be-

haviour with a strong spin polarization. However, the extended basis creates

somewhat unexpected features to the band structure of the semi-infinite system.

As is seen in Fig. 7(a) there is a rather flat band right below Fermi-level and a

slightly more dispersive band above Fermi-level, and both bands have a strong

spin-polarization (see Fig. 7(d)). The E vs. y -diagram of LDOS in Fig. 8(a)

and spin polarization (not shown in figures) indicate that these edge bands are

very distinctly localized to the edge row of atoms.

It is interesting to compare the effect of interfaces due to external fields in

AC direction to those in ZZ-direction. The difference between the edge bands,

see Fig. 7(a), and the interface band due to an asymmetric field, see Fig. 7(b),

differ less from each other than the respective pair in ZZ-direction. For the

asymmetric field, the flat localized edge bands vanish, but still the basic band

structure with the linear ingap band is created. In addition, the strong spin

polarization of this linear band resembles very much that of the corresponding

band at the edge configuration, see Fig. 7(e). This can also be seen in the real

space E-y projections for spin degrees of freedom, as shown in Fig. 8(b) and (e).

In the case of interface created by opposite fields with equal magnitude, a

small gap is created at the Fermi-energy, but localization of interface states is

seen at the valence and conduction bands in Fig. 7(c). The spin-momentum

locking is very weak in this case, although there seems to be very weak and

decaying spatial spin oscillation in the direction perpendicular to the interface

19



Figure 7: (Color online) Armchair-direction. Comparison of the bands of (a) a semi-infinite

cell (edge states) with two field induces cases: (b) unequal fields and (c) equal fields. The

corresponding spin resolved bands are presented in the lower row. The intensity in (d–e) is

thousandfold compared to (f).

(see Fig. 8(c)). This result is in accordance with our previous work and the

zigzag-results. In the real space LDOS projections, the difference between the

cases of unequal and equal fields is very clearly seen (Figs. 8(g)-(j). Especially,

the spin polarized projection shows very clear spin channel at the interface for

the unequal field.

In the case of the Hydrogen-edge induced interface, the band structure seems

to be very complicated, and the silicene gap seems to be filled with flat bands

(Fig. 9(a)). However, the spin resolved band structure in Fig. 9(d) reveals

that the silicene based bands below and above Fermi-energy exhibit a relatively

strong spin-momentum coupling. If the bands are projected to sites close to

or far away from the hydrogen edge, a clear separation of states can be seen.

Fig. 9(b) shows the dominance of the flat hydrogen related bands, whereas

(c) shows the formation of a relatively wide gap. The spin separated diagrams

in Figs. 9(e-f) indicate the persistence of the spin separation close to Fermi-

energy. In the E-y -diagrams, a clear localization of these spin-polarized states
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Figure 8: (Color online) Armchair-direction. E-y DOS diagrams for (a) semi- infinite silicene

(b) interfaced system with unequal fields (c) interfaced system with equal fields. (d) Calcu-

lation cell to be compared with (g–j). The atoms belonging to the same half are drawn with

the same color when we have an interfaced system. The numbered spots mark the atoms

where the projections of Fig. 9 are taken from. Spin-resolved states projected to the direction

perpendicular to the interface for (e) unequal fields (f) equal fields, corresponding to (h) and

(i). The real space distribution of the states at E = 0 eV for (g) unequal fields (i) equal fields,

and the corresponding spin-resolved states for (h) unequal fields (j) equal fields.
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Figure 9: (Color online) Armchair-direction. Bands for half-hydrogenated silicene without

electric field: (a) Total bands for the computational cell (b) Projection to site 1 (c) Projection

to site 3 (see Fig. 8(d)). Corresponding spin-bands in (d–f). The real space LDOS projections

at −0.4eV at the height of the bottom bilayer (g) and top bilayer (h); the spin density of the

top bilayer (i).

is observed. Together with the zigzag-results, this suggests that this effect could

be used to create spin-filtered channels, e.g., by biasing the structure with an

external gate.

4. Summary and Conclusions

In summary, we studied electric field induced as well as hydrogenation in-

duced interfaces of Silicene zigzag and armchair systems using a s− and p−orbital

based tight-binding method with recursive Green’s function iteration. The main

observation is that the features of electronic structure, which are due to break-

ing of periodicity by a structural edge, can be qualitatively created with a field

induced interface, where one side is non-perturbed and the other side is per-

turbed by a perpendicular electric field. This seems to be valid for both zigzag
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and armchair aligned interfaces despite the difference in the topological nature

of the edge states. Furthermore, an asymmetric field seems to retain this topo-

logical nature of the interface states. On the other hand, if electric field is

applied to both sides, the spin polarization is lost for both the alignments. For

interface via half-hydrogenated silicene, spin-polarization arises naturally due to

the symmetry break. One could ponder that spin-polarized interface states arise

only when the A sublattice atoms in one side are inequivalent with the B sub-

lattice atoms in the other side. Thus, any nonsymmetric perturbation is likely

to create spin-polarized interface states. Being structurally fixed, a chemical

interface is less flexibly tunable than a purely field induced interface. However,

the results shown in Figs. 5 and 9 indicate that controlling Fermi-level, e.g.,

with a gate voltage might serve as a spin valve along the interface.

Concerning the question of filtering or control of spin currents by using

interfaces or edges, there are earlier sketches to construct spin controlling device

applications from spin-FET and spin switch to a four-state spin logic [15, 8, 16].

In designing devices using interfaces of graphene-like SOC materials, there are

a few practical issues that must be addressed. First, the SOC must be large

enough in order not to get overrun by thermal noise. Hence, to be stable at

room temperature, SOC-strength should exceed tens of meVs. Obviously, the

SOC of Silicene is rather weak for practical purposes, but in group IV there exist

other choices with stronger SOC [8], while Silicene would match more naturally

to the present Silicon based electronics. Second, from practical perspective, the

strength of fields necessary to create a distinct interface can be challenging.

Voltages below 1V may not sound too high, and it is relatively easy to create

voltage differences of that order of magnitude across a distance of roughly 1nm

- the distance of, e.g., STM tip and a sample. However, the vertical distance

of A and B type sublattices is in sub-Angstrom scale, and hence a considerably

large field would be required.

The conclusions above are only valid for pure silicene. Since existing exper-

iments show that free-standing silicene is not stable enough to be practical, the

search for a suitable substrate that only minimally distorts the properties of
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pure silicene remains the key issue. On the other hand, interface states could

be crafted directly via carefully constructed substrate without any further pro-

cessing. As a substrate material with a moderate interference to the electronic

structure of 2-dimensional overlayers, MoS2 is very promising due to weak van

der Waals interactions.[24]

As future extensions to the present study, in addition to substrate supported

sheets, different kinds of metal decorations and related edges would possibly

reveal possibilities of practical applications. As a general idea, magnetic and

non-magnetic atoms, and variations with defects and impurities may give a rich

collection of phenomena and prospects of gate-controlled conduction channels.
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