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Abstract

We investigated the electronic structure of a silicene-like lattice with a line defect under the consideration

of spin-orbit coupling. In the bulk energy gap, there are defect related bands corresponding to spin helical

states localized beside the defect line: spin-up electronsflow forward on one side near to the line defect and

move backward on the other side, and vice verse for spin-downelectrons. When the system is subjected

to random distribution of spin-flipping scatterers, electrons suffer much less spin-flipped scattering when

they transport along the line defect than in the bulk. An electric gate above the line defect can tune the

spin-flipped transmission, which makes the line defect as a spin-controllable waveguide.
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I. INTRODUCTION

A variety of two-dimensional materials of the similar lattice structure as graphene have drawn

intensive attention in recent years. Silicene, germanene,and stanene have the buckled honeycomb

lattice, and Dirac points were found in their electronic structures.[1] Comparing to graphene, there

are advantages of these materials stemming from the latticebuckling. A normally applied electri-

cal field induces a stagger potential and causes a band gap,[2] which is essential for the applica-

tion. The buckling dramatically increases the spin-orbit coupling (SOC),[3] while it is too weak

to induce observable effect in graphene.[4] The SOC in a honeycomb lattice material makes it a

topologic insulator and spin helical edge states exist in the edges.[5] The combination of the stag-

ger potential and the SOC results in valley polarization,[6, 7] and various spin and valley related

physics can be found in junction systems.[8–10] Recently, researchers successfully fabricated line

defects in honeycomb lattices,[11, 12] which has spurred lots of discussions on their electronic

properties. A tight-binding investigation reveals that the system is gapless,[13] and can be re-

garded as a quantum waveguide.[14] When a magnetic field applied, localized states arise beside

the defect line, like the edge states on the edges. The quantum states around the line defect can be

described by the low energy continuum model with a proper wave connection condition.[15, 16]

A efficient valley filter effect can be caused by Multiple defect lines due to the valley-dependent

resonance.[17, 18] The studies on the defect line are all based on graphene lattice, in which no

SOC needed to be considered. Duo to the new features caused bylattice buckling, we expect more

physics can be found in the silicene-like lattice with the defect line.

In this paper, we investigate the band structure of a silicene-like lattice with a line defect under

the consideration of spin-orbit coupling. Figure 1 (a) shows thex-y projection of the investigated

lattice, the defect atoms lie on the liney = 0 and the buckling amplitude for the defect atoms

is assumed to be the same as that of the bulk lattice. We find there are two bands related with

the line defect for each spin electrons between the bulk dispersions. The states of one band are

most localized on the defect atoms themselves and the other most localized on the atoms nearest

to the defect line (we refer these atoms closest to the line defect as the defect edge atoms). The

spin-up defect edge states propagate along one defect edge and run back along the other defect

edge, and the spin-down ones behave reversely, i.e., they are spin helical states. The stagger

potential makes the bands asymmetric and alters the localization properties of the defect edge

states. We study the spin-flipped transport when the latticeis subjected by random distribution of
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FIG. 1: (Color Online) (a)x-y projection of a silicene-like lattice with a line defect. The filled and empty

circles represent atoms buckled-up and buckled-down respectively. (b) DispersionE(k) (in units oft) versus

wavevectork (in units ofπ/a). The lateral atom number is 40. (c) The probability distribution of the eigen

state marked by pointA in the dispersion. Larger atom circle radius means larger probability on the atom.

(d) The probability distribution of the eigen states markedby point B. (e)ρ0 of the curve-1 (solid line) and

curve-2 (dashed line) as functions ofk.

spin-flipped impurities. There always exist an energy interval within the bulk gap, in which the

spin-flipped transmission is much smaller than that of the bulk electrons. This property stems from

the separation in real space between the states of different spins.

II. CALCULATIONS AND DISCUSSIONS

A. The Hamiltonian

The tight-binding Hamiltonian including the SOC reads

H = δ
∑

iα

νic
+

iαciα − t
∑

〈i j〉α
c+iαc jα

+iγ
∑

〈〈i j〉〉αβ

νi jc
+

iασ
z
αβ

c jβ (1)

wherec+iα (ciα) is the creation (annihilation) operator for an electron with spinα on sitei, σz is

the z-component of Pauli matrix, and the summations with the brackets 〈..〉 and 〈〈..〉〉 run over

all the nearest and next-nearest neighbor sites, respectively. The first term is the Hamiltonian
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FIG. 2: (Color Online) The first row: The dispersionE(k) (in units oft) versusk (in units ofπ/a) for spin-up

electrons. The second row:ρ0 of the curve-1 (solid line) and curve-2 (dashed line) as functions ofk. The

third row: ρa of the curve-1 (solid line) and curve-2 (dashed line) as functions ofk.

related with the stagger on-site potential, in whichνi = 1 wheni represents a buckled up atom

andνi = −1 for buckled down atom, andδ is the stagger potential amplitude. The second term

is the Hamiltonian of the nearest neighbor hopping with hopping energyt. The third term is the

SOC Hamiltonian which involves the next-nearest neighbor hopping with amplitudeγ and a path

dependent amplitudeνi j. For the electron couples form atomi, mediated by a nearest neighbor site

and to a next-nearest neighbor atomj, we haveνi j = 1 if it makes a left turn andνi j = −1 if goes a

right turn. Since the line defect lies alongx-direction, and the wavevector inx-direction is a good

quantum number. The calculation is conducted in a translational cell. Iny-direction, the periodical

edge condition is adopted to avoid the distraction of the edge states, which are not our targets.

B. The Basic Case: δ = 0 and γ = 0

Firstly, we investigate the electronic structure of the system when both the stagger potential and

the SOC are turned off (i.e.,δ = 0 andγ = 0). The dispersion is shown as Fig. 1 (b). It can be seen

that the dispersion is quite similar to that of a graphene ribbon, except that there are two additional

curves lacking of electron-hole symmetry. The two bands arelabeled by curve-1 and curve-2 in

the figure and we will conduct detailed investigation on their properties for a variety of parameters.

There is a flat part on curve-1, which implies that these states bear analogous properties of edge

4



FIG. 3: (Color Online) (a) A zoom picture of the dispersion for spin-up electrons (the dispersion for the

spin-down electrons is exactly the same). (b) and (c) The probability distribution of states labeled by point

B andC in (a) for the spin-up band respectively. (d) and (e) The probability distribution of states labeled by

point D andE for the spin-down band respectively.

states. Figure. 1 (c) shows the electron probability distribution of the eigen state represented by

point A on curve-1, and one can see that the density is most localizedon the defect edge atoms. If

we choose another point on the flat band apart from pointA (a point betweenA andC) to study, we

find the density decays away from the defect edge atoms to the bulk of either side, and the decay

rate depends on the deviation of the point studied from pointA (not shown in the figure). These

features are just those of edge states for a zigzag graphene ribbon, which is not strange because

the defect edge atoms are just the real edge ones if the defectatoms are removed. For this reason,

we call these defect-nearest atoms as defect edge ones. The electron density of pointB on curve-2

is shown in Fig. 1 (d). The density is most localized on the defect atoms and slightly scattered on

nearby atoms. For other points on the same curve near pointB, the densities are more scattered on

more atoms around the defect atoms, and decay away into the bulk (not shown in the figure). We

also examine the properties of other parts of curve-1 and curve-2. The states ofEC andFD are

distributed on both the defect atoms and the defect edge atoms, as the states of partCB of curve-2,

while, DC represents bulk states, which is result of the band crossingthat occurs at pointD. The
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density distributions of the two bands are symmetric with respect to the defect line.

To describe the localization on the defect atoms, we define quantity

ρ0 = ρ(y = 0), (2)

whereρ is the probability distribution. Figure 1 (e) showsρ0 of curve-1 and curve-2 as functions

of k. From E to C, ρ0 decreases continuously, abrupt change happens at pointC because of the

band crossing, and it vanishes for partCA (the flat part) since it represent defect edge states.ρ0

of curve-2 experiences one more abrupt change because thereis an additional crossing at pointD

besides of the crossing at pointC; partFD of it is almost overlap withρ0 curve for curve-1 since

they have similar localization properties; for partDC, ρ0 is zero, which reflects the properties of

the bulk states and the electron probability on the defect atoms is infinitesimal; and fromC to B,

the density on defect atoms is continuously increased.

C. The General Cases

Now we turn the SOC term on to a small value. For this case the system is spin-dependent, we

only study the properties for the spin-up electrons for now,and discuss spin-down electrons later.

The SOC induces a gap 2∆S O at each valley for a perfect bulk silicene-like lattice, which depends

on the SOC by

∆S O = 3
√

3γ. (3)

The small gap can be found between curve-1 and curve-2 near valley K in Fig. 2 (a), and it causes

slightly smearing of the abrupt changes ofρ0 versusk for both curve-1 and curve-2, as illustrated

in Fig. 2 (f). When we increase the SOC amplitude, the gap at valley K increases correspondingly,

the smearing ofρ0 is more apparently, the defect states around pointC on curve-1 and the bulk

states around the point on curve-2 are mixed with each other,and theρ0 = 0 part disappears. The

bulk gap at valleyK or K′ is not the real gap between curve-1 and curve-2, because the bottom of

curve-1 remains almost unchanged atE = 0 whenγ changes.

In the energy gap, the SOC drives spin-up electrons piled up at one edge if edges exist, and

spin-down electrons at the other edge. Because the defect line can be regarded as another type

of edge, we expect electrons with different spins accumulate near different defect edges even no

real edge exist (periodic edge condition iny-direction is adopted, so no real edge exists) and the
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electron probability distribution exhibits asymmetry with respect to the defect line. To describe

the asymmetry, we define the quantity

ρa =
∫

y>0
ρdy −

∫

y<0
ρdy. (4)

Figure 2 (k) showsρa of curve-1 and curve-2 as functions ofk. A small SOC can induces a

remarkable asymmetry ofρa (i.e.,ρa , 0) near valleyK, and a larger SOC∆ = 0.05t results in the

asymmetry of the whole interval ofk. Around valleyK the electron probability corresponding to

curve-1 is localized near the upper defect edge (ρa > 0) and near the lower defect edge (ρa < 0)

around the other valley, and for the curve-2 situation is reversed.

Next we switch on the stagger potential amplitudeδ. The combination of the stagger potential

and SOC term causes two different energy gaps, 2∆K and 2∆K′ , for valleysK andK′ for a perfect

silicene-like lattice, respectively, which is called as valley polarization effect and only happens for

∆S Oδ , 0. The two gaps are determined by

∆K = |δ − ∆S O|,

∆K′ = |δ + ∆S O|.
(5)

For small stagger potentialδ < ∆S O, the gap of valleyK shrinks and that of valleyK′ enlarges,

which makes the bulk dispersions around valleysK and K′ not identical, breaks the left-right

symmetry ofρ0, and spoils the anti-left-right symmetry ofρa, as illustrated in Fig. 2 (c), (h), and

(m). Whenδ is increased toδ = ∆S O, we have∆K = 0, saying, the gap of valleyK vanishes and

the crossing between curve-1 and curve-2 returns. The abrupt change ofρ0 at the crossing point

is revivified. The asymmetry of the electron probability around valleyK is almost unobservable

while remains apparent around valleyK′. These features can be seen in Fig. 2 (d), (i), and (n).

When we increaseδ so as toδ > ∆S O, we have two nonidentical gaps for two different valleys

again. Fig. 2 (e), (j), and (o) show the dispersion,ρ0, andρa for this case. The bulk dispersion and

theρ0 curve are quite similar to those for the case ofδ < ∆S O, but the bottom of curve-1 is above

E = 0 and no moreρ0 = 0 point can be found on the curve ofρ0 for curve-1. In the whole interval

of k, ρa < 0 for curve-1, which is very different from the caseδ < ∆S O.

If we only consider the spin-down electrons, all the curves appearing in Fig. 2 are flipped

left-to-right with these symmetric curves keep intact.

Fig 3 (a) shows the energy dispersions for both spin-up and spin-down for∆S O , 0 andδ = 0.

The curves for spin-up and spin-down overlap completely, but the probability distribution for the
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FIG. 4: (Color Online) (a) A zoom picture of the dispersions for spin-up (solid lines) and spin-down (dashed

lines) electrons. (b), (c), (d), and (e) The probability distribution of states labeled by pointsB, C, D, andE

in (a), respectively.

two defect edge bands are different. We study the states represented by four points at the same

energy, say, pointsB andC on curve-1 for spin-up andD andE for spin-down. The probability

distribution corresponding to the four point is illustrated in Fig. 3 (b) through (e). At the energy,

the spin-up electrons go right along the lower defect edge and flow left along the upper defect

edge, in other words, run anti-clockwise around the defect line, while the spin-up electrons go

clockwise.

When both SOC and stagger potential are present, the energy dispersions for spin-up and spin-

down electrons are not identical, as shown in Fig 4 (a). The probability distribution of four pointB

throughE labeled in Fig. 4 (a) are illustrated in Fig. 4 (b) through (e). At the energy represented

by the horizontal line, electrons with both spins move alongthe lower defect edge leaving the

upper defect edge almost empty. This can be understood by that atoms belong to different defect

edges are buckled reversely and a electric field across the defect line. Becauseδ > ∆S O is adopted

in the figure, the electric field is dominate and drives the electron probability on one side of the

defect line.
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D. Spin Dependent Transport

The spacial separation of the electrons with different spins is helpful for the suppression of

spin flip when electrons propagating. A small bias along the defect line drives electrons from the

left going to the right. If the electron is injected at the energy within the bulk energy gap and

above the bottom of curve-1, the transport is supported by the defect edge states. When no stagger

potential is applied, the spin-up and spin-down electrons flow rightward alone the lower and upper

defect edges, respectively (see Fig. 3). We consider there are some spin-flipping scatterers random

distributed on the plane, and the scatterers are assumed to be sufficiently weak, microscopically

large but macroscopically small, and identical with each other. The electrons cannot be scattered

back because back scattering needs largek transfer, but the spin can be flipped without change of

k. This type of scatterers can be regarded as a simple model of the local lattice distortion induced

by alien atom absorption.[19] The local distortion, for example, a bump, leads to spin-dependent

scattering and is relaxed within the area of the dimension oftens of lattice constant.[20] Besides

the lattice distortion, the on-site energy of the alien atomis a short-ranged scatterer, which is

spin-independent and not our aim. In frame of first order perturbation theory, the spin-flipped

transmission (the detailed derivation is given in the Appendix) is

T f = 4π2η2 · ρ(Ek↓)
∣

∣

∣〈φk↓|φk↑〉
∣

∣

∣

2
ρ(Ek↑)

= η2v−2|α|2, (6)

whereρ(E) is density of states at energyE, v = ∂Ek/∂k = (2πρ)−1 is the velocity (~ = 1 is adopted),

andα = 〈φk↓|φk↑〉 is the overlap of lateral eigen states of the spin-up and spin-down electrons, and

η = Vns/S is a parameter to characterize 2D disorder withn, s andV being the number, area,

and potential of scatterer andS the area of the sample. For the bulk electrons going parallelto

the x-direction, the spin-flipped transmission is described by the same equation. The dispersion

relation of bulk electrons isE2
= ∆

2
+v2

Fk2, so we have the velocity square isv2
= v2

F ·(E2−∆2)/E2,

wherevF is the Fermi velocity of perfect silicene, andα = 1 for bulk electrons. Figure 5 shows

the spin-flipped transmission as a function of energy for both the defect line guided transport and

x-direction propagation for bulk electrons. Above the gap, the flipped transmission decreases with

increasing energy and tends to a stabilized value becausev → vF whenE ≫ ∆. However, within

the bulk gap, there exists an interval in which the spin-flipped transmission is smaller than that for

the bulk state, this is becauseα vanishes at some wavevectors near valleysK andK′, as shown in
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FIG. 5: (Color Online) Spin-flipped transmissionT f (in arbitrary units) as a function of energy for both the

defect line guided transport (solid line) andx-direction propagation for bulk electrons (dashed line). The

inset shows the curve of|α|2 = |〈φk↓|φk↑〉|2 as a function ofk.

the inset of Fig. 5, and thusα = 0 occurs a certain energy.

The spin-flipped feature of the line defect results in interesting spin transport effects. If we tune

the system that the Fermi energy is aligned at the flip-free point, the line defect works as an ideal

spin guide; when we place a top gate (the gate length along theline defect must be limited within

the coherence length) to push the Fermi energy away from the flip-free point, we have the out-

coming electrons with the spin being a superposition of spin-up and spin-down, and the weights

of different spins depends on the length and potential of the gate. Aprecision prediction of the

weights beyond the first order perturbation, but the qualitative physics can be expected as that.

To our knowledge, silicene can now only be grown on metal surfaces,[21] which is an obstacle

to perform transport measurement, and long and regular defect line in silicene has not being re-

ported experimentally yet. However, our calculation for the spin transport is also applicable for the

graphene defect line if the SOC cannot be neglected, which was recently successfully to enhanced

to a few meV by weak hydrogenating.[22]

III. SUMMARY

We studied the electronic structure of silicene with a line defect. Spin helical states was found

around the line defect. These states belong to energy bands in the bulk energy gap. When the

lattice is subjected by a distribution of spin-flipping scatterers, within the bulk gap the spin-flipped

transmission is much smaller that of the bulk electrons and can be controlled by a gate above the
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defect line.
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Appendix A: Derivation of Equation (6)

Supposing the initial wavefunction is denoted asψ0, in frame of first perturbation theory, the

scattered wavefunction can be written as

ψ′ = G0Vψ0 (A1)

whereG0 is the Green’s function of scattering free system andV is the scattering potential operator.

If the wavefunction is initialized as a plane waveeikx, the scattered wavefunction is

ψ′ =

∫

dk′

2π
eik′x 1

Ek − Ek′
Vk′k (A2)

whereEk/k′ is the energy of the wavefunction with wavevectork/k′ for the unperturbed system.

In the first Brillouin zone, we can find even number of poles (orsolutions ofk′) on the real axis

of k′ by solving the equationE(k′) = Ek, and we denote the solutions corresponding to positive

velocity asκ+ and those corresponding to negative asκ−. The integration overk′ can be transform

into contour integration around these poles,

∫

dk′

2π
=



































∑

i

�
κ+i

dk′

2π
, x > 0

∑

i



κ−i

dk′

2π
, x < 0

(A3)

For both casesx > 0 and x < 0, each contour integration of (Ek′ − Ek)−1 leads to the result

|dk′/dE|k′=κ = v−1
κ , so the scattered wavefunction is

ψ′k′ = −iv−1
k′ eik′ |x|Vk′k (A4)

wherek′ means the final wavevector which satisfyingEk′ = Ek, saying, the energy conservation.

The coefficient of the scattered plane wave is

− iv−1
k′ Vk′k (A5)
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The process is initialized with the flux∼ vk, and scattered into the state of the flux∼ vk′ . The reflec-

tion or transmission component (if the final velocity is coincide with the initial one, transmission,

otherwise, reflection) fromk to k′ is associated with the process is

Tk′k = vk′
∣

∣

∣v−1
k′ Vk′k

∣

∣

∣

2
v−1

k = v−1
k′ |Vk′k|2 v−1

k

= 2πρ(Ek′) ·
∣

∣

∣Vk,k′
∣

∣

∣

2 · 2πρ(Ek) (A6)

whereρ = dn/dE = dn/dk · dk/dE = (2πv)−1 is the density of states at the energyE.

The derivation is based on one-dimension spinless system, but it can be extended straightfor-

ward to multidimensional spinful system by regarding the wavevector as a new composite quantum

number,k → (k, σ), whereσ =↑, ↓. For one-dimensional spinless systemk′ , k must be met to

ensure that the final state is not identical to the initial state, but for the spinful system, this restric-

tion is not necessary. By setting the stats (k, ↑) and (k, ↓) be the initial and final states, respectively,

we have Eq. (6).
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