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Distinct edge states and optical conductivities in the zigzag and
armchair silicene nanoribbons under exchange and electric fields*
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Based on the tight binding model, we investigate the low energy bandstructures, edge states, and optical absorptions
for the silicene nanoribbons (SiNRs) with different terminations under an in-plane exchange field and/or a perpendicular
electric field. We find that the zigzag SiNRs are gapped by the exchange field, but they could reenter the metallic state after
the application of the electric field. Contrarily, a certain kind of armchair SiNRs remain gapless even if a weak exchange
field is present. Furthermore, the combination of the exchange and electric fields could effectively modulate the penetration
length and the components of the edge states in the SiNRs. The corresponding optical conductivities for the SiNRs are also
calculated, which show remarkable dependence on the edge types of the SiNRs and the two external fields.
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1. Introduction
Silicene is a two-dimensional allotrope of silicon, whose

atoms are packed in a honeycomb lattice similar to that of
graphene. It has motivated many studies since its success-
ful synthesis and characterization in experiments.[1–3] Distinct
from graphene, the two sublattice planes in silicene are sep-
arated by a distance of 0.46 Å due to the buckled structure,
which results in an observable spin-orbit gap.[4] As a result,
its Dirac cones at K valleys in the Brillouin zone are gapped
by the spin–orbit interaction (SOI), which indicates the topo-
logically nontrivial properties of silicene. It has been pre-
dicted that silicene exhibits some peculiar phenomena, such
as the quantum spin Hall effect,[5] quantum anomalous Hall
effect,[6,7] and spin-valley coupled optical responses.[8,9] The
external fields, such as the perpendicular electric field and out
of plane exchange field, could drive a rich variety of phase
transitions in silicene.[6,10] In addition, the combination of the
intrinsic and Rashba SOIs could enhance the optical spin cur-
rent injection in a silicene sheet.[11]

By cutting a single layer silicene sheet, one obtains quasi-
one dimensional silicene nanoribbons (SiNRs), which have
also been synthesized in experiments.[12–14] Similar to their
cousins graphene nanoribbons, SiNRs possess abundant phys-
ical properties due to the quantum confinement effect.[15] The
electronic structures of the SiNRs could be engineered by
controlling the electric field,[16,17] strain,[18,19] and doping,[20]

which makes the SiNRs have promising application prospect
in the silicon-based spintronics and optoelectronics. What is
more, the SiNRs inherit the nontrivial topology of the silicene.
It has been found that the topological edge states are fun-
damentally different between the armchair and zigzag edges.

Cano-Cortés and her collaborators found that the Fermi veloc-
ity of the edge states at the zigzag terminators is linear with
the strength of the SOI, whereas that at the armchair termina-
tors is independent of the SOI.[21] Ezawa and Nagaosa found
that the penetration depth of the edge states for the armchair
SiNRs (ASiNRs) is inversely proportional to the SOI, but that
for the zigzag SiNRs (ZSiNRs) remains as short as the lat-
tice constant.[22] Besides, some researches on the optical re-
sponses of the SiNRs have been reported. Specifically, Bao
and his co-workers studied the transition rule and the ultravio-
let optical response in the ASiNRs.[23,24] Shyu investigated the
optical properties of the ASiNRs modulated by a transverse
electric field and those of ZSiNRs in a perpendicular magnetic
field.[25,26] Here we ask such questions, how do the electric
and exchange fields affect the energy bands and the edge states
of the SiNRs? Could we modulate the unique edge states con-
veniently by controlling the external fields and identify them
by the optical measurement?

To answer these questions, in this paper, we investigate
the bandstructures, edge states, and optical absorptions of the
zigzag and armchair SiNRs under the influence of an in-plane
exchange field and/or a perpendicular electric field. It is found
that the properties of the edge states remarkably depend on
the edge types of the SiNRs and the two external fields. The
remainder of the work is arranged as follows. In Section 2,
the theoretical model for the SiNRs is described. In Section
3, the low energy bandstructures, as well as the distributions
of the edge states, are demonstrated. In Section 4, the opti-
cal conductivities of the SiNRs are calculated. Finally, a brief
conclusion is given in Section 5.
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2. Model

Let us consider a monolayer zigzag or armchair SiNR
with its two boundaries extending along the longitudinal di-
rection, as illustrated in Fig. 1. A pristine SiNR could be mim-
icked by the following tight binding Hamiltonian:[27]

H0 =−t0 ∑
⟨i j⟩α

c†
i,α c j,α +

iλSO

3
√

3 ∑
⟨⟨i j⟩⟩αβ

νi jc
†
i,α sz,αβ c j,β , (1)

where c†
i,α and ci,α denote the creation and annihilation oper-

ators of electron at lattice site i with spin α , respectively. The
summations of ⟨i, j⟩ and ⟨⟨i, j⟩⟩ go through all of the pairs of
the nearest and the next-nearest neighbor sites, respectively.
t0 = 1.6 eV is the nearest-neighbor transfer integral. The first
term in the Hamiltonian above describes the standard nearest-
neighbor hopping. (sx,sy,sz) represents the vector of the Pauli
matrix for the electron spin and the factor νi j = 1 (−1) in-
dicates the anticlockwise (clockwise) next-nearest neighbor
hopping about the +z axis. The second term represents the
intrinsic SOI term. In silicene, the parameter for the SOI λSO

is 3.9 meV. Here the intrinsic Rashba SOI in silicene is ignored
due to its very small value about 0.7 meV.[28] For the sake of
simplicity, we do not consider the modification of the transfer
energy at the boundaries either.
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Fig. 1. (color online) Structures of SiNRs with (a) zigzag and (b) arm-
chair edges. Here the number of the longitudinal diatomic chains of the
SiNRs N = 6 in panel (a) and N = 9 in panel (b). The rectangle denotes
a unit cell including 2N atoms. a = 3.86 Å is the lattice constant of
the zigzag SiNRs and b =

√
3a = 6.69 Å is that of the armchair SiNRs.

A perpendicular electric field 𝐸 and an in-plane magnetic field 𝐵 are
applied.

As the SiNR is subjected to a perpendicular electric field,
a staggered sublattice potential emerges due to the buckled
structure of silicene. Besides, an in-plane exchange field could

also be introduced in the SiNR. They are summarized as an ad-
ditional term to the previous Hamiltonian, which is written as

H1 = λV ∑
iα

ξic
†
i,α ci,α +λm ∑

iαβ

c†
i,α sx,αβ ci,β , (2)

where ξi =±1 with i denoting the A (B) site and the Greek let-
ters α and β label the spin polarization ↑ or ↓. The first term
represents the staggered sublattice potential with its strength
λV proportional to the electric field. And the second term de-
scribes the exchange (Zeeman) term with the exchange energy
(Zeeman splitting) λm. We point out that the later could be
induced in the SiNR via the proximity effect of a ferromagnet
substrate[6,29,30] or by applying a magnetic field parallel to the
sample. We will find that the effect of the in-plane exchange
field on the SiNRs is quite different from that of the out-of-
plane exchange field. Here the in-plane exchange field is set
along the x direction (its direction does not affect the results of
this paper). Consequently, the total Hamiltonian for the SiNR
under the two external fields is written as H = H0 +H1.

For the SiNRs translate invariantly along the longitudinal
direction, Fourier transformation can be performed on the x
component of the total Hamiltonian H. Then one obtains a
new Hamiltonian ℋ(kx) with kx being the Bloch wavevetor in
the x direction, which is a 4N×4N Hermitian matrix including
the contributions from the orbitals and spins. By diagonaliz-
ing the Hermitian matrix, we can acquire the energy spectra
Enc(v)(kx) and the corresponding wave functions |nc(v), kx⟩, in
which nc(v) denotes the index of the conduction (valence) sub-
bands arranged in the order of the energy difference between
the subband and the Fermi level.

3. Bandstructures and edge states
Next, we present some numerical results of the low en-

ergy bandstructures and edge states for the SiNRs with dif-
ferent terminations. Hereafter we refer to the ZSiNR with N
zigzag chains as N-ZSiNR and the SiNR with N dimer chains
as N-ASiNR. To show the effects of the SOI and the exter-
nal fields clearly, we fix the parameter of the SOI λSO = 0.1t0
throughout this work.

3.1. Zigzag nanoribbons

Figure 2 exhibits the electronic structures at low energy
for a 30-ZSiNR without and with the in-plane exchange field
and/or the perpendicular electric field. The width of the
nanoribbon is about 10.0 nm (W =

√
3Na/2). When both

of the exchange and electric fields are absent, as shown in
Fig. 2(a), one sees that the energy spectrum possesses the
spin degeneracy, the electron–hole symmetry, and the sym-
metry about the wavevector kx = π/a. Furthermore, the high-
est valance subband (nv = 1) and the lowest conduction sub-
band (nc = 1) cross at kx = π/a, resulting a linear dispersion
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near zero energy. It has been confirmed that the gapless states
are spin–momentum locked, which characterizes the quantum
spin Hall state.[31] When an exchange field is taken into the
nanoribbon, each of the previous bulk subbands with spin de-
generacy splits into two subbands, as illustrated in Fig. 2(b).
However, the edge states still keep the spin degeneracy, and a
gap about 2λm = 0.06t0 is opened by the in-plane exchange
field. Incidentally, we emphasize that the out-of-plane ex-
change field could not open a gap but raise the spin-up sub-
bands and lower the spin-down subbands.

When the perpendicular electric field is applied to the 30-
ZSiNR, the ZSiNR remains gapless, although the spin degen-
eracy of all subbands is broken, as shown in Fig. 2(c). In par-
ticular, the energy level of the edge states localized at one edge
shifts upwards by λV = 0.05t0, while that of the others local-
ized at the opposite edge shifts downwards by 0.05t0. Apply-
ing both of the external fields in the system, we show the band-
structures of ZSiNR in Fig. 2(d). It is found that the edge states
at both of the two edges are gaped by about 0.06t0, meanwhile
their corresponding subbands shift upwards and downwards,
respectively. In other words, the electric field drives the semi-
conducting ZSiNR with an in-plane exchange field into the
metallic state.
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Fig. 2. Low energy electronic structures of 30-ZSiNR (a) without exter-
nal fields, (b) with the in-plane exchange field, (c) with the perpendic-
ular electric field, and (d) with both of the exchange and electric fields.
The parameters are set to be λm = 0.03t0 and λV = 0.05t0.

In order to demonstrate the edge states clearly, we plot
the distribution of the probability density of the edge states in
the 30-ZSiNR under the exchange field, i.e., the squared mod-
ulus of the wavefunction for the edge states close to the Fermi
level, as shown in Fig. 3. When the electric field is absent, it
is found that the edge states are almost localized at the sites of
the two boundaries, as shown in Fig. 3(a). We also find that the

exchange field rarely changes the penetration length of the lo-
calized edge states. However, it mixes the components of spin
up and down for the edge states. When the electric field is ap-
plied, the penetration of the edge states into the bulk becomes
obvious. But the mixture of the different spin components for
the edge states is suppressed, as shown in Fig. 3(b).
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Fig. 3. (color online) Probability distributions of the edge states near
the Fermi level in the 30-ZSiNR with the exchange field λm = 0.03t0
(a) but without and (b) under the electric field. Here the electrons in
these edge states propagate along the +x direction.

As for the wider ZSiNRs, the results of the bandstruc-
tures and the edge states are similar to those for the 30-ZSiNR.
In fact, if we study an half-infinite silicene with zigzag ter-
minations in the x direction, a phenomenological effective
Hamiltonian for the edge states could be obtained: He =

h̄vFkxsz +λmsx ±λV, where vF =
√

3λSOa/2 is the Fermi ve-
locity for the edge states. Then the dispersions for the edge
states are obtained as Ee = ±

√
(h̄vFkx)2 +λ 2

m ± λV and the
gap ∆Ee = 2λm. These analytical dispersions fit the edge states
near zero energy in Fig. 2 very well.

3.2. Armchair nanoribbons

Now let us consider the case of the armchair nanoribbons.
It is well known that the graphene nanoribbons with armchair
edges can be classified into two categories: one type with
N = 3l, 3l +1 (l is an integer) is semiconducting, whereas the
other with N = 3l +2 is semimetallic. The first-principle cal-
culations demonstrate that this classification is also applicable
for the ASiNRs with buckled structure and weak SOI.[16] Fig-
ure 4 displays the low energy electronic structures for a semi-
conducting 30-ASiNR with or without the exchange and/or
electric fields. Its width is 5.79 nm (W = Na/2). It is found
that the in-plane exchange field eliminates the spin degeneracy
of all subbands and decreases the gap from 0.063t0 in Fig. 4(a)
to 0.035t0 in Fig. 4(b). In contrary, the staggered sublattice po-
tential maintains the spin degeneracy and increases the gap up
to 0.086t0, as shown in Fig. 4(c). The competition of the two
external fields gives rise to the spin split subbands and a gap
about 0.058t0 in Fig. 4(b). As the width of the semiconducting
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ASiNRs increases, all of the gaps of the ASiNRs in these dif-
ferent cases decrease due to a weaker hybridization between
the edge states localized at the opposite edges.
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Fig. 4. Low energy electronic structures of 30-ASiNR (a) without ex-
ternal fields, (b) with the exchange field, (c) with the electric field, and
(d) with both of the two external fields. The parameters are the same as
those in Fig. 2.
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Fig. 5. Low energy electronic structures of 32-ASiNR (a) without ex-
ternal fields, (b) with the exchange field, (c) with the electric field, and
(d) with both of the two external fields. The parameters are the same as
those in Fig. 2.

In Fig. 5, we show the band structures for a semimetallic
32-ASiNR. Its width is 6.18 nm. When the exchange field is
induced in the ASiNR, one finds that the 32-ASiNR is still
gapless, although the degeneracy of all subbands including
that of the edge states is eliminated, as shown in Fig. 5(b).
Actually, there is an extremely tiny gap about 0.003t0. We can
demonstrate that the ignorable gap approaches to zero as the
width of the ASiNR increases, while the 32-ASiNR under the

electric field opens a gap about 0.060t0 (see Fig. 5(c)). When
both of the two external fields are taken into account, the spin
subbands split and a narrower gap about 0.024t0 is obtained,
as illustrated in Fig. 5(d). Similar to the semiconducting AS-
iNRs, the semimetallic ASiNRs in the different fields become
wider, the corresponding gaps for the edge states become nar-
rower and eventually faint. These are fundamentally distinct
from the results for the ZSiNRs.

We plot the distribution of the probability density of the
edge states for a semiconducting 60-ASiNR with an exchange
field in Fig. 6. One sees that the edge states localized at the two
edges remarkably oscillate with considerable damping, whose
penetration depth is far larger than that in the ZSiNRs. Ac-
tually, the penetration depth for the ASiNRs is approximately
inversely proportional to that for the ZSiNRs.[22] It is found
that the penetration depth is increased by the electric field but
nearly unaffected by the exchange field, that is alike to the re-
sults of the ZSiNRs. However, the edge state at one edge of
the ASiNR is nearly fully spin-polarized, which differs from
that in the ZSiNRs under an exchange field. We also find that
there is no obvious difference of the edge state distributions
between the semiconducting and semimetallic ASiNRs.
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Fig. 6. (color online) Probability distributions of the edge states near
the Fermi level in the 60-ASiNR with the exchange field λm = 0.03t0
(a) but without and (b) under the electric field. Here the electrons in
these edge states propagate along the +x direction.

We have found that the in-plane exchange field could not
induce a considerable gap for the edge states in the semicon-
ducting and semimetallic ASiNRs, which completely differs
from the result for the ZSiNRs. Indeed, when the ASiNR be-
comes wide enough, the hybridization of the edge states could
be ignorable, such that all of the edge states in the sufficiently
wide ASiNR stay gapless even if a weak exchange field and/or
a weak electric field is applied. Furthermore, our numerical
calculations show that the Fermi velocity of the gapless edge
states for the wide ASiNRs is decreased by the exchange field
and is almost independent of the electric field.

It should be emphasized that the band structures and the
edge states are obtained under the condition that both of the
staggered potential and the exchange field are smaller than the
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intrinsic SOI. In this case, the gap of the bulk states is domi-
nated by the intrinsic SOI. That is to say, the SiNRs are in the
topological insulator state. If the staggered potential is larger
than the intrinsic SOI, the SiNRs will become band insulators.
As a result, there is no topologically protected edge state in
the SiNRs. On the other hand, if the exchange field is large
enough, the band structures and the edge states will change
completely.

4. Optical conductivities
In experiments, the distinct electronic structures and edge

states for the SiNRs with different edges under the external
fields can be characterized by measuring the optical absorption
spectra. In the following, let us consider a beam of monochro-
matic light irradiating on the SiNRs, whose polarization is lin-
ear in the x direction. In the frame of the linear response the-
ory, the real part of the optical conductivity can be written as

σ(ω) =
πe2

Sω
∑

n,n′,kx

∣∣⟨n′,kx|v̂x|n,kx⟩
∣∣2 [ f (En′,kx)− f (En,kx)]

×δ (En′,kx −En,kx − h̄ω), (3)

where ω is the light frequency, S is the area of the nanorib-
bon, and e is the charge of electron. ⟨n′, kx|v̂x|n,kx⟩ is a ma-
trix element for the optical transition between states |n,kx⟩ and
|n′,kx⟩. v̂x = h̄−1

∂ℋ/∂kx is the velocity operator in the x direc-
tion. In the limit of low temperature, it can be assumed that the
Fermi–Dirac distribution function f (En,kx) = 1 for En,kx < EF

and f (En,kx) = 0 for En,kx > EF, where EF is the Fermi energy.
In this work, we consider the undoped SiNRs at low temper-
ature so that EF = 0. In the following numerical calculations,
the Dirac delta function in Eq. (3) is replaced by a Lorenzian
function with a broadening width η = 0.003t0.

4.1. Zigzag nanoribbons

Figure 7 demonstrates the optical conductivities for the
30-ZSiNR in different fields. For the pristine ZSiNR, the first
absorption peak A1 at h̄ω = 0.21t0 is generated from the elec-
tron transition between the edge states, as shown in Fig. 7(a).
The second main peak A2 at h̄ω = 0.28t0 is contributed by
the transitions nv → nc : 1(2) → 2(1). The other peaks are
dominated by the transitions between the bulk states. After
applying an in-plane exchange field in the ZSiNR, a richer op-
tical spectrum emerges, which is attributed to the spin splitting
of the subbands. In particular, the first two subpeaks B1 and
B2 at h̄ω = 0.06t0,0.20t0 are contributed by the transitions be-
tween the edge states at the vicinities of the center of the Bril-
louin zone and K points, respectively. The first peak B1 at
h̄ω = 0.06t0 indicates the gap of the edge states opened by the
in-plane exchange field. When the perpendicular electric field
is introduced in the 30-ZSiNR without the exchange field, a

weak peak C1 at h̄ω = 0.10t0 appears, which is attributed to
the optical transition nv → nc : 1 → 1, while the second peak
C2 at h̄ω = 0.21t0 comes from the transitions between the edge
and bulk states, as shown in Fig. 7(b). When both of the ex-
change and electric fields are present, the previous peaks shift,
and there are no additional peaks. Particularly, a possible peak
at h̄ω = 0.06t0 due to the gap of the edge states is absent, this
is because both of the two energy states near kx = π/a for one
edge are occupied while those for the opposite edge are un-
occupied, as shown in Fig. 2(d). In a word, for the ZSiNRs,
both of the two external fields could bring about some featured
absorption peaks due to the splitting of the subbands.
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Fig. 7. (color online) Optical conductivities of the 30-ZSiNR in differ-
ent fields.

4.2. Armchair nanoribbons

In Fig. 8, we plot the optical conductivities versus the
light frequency for the semiconducting 30-ASiNR with and
without the external fields. In Fig. 8(a), one can see three
absorption peaks in the solid line due to the direct inter-
band transitions: ∆n = |nc − nv| = 0, which are valid near
the Dirac points. This selection rule is the same as that in
the pristine armchair graphene nanoribbon,[25,32] which quite
differs from that for the ZSiNRs. In particular, the first ab-
sorption peak A1 at h̄ω = 0.065t0 is the signature of the en-
ergy gap. After considering the in-plane exchange field, ad-
ditional absorption peaks emerge because the transition rule
is modified. One finds that two subpeaks, labeled as B2 at
h̄ω = 0.18t0 and B3 at h̄ω = 0.22t0, come from the electron
transitions ∆n = 2 (nv → nc : 1(3) → 3(1)) and ∆n = 2,4
(nv → nc : 2(4) → 4(2),1(5) → 5(1)), respectively. Further-
more, one should note that the frequency h̄ω = 0.055t0 for the
threshold peak B1, which is due to the transition between the
edge states ∆n = 1 (nv → nc : 1(2)→ 2(1)), is larger than the
energy gap ∆Eg = 0.035t0 for the 30-ASiNR in the exchange
field. When the electric field is taken into consideration in the
ASiNR, the selection rule for the optical absorption remains
unchanged, such that the previous absorption peaks still exist
but shift a little as shown in Fig. 8(b).
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Fig. 8. (color online) Spectra of the optical conductivity for the 30-
ASiNR (a) without and (b) under the perpendicular electric field.

We also present the spectra of the optical conductivities
for the semimetallic 32-ASiNR in different fields, as shown in
Fig. 9. In Fig. 9(a), there is a very high peak A1 at the limit
of the low frequency due to the existence of the extremely tiny
gap in the ASiNR. One can also find two overlapped peaks
A2 and A3 near h̄ω = 0.39t0, which are attributed to the tran-
sitions nv → nc : 2(3) → 2(3). When the in-plane exchange
field is taken into account in the ASiNR, the impractical peak
near the zero frequency is absent because of a little shift of
the Dirac points away from the Fermi level (see Fig. 5(b)).
However, the other previous peaks are almost unaffected by
the exchange field. Meanwhile, an unclear broad subpeak or
plateau B1 near h̄ω = 0.25t0 emerges, which indicates the fee-
ble transitions between the edge and bulk states. When the
electric field is considered, the absorption spectra of the 32-
ASiNR are similar to those of the 30-ASiNR, as illustrated in
Fig. 9(b). In summary, for the ASiNRs, the in-plane exchange
field could give rise to some new absorption peaks contributed
by the transitions between the edge and bulk states, whereas
the perpendicular electric field only brings about the shift of
the absorption peaks.
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Fig. 9. (color online) Spectra of the optical conductivity for the 32-
ASiNR in different cases.

Based on the above results, it could be inferred that the
difference of the optical transitions between the armchair- and

zigzag-edge silicene nanoribbons originates from their geo-
metrical structures, especially the edge structures, and the
symmetry of the energy bands. By the way, our further cal-
culations show that there is no obvious difference between the
optical transitions in the odd- and even-ZSiNRs. However, we
could expect that the spin transport and thermopower in the
ZSiNRs should display the even–odd behavior.[33,34] In addi-
tion, it is noted that more complicated optical transitions in the
ASiNRs, for instance nv → nc : odd/even → even/odd, could
emerge if we consider a larger range of frequency and adopt
different calculation methods.[23,24,35]

5. Conclusion
We have investigated the low energy electronic structures,

edge states, and optical absorptions for the zigzag and arm-
chair SiNRs under an in-plane exchange field and/or a perpen-
dicular electric field. We find that the gap and the edge states in
the SiNRs could be engineered by the combination of the two
external fields. Particularly, the in-plane exchange field could
drive the ZSiNRs into the insulating phase, whereas the per-
pendicular electric field could make them metallic again. On
the contrary, the exchange field keeps the metallic ASiNRs in
the metallic state, but the electric field leads them into the insu-
lating phase. Furthermore, it is inferred that the gapless edge
states in the wide ASiNRs survive even if both of the two weak
external fields are applied. It is also found that the penetration
length and the components of the edge states could be modi-
fied by the electric and exchange fields, respectively. We can
also demonstrate that the fundamental distinct edge states in
the SiNRs with different edges under the external fields could
be detected by the optical absorptions. These findings indicate
that SiNRs are promising materials for designing the silicon-
based spintronics nanodevices.
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