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We study the band structure and transport property of a zigzag silicene nanoribbon when electric fields are
applied to the edges. It is found that band bending could be induced and controlled by the antisymmetric edge
fields, which can be understood based on the wave functions of the edge states. The highest valence band
and the lowest conduction band coexist in the band-bending region. With the narrowing of edge potentials,
the bending increases gradually. When the edge fields become symmetric, an asymmetric band gap at the
Dirac points can be obtained due to the intrinsic spin-orbit interaction, suggesting a valley-polarized quantum
spin Hall state. The gap could reach a maximum value rapidly and then decrease slowly as the electric fields
increase. Due to the combining effect of the band bending, band-selective rule, and resonant states, many
zero-conductance resonances and resonance peaks appear in different regions, which could be described by the
Fano resonance effect. Furthermore, the band bending and zero-conductance resonances are robust against the
Hubbard interaction. The Hubbard interaction could work as a spin-dependent edge field, together with the edge
electric fields, leading to a spin-dependent band gap and various quantum phases such as metal and half-metal.
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I. INTRODUCTION

Recently, silicene has attracted much attention both the-
oretically and experimentally [1,2], which could potentially
be integrated with well-established silicon technology. Con-
trary to graphene, silicene has a strong intrinsic spin-orbit
interaction (SOI), which could open a gap of approximately
1.55 meV at the Dirac points [3,4]. The buckled structure
of silicene allows us to control the band gap by an ex-
ternal electric field, offering great advantages over gapless
graphene [4,5]. Therefore, many novel properties of silicene
have been demonstrated, including the quantum spin Hall
effect and the topological phase transition by applying an
electric field [3,5].

Numerous studies have researched the band struc-
tures and conductance property of graphene nanoribbons
(GNRs) [6-27] and silicene nanoribbons (SiNRs) [28—42].
Fujita et al. found that GNRs display a striking contrast in
the electronic states depending on the edge shape [7]. Louie
et al. predicted the half-metallicity in nanometer-scale GNRs
by using first-principles calculations, opening a new path to
explore spintronics [9]. Because of the staggered sublattice
potential on the hexagonal lattice due to edge magnetiza-
tion, an energy gap could be opened for zigzag GNRs [10],
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and the spin-polarized valley helical edge states could ap-
pear inside the bulk gap [24]. If the Rashba SOI is stronger
than the intrinsic SOI, the low-energy bands would undergo
trigonal-warping deformation at the Dirac points [18]. In
zigzag GNRs, the scattering processes obey a selection rule
for the band indices, so a barrier potential can play the role
of the band-selective filter [13]. Due to the coupling between
the conducting subbands around the Fermi level, GNRs show
distinctly different transport behaviors, depending on whether
they are mirror symmetric with respect to the midplane be-
tween two edges [19]. Long et al. found that the conductance
through graphene p-n junctions could be strongly enhanced
and exhibit a plateau structure at a suitable range of disor-
ders [16]. The magnetoresistance effect [20,22] and valley
filtering [25-27] in GNR devices have been demonstrated.
Furthermore, the magnetoresistance effect [28-30], spin-
polarized currents [31-35], valley-resolved transport [36,37],
electron delocalization [38], and thermoelectric effects [39]
in SiNRs have also been studied theoretically. In particular,
Rachel and Ezawa found that the quantum spin Hall effect
without edge states could be realized by manipulating various
perturbations at the edges of SiNRs, which can be used for
giant magnetoresistance and spin filters [30]. A silicene-based
spin filter and Y-shaped spin-valley separator were proposed
in field-gated SiNRs by first-principles calculations [32].

The edge potential is an effective method of engineer-
ing the electronic structure in GNRs [43-51]. The electronic
structure close to the Fermi level greatly depends on the
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FIG. 1. (a) The schematic diagram of a silicene device with a
zigzag ribbon, on the two sides of which two electric fields E;; , are
placed. N, is the number of unit cells for the center region in the x
direction. The unit cell includes N, silicon atoms which define the
ribbon width. N, and W describe the region of the electric fields. The
band structure of a pristine zigzag ribbon for N, = 48 is shown in
(b). (c) The probability density for the wave functions |W|> of the
edge states labeled by the arrows in (b), where the black and red
lines are the states at the upper and lower boundaries of the ribbon,
respectively.

choice of terminating atom or group at the edges of GNRs,
leading to the particular device applications by chemically
modifying the edges [43,44]. The edge band dispersion of
zigzag GNRs can be controlled by potentials applied on
the boundary with unit cell length scale, and gapless edge
states with valley-dependent velocity are found [45]. When
the applied edge potential is antisymmetric, the GNR en-
ergy spectrum could open up a gap [48]. A recent study
investigated topological confinement effects of the edge
potentials resulting from electron-electron interactions on
gapless edge states in various magnetic phases of bilayer
zigzag GNRs [49]. Although the armchair GNRs have no edge
states, it is possible to generate and tune the edge states due
to pseudospin-flipped scattering induced by the edge poten-
tial [50]. Experimental investigation indicated that owing to
the sharp edge potential and the linear band structure, resonant
edge magnetoplasmon dissipation in graphene can be lower
than that in GaAs systems [51].

In this work, we propose a different kind of edge po-
tential in zigzag SiNRs (ZSiNRs) produced by the electric
fields E;; » applied to the edges of the ribbon, as shown
in Fig. 1(a), which is different from previous works where
the electric fields are usually applied to the whole ribbon.
Due to the buckled structure of silicene, the electric fields
could generate a staggered sublattice potential efE; ,», with
2¢ 2 0.46 A being the vertical separation of the A and B sites
of the two sublattices, which critically distinguishes silicene
from graphene. The edge potentials could greatly affect the
edge states and the band structure. We aim to study the
energy band and the conductance in ZSiNRs controlled by
the edge potentials efE;; ;» as well as discuss the effect of
the intrinsic SOL. It is interesting that the band can be bent

and gapped by local manipulations of edge potentials, de-
pending on the symmetry of the edge potentials e£E;; ;». The
conductance presents abundant transport behaviors, such as
zero-conductance resonances and resonance peaks. The cor-
responding density of states (DOS) and local density of states
(LDOS) are discussed. Contrary to previous studies [18,52],
the band bending and zero-conductance resonances are elec-
trically tunable in this work. Taking the exchange field into
account, the zero-conductance resonances could give rise to a
perfect spin polarization. In addition, we also study the effect
of Hubbard interaction and discuss the spin-dependent band
gap and the half-metallicity of ZSiNRs.

This paper is organized as follows. In Sec. II we intro-
duce the effective tight-binding model and the nonequilibrium
Green’s function (NEGF) method. The numerical results and
the discussion are presented in Sec. III. We conclude with a
summary in Sec. IV.

II. THEORETICAL FORMULATION

The low-energy electronic properties in the silicene honey-
comb lattice can be described very well by the tight-binding
model [5,53]. Considering the electric fields, the Hamiltonian
reads

. Aso T
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The first term describes the nearest-neighbor hopping with
the transfer energy + = 1.6eV, and CL (ciy) 1s the electronic
creation (annihilation) operator with spin « at site i. The
second term is intrinsic SOI with Agp = 3.9 meV = 0.0024¢,
which involves spin-dependent next-nearest-neighbor hop-
ping. v;; = +1 (—1) if the next-nearest-neighboring hopping
is counterclockwise (clockwise) with respect to the positive z
axis. o, is the Pauli matrix associated with the spin degree of
freedom. The third term describes the staggered sublattice po-
tential Ug| go = e£E;; » arising from the electric fields E;; »
perpendicular to the silicene sheet, as shown in Fig. 1(a). The
potentials Ug| g, are applied along two edges of ZSiNRs in
the center region, i.e., edge potential, the size of which is
described by the width W and length N,. Figure 1(b) shows
that the band structure of the pristine ZSiNRs with width
N, = 48 and potential Ug; g» = 0 exhibits a metallic behav-
ior, similar to graphene. The lowest bands at the Fermi level
are not absolutely flat due to the intrinsic SOI, associated with
the helical edge states.

Based on the tight-binding model and Bloch’s theorem, the
band structure of an infinite ZSiNRs with edge potentials can
be calculated. The k-dependent Hamiltonian of the system can
be written as

Hy, = Hyo + Ho* + H_jpe ™, )

where Hy is a unit cell Hamiltonian matrix of one chain, Hy;
(or H_jp) is the coupling matrix with the right-hand (or left-
hand) adjacent cell, and a is the lattice constant. In addition,
the two-terminal conductance G for an electron with energy
E through the silicene ribbon can be calculated by the NEGF
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FIG. 2. (a)-(c) The band structure of ZSiNRs for different values
of the sublattice potential Ug and the width W. The position and the
width of the band-bending region as a function of (d) U with W = 6
and (e) W with Ug = 0.2¢. The horizontal line denotes the position
of the bottom for the next-lowest conduction band E, = 0.183¢ in the
pristine zigzag ribbon. Here, the ribbon width N, = 48.

method and the Landauer-Biittiker formula as [16,17,54]

2
G(E) = %Tr[FL(E)G’(E)FR(E)G“(E)], 3

where 'y g(E) = i[Xp r(E) — E;R(E )] is the linewidth func-
tion and G'(E) = [GY(E)]" = 1/(E — H, — ¥ — Xg) is the
retarded Green’s function with the Hamiltonian in the center
region H.. X g is the self-energy caused by the coupling
between the center and lead regions. The LDOS and DOS can
also be given by the NEGF method [55]:

LDOS

1
——ImG'(E)
T

1
E{Gr(E)[FL(E) + Ir(E)IG(E)} “4)
and

1
DOS = ETr{G’(E)[FL(E) + Tr(E)IGYE)}Y.  (5)

III. RESULTS AND DISCUSSION

In this section, we study the effect of the edge electric
fields and intrinsic SOI on the band bending, band gap, res-
onant conductance, and spin polarization for a zigzag silicene
nanoribbon by calculating Egs. (2)—(5). Note that in Figs. 26,
we mainly discuss the results of spin-up electrons. Because
of time-reversal symmetry, the band structures of spin-up and
spin-down electrons satisfy E4 (k) = E|(—k), so conductance
is spin independent. However, when the Hubbard interaction
is considered, the system presents a spin-dependent band gap
and phase transition controlled by the edge electric field.

1, =0.0024¢
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FIG. 3. The band structure of ZSiNRs for (a) Uz = 0.1¢, Ago =
0.0024¢ and (b) Ug = 0.3¢, As0 = 0.077¢. (c) and (d) Band gap
versus Ug. The dashed curves in (a) and (c) denote the band structure
and band gap for W = N, /2, respectively. Here, Ny, = 48 and W = 8
unless otherwise noted.

A. Band bending and band gap

First, we discuss the band structure of an infinitely long
nanoribbon in the presence of the edge electric fields where
the length N, tends to infinite, as shown in Figs. 2 and 3.
Note that the edge fields applied to the two edges are anti-
symmetric in this case, that is, Ezl = —Ezz = E,Z, but their
corresponding sublattice potentials Ug; g2 = U at the edges
are symmetric about the x axis and independent of the spin
degree of freedom. Figures 2(a)-2(c) exhibit the energy band
for different values of the edge potentials Ug and the width W.
One can clearly see that the lowest conduction band presents a
bend behavior due to the appearance of the sublattice potential
Ug. Importantly, the maximum energy of the highest valence
band becomes larger than the minimal energy of the lowest
conduction band. Therefore, there exists an especial energy
region where both the highest valence band and the lowest
conduction band coexist and overlap, which plays a key role
in the resonant conductance, as shown in the following. A
comparison between Figs. 2(a) and 2(b) indicates that as the
potential Ug increases, the band-bending region increases and
shifts up. With the increase of width W, the band bending
is decreased [see Figs. 2(b) and 2(c)]. The further increase
of Ug could induce the bend of the next-lowest conduction
band and other higher bands. It should be noted that the
valence band could also be bent when the edge potentials
are negative. Figures 2(d) and 2(e) present the band-bending
region as a function of Ug and W, respectively. The bound-
aries of the bending region are denoted by E.i, and Epx,
with En.x = Ug. Ey is the position of the bottom for the
next-lowest conduction band in the pristine zigzag ribbon (or
the two leads) which can be controlled by the ribbon width
N,. It is clearly seen that the bending region is broadened
(or narrowed) gradually by Ug (or W). When W increases
to N,/2, the two edge potentials would be combined into
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TABLE I. The sublattice potentials for spin-up and spin-down electrons at the A (B) sublattice on the upper (lower) edge of the ZSiNRs
under the Hubbard term and the edge electric fields. Superposition 1 (2) is the combined effect of the Hubbard term and the symmetric

(antisymmetric) edge electric fields.

Sublattice

A A B B
Spin index spin up spin down spin up spin down
Hubbard term Uy —Uy —Uy Uy
Field Ezl = EzZ UE UE —UE —UE
Field Ez,l = —Ezz UE UE UE UE
Superposition 1 UH + UE —UH =+ UE —UH — UE UH — UE
Superposition 2 Uy +Ug —Uy + Ug —Uy 4+ Ug Uy +Ug

one potential which covers the whole area of the nanoribbon,
so the band bending disappears. Therefore, the position and
the width of the band bending can be controlled by the edge
electric fields.

The physical mechanism of band bending can be under-
stood in the light of wave functions of the edge states. We
assume the sublattices on the upper and lower edges of the
ZSiNRs are A and B, respectively, as shown in Fig. 1(a).
Figure 1(c) plots the probability density profile of edge-state
wave functions |W|? as a function of the atom positions along
the width of the pristine silicene sheet, and the corresponding
edge states are labeled in Fig. 1(b). It can be seen that at
symmetric point ka = 1.0m, the states are localized only at
the edges. However, with the increase of ka, the states are
extended to the whole ribbon. Importantly, the state on the
upper edge is mainly localized at the A sublattice, while the
state on the lower edge is mainly localized at the B sublattice.
For the antisymmetric edge electric fields, the potential Ug
at the A sublattice on the upper edge is same as that at the
B sublattice on the lower edge. When the potential Ur with
a narrower width is applied to the edges, it greatly affects
the states near ka = 1.0t but has little effect on the states
far away from ka = 1.0x. Thus, the lowest conduction band
and the highest valence band near ka = 1.0x shift up linearly
with U, while the bands far from ka = 1.0x shift slowly. As
a consequence, the band bending appears. As the width W
broadens, the states and the bands far away from ka = 1.0w
are influenced deeply as well, so the band bending becomes
narrow, consistent with the results in Fig. 2.

The symmetry of the edge electric fields greatly affects
the band structure of ZSiNRs. When the edge electric fields
become symmetric (E,; = E,» = E.Z), the corresponding sub-
lattice potentials are antisymmetric about the x axis. The
potential Ug at the A sublattice on the upper edge is positive,
while the potential at the B sublattice on the lower edge is
negative (see Table I). Thus, the staggered sublattice potentials
between the A and B sublattices on the edges would separate
the conduction band and valence band, opening a band gap.
Figure 3(a) displays the band structure of ZSiNRs when the
potential Uy = 0.1 and W = 8. We may find that a spectral
gap is induced, and the system converts metallic to insulating
behavior. For comparison, when the electric field is applied to
the whole area of the nanoribbon, i.e., W = N, /2, the band
structure and band gap are presented by the dashed curves in
Figs. 3(a) and 3(c), respectively. Obviously, the energy band
is bent near the valleys when the edge potentials are applied

[see Fig. 3(a)], which can be understood by the edge states
in Fig. 1(c). Furthermore, in contrast to GNRs [48], the gap
width of ZSiNRs at the two Dirac points is not consistent,
and the two valleys are asymmetrical due to the intrinsic SOL.
For stanene with a larger SOI Ago = 0.077¢, the asymmetry
of the valleys is more prominent, as shown in Fig. 3(b).
When Ug = Agp, the gap at one valley is closed, and a valley-
polarized quantum spin Hall state could form in ZSiNRs. This
feature could be used to realize a valley polarization where the
conductance is contributed only by electrons from one valley.
Figure 3(c) shows the band gap as a function of U for differ-
ent values of W when N, = 48. With the increase of Ug, the
band gap increases rapidly and reaches the maximum value at
a special value of Ug. Then the gap decreases slowly with Ug.
Interestingly, the maximum of the band gap is dependent on
the width W. Note that this property is different from the one
when the electric field is applied to the whole ribbon, where
the gap is increased linearly with Ug and equal to 2Ug [see the
dashed curve in Fig. 3(c)]. Figure 3(d) discusses the effect of
the intrinsic SOI on the band gap with Agp = 0.0024¢, 0.033¢,
and 0.077¢ in silicene, germanene, and stanene. We can find
that when Ug < Ao, the gap cannot be opened up. When
Ur > Aso, the gap is opened up and increases gradually. Due
to the SOI, the band structure is no longer symmetric, so the
indirect band gap is reduced, which is proportional to 1/Agp.

B. Zero-conductance resonances and spin filter

The band bending would further affect the electron trans-
port through the silicene nanoribbon. Next, we discuss the
conductance through finite ZSiNRs and the effect of band
bending when the edge electric fields are applied to the edges
antisymmetrically. The width of ZSiNRs and the potential are
fixed as N, = 48 and Ug = 0.2¢ in the following for conve-
nience. Figure 4 presents the conductance [Figs. 4(a) and 4(c)]
and the corresponding band structure [Figs. 4(b) and 4(d)]
when the width and the length of the edge electric fields are
W = 12 and N, = 100. For contrast, the conductances of the
considered system and the pristine ZSiNRs are labeled by
the black and red curves in Fig. 4(a), respectively. The black
and red curves in Fig. 4(b) represent the energy bands for the
considered system in the center region and the two leads (or
the pristine ZSiNRs), respectively. As expected, the quantized
conductance in pristine ZSiNRs is obtained, which exhibits a
symmetric plateau structure with plateau values at 1, 3, 5, ...
in units of ¢? /h. The conductance plateau is proportional to the
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FIG. 4. (a) The conductance G versus Fermi energy through the
system labeled by black curves; the red curves are the conductance
of the pristine zigzag ribbon. (b) The band structures of the center re-
gion (black curves) and the two leads (red curves). (c) and (d) Partial
enlargements of (a) and (b), respectively. The subbands are indexed

in (d). The parameters are set as Ug = 0.2t, W = 12, N, = 100,
and N, = 48.

number of conducting channels at the Fermi energy, consistent
with the number of subbands at the Fermi energy. Oppositely,
the conductance in the considered system presents a resonance
behavior which is no longer symmetric. The features of reso-
nant conductance for electrons and holes are different in the
multichannel region. The conductance is zero in the region
0 < E < Ep;, due to the selection rule for the band indices.
In the following, we mainly focus on the resonant conduc-
tance in the region Eni, < E < Enax where the band bending
occurs, as shown in Fig. 4(c). Remarkably, it can be found
that many resonance dips with conductance G = 0 appear in
the region Eni, < E < Ey. In the region Ey < E < Enax, the
resonance dips and the resonance peaks occur simultaneously,
and the peak value trends to 2¢?/h. This phenomenon can be
understood based on the band bending, band-selective rule,
and resonant states. The corresponding energy band of the
center region and two leads is shown in Fig. 4(d), and the band
index is specified. The electrons in the even (odd) bands can
be scattered only into the even (odd) bands due to the conser-
vation of the parity of wave functions [13,56]. On the other
hand, the highest valence band and the lowest conduction
band coexist in the band-bending region. In the center region,
bands 0 and —1 coexist at Epin < E < Engx [see Fig. 4(d)]. In
the left and right leads, only band O exists at Enin, < E < E,
while bands O and 1 coexist at £y < E < E,«. Therefore,
when the electron with energy E € [Epnin, Eo] passes through
the system, band O in the leads is scattered into band 0 in the
center region, so that the conductance G is usually e?/A and
the plateau arises from nonresonant electron traveling. How-
ever, when the incident energy E consists with the energy of
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FIG. 5. (a) The conductance and (b) DOS versus Fermi energy at

N, = 200. LDOS in the center region at (c) E = E;3 = 0.15625¢ and

(d) E = Eg = 0.17515¢. Other parameters are the same as those in
Fig. 4.

resonant modes in band —1 induced by the edge potentials, the
conductance would drop to zero due to the opposite parities
between band 0 in the lead and band —1 in the center region,
resulting in zero-conductance resonance. On the contrary, for
incident energy E € [Ey, Enax], the electron in band 1 in the
lead is consistent with band —1 in the center region, so the
same parity leads to the emergence of the resonance peak at
resonant energy in the conductance.

Figure 5 presents the conductance G [Fig. 5(a)] and the
corresponding DOS [Fig. 5(b)] at N, = 200. Obviously, the
resonance dips and resonance peaks of conductance cor-
respond exactly to the peaks of the DOS. In addition, a
comparison of Figs. 5(a) and 4(c) indicates that as the length
of the center region increases, the number of conductance
resonances gradually increases because more resonant modes
appear in the center region. For E = E3 and Eg, the LDOSs
in the center region are displayed in Figs. 5(c) and 5(d),
respectively, corresponding to the certain resonance dips in
Fig. 5(a). Clearly, the standing waves are formed at the zigzag
edges in the center region. When Fermi energy is outside the
band-bending range, i.e., E < En, or E > Eq, there is no
bound state, so the conductance is 0 or ¢? /h [see Fig. 4(a)].
This result proves that the bound state induced by the edge
potential offers a resonant channel for conductance.

In fact, the above resonance phenomenon of the conduc-
tance can be described by the Fano resonance effect [57].
Fano resonance is a kind of asymmetric resonance which
arises from the quantum interference effects between the dis-
crete and continuous states. Recently, the Fano resonance of
conductance controlled by the magnetic fields in hexagonal
zigzag graphene rings [52] and bilayer phosphorene nanor-
ings [58] was researched. The formula for the shape of the
Fano resonance profile can be expressed as

Ty (e+q)

TE)= ———, 6
&) 1+4¢* 14€2 ©)
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FIG. 6. (a)-(c) The Fano resonance peaks marked in Fig. 5(a) ob-
tained by the NEGF method (black curves) and fitted by the
normalized Fano curve (red dashed curves). (d)—(f) DOS correspond-
ing to the Fano resonance in (a)—(c).

with € = (E — Er)/T [57]. EF and I" determine the position
and width of the Fano curve, respectively. T is the maximum
value of the peak, and g is a phenomenological shape parame-
ter. Figures 6(a)-6(c) show the Fano resonance curves labeled
by rhombuses in Fig. 5(a) and calculated by Eq. (6), which
match each other perfectly. In particular, the conductance in
Fig. 6(a) clearly exhibits a sharp dip that is followed by a
sharp peak, which is the typical characteristic of asymmetric
Fano resonance. For proper Fermi energy in the band-bending
region, the edge electric fields could induce the bound states
at the edges (see Fig. 5). Meanwhile, the states far away from
ka = 1.0 are always continuous states which are distributed
throughout the ribbon [see Fig. 1(c)]. The bound states at
the edges would interfere with the continuum states in the
whole ribbon, leading to the occurrence of Fano resonance
in the conductance. The corresponding DOS of the Fano
resonance is shown in Figs. 6(d)-6(f). One can see that the
positions of the DOS peaks match very well with the Fano
resonances.

As an application of the zero-conductance Fano resonance,
the system could work as a controllable spin filter by intro-
ducing an exchange field M. In a real experimental condition,
the exchange field M may be quite small. For instance, by
growing the graphene on a ferromagnetic insulator such as
EuO, its magnetization M is only about 5 meV [59]. Thus,
in this system, we consider a small exchange field with M =
0.004r = 6.4meV, which is also applied on the edges of
ZSiNRs, the same as the potential Ugr. The corresponding
Hamiltonian is

H = Hyp + ZMiC;'LO'zCia- @)

i,

The spin-dependent conductance as a function of incident
energy is shown in Fig. 7(a). It is evident that both spin-up and
spin-down electrons present the zero-conductance resonance
in the region Enj, < E < Ejy. The characteristic of spin trans-
port can obviously be seen from the spin polarization defined

L L E ) R
0.120  0.125 0.130 0.135  0.140 0.145 0.150 0.155
E(®

FIG. 7. (a) The spin conductance G;,; and (b) spin polarization
Ps versus Fermi energy at W = 8, N, = 100, and M = 0.004z.

by Py = (G4 — G,)/(G4 + G,), as shown in Fig. 7(b), illu-
minating that 100% spin polarization can be reached within
certain energies. The polarization changes sign when the en-
ergy varies between the values that give the resonances for
both spin orientations. Therefore, it is possible to realize a spin
polarization switch by the application of the zero-conductance
resonance and weak exchange splitting.

C. The effect of Hubbard interaction

In the preceding sections we have neglected the Hubbard
interaction. In fact, this interaction can have a significant
impact not only on the band structure but also on the transport
properties. When spin is not considered, there is a doubly
degenerate flat band for the edge state at the Fermi level [see
Fig. 1(b)], which will enhance the electron-electron interac-
tion at the edges. As a consequence, the ZSiNRs are predicted
to have an antiferromagnetic ground state with antiparallel
spin orientation between the two edges [60]. The band gap
appears because of a staggered sublattice potential due to
spin ordered states at the edges [10,60]. The electron-electron
interaction is generally taken to be the Hubbard interaction in
the mean-field approximation. Including the Hubbard interac-
tion, the Hamiltonian for ZSiNRs reads [44,61]

Huuvara = Hrp + U ) _((1ia) = 1/2)1i4. ®)

i,

The last term describes the Hubbard interaction, and U in-
dicates the on-site Coulomb repulsion energy between the
opposite spins. U = 1.4eV for ZSiNRs is parameterized
from the results of spin-unrestricted first-principles calcula-
tion [62]. (n,,) is the average local spin occupation on atom i
for spin o which is solved self-consistently. n;, is the particle
number operator.

Before proceeding with the calculation, we discuss the
sublattice potentials induced by the Hubbard term and the
edge electric fields. In analogy with the wave functions in
Fig. 1(c), the spin occupation (n;,) implies that the spin-up
(spin-down) electrons mainly accumulate on the A (B) sub-
lattice of the upper (lower) edge of ZSiNRs [9,44]. Thus, the
Hubbard term could be regarded as a spin-dependent scalar
field which is applied on the A (B) sublattice of the upper
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FIG. 8. The band structure of ZSiNRs in the presence of the
(a) and (b) antisymmetric and (c) and (d) symmetric edge electric
fields calculated by the Hubbard model. Here, the ribbon width
N, = 64, and field width W = 4. The black curves and red curves in
(c) and (d) are for spin up and spin down, respectively. The magenta
dashed curves in (a) are for the pristine ZSiNRs when the Hubbard
interaction is considered.

(lower) edge, just like the edge electric fields. Table I displays
the sublattice potential for spin up and spin down at the A
(B) sublattice on the upper (lower) edge of the ZSiNRs when
the Hubbard term and the edge electric fields are considered.
We set two potential parameters, Uy = U ({nj) — 1/2) and
Ur = elE,, in order to describe the sublattice potential. For
the Hubbard term, the spin-dependent edge field could result
in a spin-dependent sublattice potential on the edges, which
has antisymmetric distribution with respect to the x axis for
both spins, where the potential is Uy (—Ug) at the A (B)
sublattice on the upper (lower) edge for spin up, while the
potential is —Uy (Uy) at the A (B) sublattice for spin down.
The potentials between the two spins are symmetric about the
x axis. Thus, a spin-independent band gap is opened due to the
staggered sublattice potential at the edges [see the magenta
dashed curves in Fig. 8(a)], consistent with the results by
first-principles theory [60]. The symmetric (antisymmetric)
edge electric fields could induce a spin-independent sublattice
potential which has antisymmetric (symmetric) distribution
with respect to the x axis (see Table I). Therefore, it is feasible
to control the energy band of spin-polarized edge states by the
Hubbard term and edge electric fields.

Figure 8 shows the band structure of ZSiNRs calculated
by the Hubbard model. When the edge electric fields are anti-
symmetric, the combined effect of the two kinds of sublattice
potentials generates a spin-dependent asymmetric edge poten-
tial (see superposition 2 in Table I). This asymmetry between
the A and B sublattices on the edges suggests different sub-
lattice potentials, leading to the separation of conduction and
valence bands. When the potentials Uy + Ug and —Uy + Ug
are positive at the A and B sublattices, the conduction and
valence bands of the edge states can be shifted up, leading
to the bending of the band. Meanwhile, the sublattice poten-
tials between the two spins are symmetric around the x axis,
leading to the spin-independent band. Therefore, as shown in

spinup spin down

Band gap (t)

0.02 +

0.00 ‘ : :

: : ‘ :
0.00 0.05 0.10 0.15 0.20
U,

FIG. 9. The band gap for spin up and spin down versus the
symmetric edge electric fields calculated by the Hubbard model
with N, = 64.

Figs. 8(a) and 8(b), a spin-independent band bending occurs
where the highest valence band and the lowest conduction
band coexist but separately, contrary to what is observed in
Fig. 2 with the tight-binding model. The band bending is
more remarkable as the electric field increases [see Fig. 8(b)].
Furthermore, in the Hubbard model, the system undergoes a
phase transition from semiconductor to metal due to the band
bending. When the edge electric fields are symmetric, the total
sublattice potentials for the two spins become antisymmetric
about the x axis, but the potentials between opposite spins are
different (see superposition 1 in Table I), which would gener-
ate a spin-dependent staggered sublattice potential. Thus, the
spin-dependent band gaps are observed where the gap for spin
up is broadened but the gap for spin down is narrowed [see
Figs. 8(c) and 8(d)].

Figure 9 presents the band gap for spin up and spin down
as a function of the symmetric edge electric fields for different
widths W. Under the edge fields, the band gaps of the spin up
and spin down change differently. The band gap for spin down
decreases to zero first and then increases up rapidly, while the
gap for spin up increases monotonously with the electric field.
In particular, when the electric-field-induced potential Ug =
elE, approaches the maximum of the Hubbard-induced poten-
tial Uy =~ 0.13¢, the difference of the total potential between
the A and B sublattices for spin down would tend to zero, so
the band gap for spin down is closed while the gap for spin up
is about 0.09¢. Thus, the ZSiNRs become half-metallic. When
Ug > Uy, the band gap is reopened up. With the increase of
the width W, the effect of electric field becomes more and
more prominent, so the critical electric field for achieving
half-metallicity decreases. Remarkably, the system undergoes
a series of phase transitions from semiconductor to half-metal
to semiconductor. In particular, due to the intrinsic SOI of
silicene, together with the Hubbard term and edge electric
fields, the spin degeneracy can be destroyed, and the energy
band is no longer symmetric near the two valleys. Therefore,
at the critical value of the electric field, the band gap of a
certain spin near a certain valley could be closed while other
gaps remain. As a consequence, a spin- and valley-polarized
quantum anomalous Hall state could be formed in ZSiNRs, as
shown in Fig. 8(d).

As discussed in the preceding section, the band bend-
ing could lead to the zero-conductance resonance. Figure 10
shows the conductance [Fig. 10(a)] and DOS [Fig. 10(b)]
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FIG. 10. (a) The conductance and (b) DOS versus Fermi energy
at N, = 100. Other parameters are the same as those in Fig. 8(b).

calculated by the Hubbard model, corresponding to the band
structure in Fig. 8(b). One can clearly see that many resonance
dips appear in the conductance, that is, zero-conductance res-
onance, corresponding to the peaks of the DOS. The result is
similar to that calculated by the tight-binding model in Figs. 4
and 5.

IV. CONCLUSION

In summary, we have systematically studied the band
bending, band gap, and zero-conductance Fano resonance
controlled by the edge electric fields, Hubbard interaction,
and intrinsic SOI in a ZSiNRs using the NEGF method.
The antisymmetric edge fields could induce a controllable
band-bending region where the highest valence band and

the lowest conduction band coexist. As a consequence, the
conductance presents many resonance dips with G = 0 and
resonance peaks with G = 262 /h, which relate to the Fano
resonance effect. The resonance matches very well with the
DOS and the LDOS. Based on the zero-conductance reso-
nances, a perfect spin filter could be achieved. The symmetric
edge fields could open an asymmetric band gap at the two
valleys controlled by the intrinsic SOI, which could lead to a
valley-polarized quantum spin Hall state. Furthermore, similar
to the edge electric fields, the Hubbard interaction could be
regarded as a spin-dependent scalar field acting on the edges.
Together with the edge electric fields, the Hubbard interaction
could give rise to a phase transition from semiconductor to
metal or half-metal.

Compared with previous literature on the Fano resonance
effect in two-dimensional materials, the model produced by
the electric fields in this paper is simpler and easier to im-
plement experimentally. In addition, the obtained results can
be generalized to other two-dimensional materials such as
germanene and stanene. Finally, we hope the results such as
the electrically tunable band bending and zero-conductance
resonance will benefit the understanding and application of
silicene.
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