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Electron interferometry and quantum spin Hall phase in silicene
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We discuss devices for detection of the topological insulator phase based on the two-path electron interference.
For that purpose we consider buckled silicene, for which a local energy gap can be opened by a vertical
electric field to close one of the interference paths and for which the quantum spin Hall insulator conditions
are controlled by the Fermi energy. In quantum spin Hall phase the interference is absent due to the separation
of the spin currents, and the conductance of the devices include sharp features related to localized resonances. In
the normal transport conditions the two-path interference produces regular Aharonov-Bohm oscillations in the
external magnetic field.
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I. INTRODUCTION

Silicene [1–3], the two-dimensional material that forms
a honeycomb structure (similar to graphene), has recently
been strongly examined regarding its synthesis [4]. Significant
interest in this material mainly comes from two factors: (i)
the strong intrinsic spin-orbit coupling [1,2] that accompa-
nies the buckling and provides a wide variety of potential
implementations in spintronics [5–8] as well as topological
spintronics [9], and (ii) the potential of integration with
currently well-known silicon technology [10]. Topological
spintronics is a promising field where the electronic devices
based on topological insulators will generate less heat and
achieve higher performance [11] in comparison to silicon-
semiconductor electronics.

Quantum spin Hall (QSH) insulators [12–14] form a class
of two-dimensional topological insulators with bulk energy
gap and topologically protected currents of a fixed spin-
orbital helicity. The QSH phase [15] is discussed for bulk
nanostructures including HgTe quantum wells [16–19] and
InAs/GaSb interfaces [20,21]. In two-dimensional materials
it has been investigated for bilayer graphene with spin-orbit
coupling [22], twisted bilayer graphene [23,24], as well as
graphenelike monolayer Xenes materials [25,26], including
silicene [1–4,27]. The QSH conditions in silicene occur for
Fermi energies near the charge neutrality point [1–4,27]. The
Fermi energy in 2D monolayer materials can be controlled
by external gating. In the QSH phase the spin currents are
confined by opposite edges of the sample, which was used
for proposals of spin sources and spin filters in silicene
[5–8,28,29].

In this paper we propose electron interferometer devices
that can be used for detection of the QSH transport conditions.
The devices are based on the idea of two-path interference
and the spin separation by the split silicene ribbon [5]. We
consider a double-slit interference device as well as a quantum
ring and find that in the normal phase one observes smooth
Aharonov-Bohm conductance oscillations, while in the QSH
regime only sharp conductance features due to the local-
ized resonances with circular current loops are observed. In

silicene both the localized resonances and the Aharonov-
Bohm oscillations can be intentionally switched off by apply-
ing a local electric field to one of the arms of the split chan-
nels, due to the buckling of the crystal lattice that translates
the electric field into a local energy gap [30,31] that stops the
current flow.

II. THEORY

A. Hamiltonian

We use the tight-binding Hamiltonian spanned on pz or-
bitals of Si atoms [3]:

H = − t
∑
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λSO
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+
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Vzic
†
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where c†
iα (c jα) is the creation (annihilation) operator for an

electron on atom i with spin α. The calculation accounts for
a hexagonal lattice of Si atoms with constant a = 3.89 Å and
a vertical shift of 0.46 Å between the A and B sublattices.
Summations over 〈i, j〉 and 〈〈i, j〉〉 run over nearest- and
next-nearest-neighbor ions, respectively. In Eq. (1) we use
t = 1.6 eV for the hopping energy [1,3], λSO = 3.9 meV [3]
is the intrinsic spin-orbit coupling energy [15], where νi j =
−1 (+1) for the clockwise (counterclockwise) next-nearest
neighbor hopping, and λint.

R = 0.7 meV is the intrinsic spin-
orbit coupling energy [1,3], where the unit vector from the
jth to ith ion di j = r j−ri

|r j−ri| . Within sublattice A (B) we apply
μi j = +1 (−1). The last term in Eq. (2) introduces a local
vertical electric field (yellow gates in Fig. 1) at the entrance
to the slits to intentionally switch off the currents in the
channels. The gates introduce a vertical electric field of about
100 mV/Å that produces the potential difference ±25 meV
at the A and B sublattices of the buckled silicene lattice. The
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FIG. 1. (a) Sketch of the split-channel system. The input lead and
the split channels are silicene ribbons of width 6.5 nm and zigzag
edges. In the quantum spin Hall effect (QSHE) phase, each channel
is fed by a different spin-state current from the input lead (the blue
and red lines at the edges of the channel). The length of the split part
is about 60 nm, and the vertical spacing between the split channels
is 7 nm. The horizontal distance between openings of the slits and
the detector is 32 nm. The detector is a ribbon 6.5 nm wide. External
gates marked in yellow can be used to locally open the energy gap
in silicene. (b) The spin-degenerate dispersion relation of the zigzag
6.5-nm-wide silicene ribbon at the conduction band side. The linear
energy range corresponds to the QSH insulator phase. For higher EF

the spin for both spin orientations flows through the center of the
ribbon.

field opens the local energy gap for the Fermi energy range
considered here and closes the channel for the electron flow.

In the presence of an external perpendicular magnetic field
Bz, the Peierls phase is introduced to the hopping terms hiα jβ

for the Hamiltonian, written in general form

H ′ =
∑

i, j,α,β

hiα jβ exp

[
2π i

�0

∫ r j

ri

A · dl
]

c†
iαc jβ, (2)

where A is the vector potential, �0 = h/e is the magnetic flux
quantum, and ri is the position of the ith ion.

B. Method

In our calculations we use the wave-function matching
(WFM) technique as described in Refs. [29,32]. The transmis-
sion probability from the input lead to mode k (output lead) is

T k =
∑

l

|t kl |2, (3)

where t kl is the probability amplitude for the transmission
from mode l in the input lead to mode k in the output lead. For
the mth mode with the wave function ψm, we distinguish spin
by calculating 〈S•〉 = 〈ψm|σ•|ψm〉 as a quantum expectation
value of the Pauli matrix through each atom inside the lead.
The positive (negative) 〈S•〉 values are labeled by u,↑ (d,↓).
In this notation the spin-dependent conductance can be
written as

Gab = G0

∑
k,l

|t kl |2δa,α(l )δb,β(k), (4)

where G0 = e2/h, and a (b) is expected input (output)
orientation of the spin, while α and β correspond to the
signs of 〈S•〉 value for a given mode. For example the

spin-conserving up-oriented conductance is calculated as
Guu = G0

∑
k,l |t kl |2δu,α(l )δu,β(k) for 〈Sz〉 = 〈ψm|σz|ψm〉. All

other components of the spin-dependent conductance can be
calculated in the same manner.

In the tight-binding model the current flowing between i
and j ions along the π bonds is calculated as

Jiα jβ = i

h

∑
α,β

[hiα jβ�∗
i,α� j,β − h jβiα�∗

j,β�i,α], (5)

where � j,β is the β spin component of the wave function at the
jth ion. Due to spin-orbit coupling included in Hamiltonian
(1), the formula (5) also describes the currents that flow
between different spin components.

III. RESULTS

A. Double-slit system

The schematics of the double-slit interferometer are de-
picted in [Fig. 1(a)]. The electrons are fed from the left by the
silicene ribbon of a zigzag edge of 6.5 nm width. The zigzag
ribbon supports the spin-polarized edge transport at the Fermi
energy EF ∈ (−3, 3) meV with respect to the charge neu-
trality point [see the dispersion relation in Fig. 1(b)]. In the
quantum spin Hall insulator phase the opposite spin currents
flow at the opposite edges of the ribbon [see Fig. 1(a)]. The
input lead splits into two channels of the same width. In the
topological phase this spindle-shaped connection separates
the opposite spin currents to the two channels [Fig. 1(a)].

The split channels are connected to a semi-infinite open
plane of silicene [Fig. 1(a)] with smoothed extensions that
prevent backscattering. At open half plane, the areas marked

 0

 0.0012

 0.0024

 0  2  4  6  8  10  12  14  16  18  20

G
 [

G
0]

B [T]

Guu
Gdd

G

(a)

EF = 5meV

 0

 0.002

 0  2  4  6  8  10  12  14  16  18  20

G
 [

G
0]

B [T]

Guu Gdd G

(b)
V ↑

z = 0

 0

 0.0001

 0  2  4  6  8  10  12  14  16  18  20

G
 [

G
0]

B [T]

Guu Gdd G

(c)
V ↓

z = 0

FIG. 2. Conductance with both channels (a), the upper (b) and
lower (c) channel open for EF = 5 meV (outside the QSHE regime).
In (b) [(c)] the 100 meV/Å vertical electric field is applied to the
lower [upper] channel.
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FIG. 3. (a) Two-slit interference for EF = 1 meV (in the QSHE
regime) in comparison to the one-slit transmissions (b, c). In (b) the
upper slit is open (V ↑

z = 0 and V ↓
z = 100 meV/Å), while in (c) the

lower slit is open (V ↑
z = 100 meV/Å and V ↓

z = 0).

by the gray color fading to white in Fig. 1(a), we attach wide
silicene ribbons that make the edges of the computational box
reflectionless. For EF > 3 meV [Fig. 1(b)] the current flows
through the bulk of the channel for both spin orientations,
and we refer to these conditions as the normal phase. In the
normal phase the current flows through both split channels
for both spin orientations. The Young interference of the
waves entering the open half plane by different slits can only
occur in the normal phase. In the topological phase each of
the slits feeds opposite spin. Thus, observation of the Young
interference should depend on the Fermi energy. In order to

(a)

(b)

FIG. 4. The current map for EF = 1 meV and B = 6 T [marked
by dot in Fig. 3(c)]. Subplot (a) is for mode ki associated with spin
down [σ (↓)] and (b) is for the spin up [σ (↑)].

(a)

(b)

(c)

FIG. 5. Sketch of the quantum ring formed by reflection of the
fork channel of Fig. 1. The current distributions observed in the
QSH phase are given for off-resonant (a) and resonant (b) conditions
and for the entrance of the lower lead closed by a local electrostatic
potential.

monitor the interference in the model device [Fig. 1], at 32 nm
to the right of the slit opening a zigzag ribbon of width 6.5 nm
is connected as a detector [33]. In order to gain additional
control in the interference device, we introduce local gates
(yellow gates in Fig. 1) to switch off the currents.

Figure 2(a) shows the conductance in the absence of
the electric field in the gated area in the normal phase for
EF = 5 meV. The conductance for both spin orientations and
the total conductance undergo periodic oscillations in the
external magnetic field with a period of about 4 T, which is
the Aharonov-Bohm period for the area of about 1000 nm2

enclosed between the electron paths passing through the split
channels to the detector. For the lower [Fig. 2(b)] or upper
[Fig. 2(c)] channel cut off by the vertical electric field, the
Aharonov-Bohm conductance oscillations disappear, which is
a signature of the switched-off two-slit interference.

In the QSH phase [Fig. 3(a)] we do not observe the regular
AB oscillations, even for both channels open. The wave
function for each spin passes through a single slit to the half
plane so no Young interference can occur. Instead, in Fig. 3(a)
we find sharp peaks of conductance which correspond to
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FIG. 6. Conductance of the quantum ring in the (a) QSH regime
EF = 0.35 meV and in the normal conditions for EF = 5 meV
(b) and 25 meV (c) in the absence of vertical electric field.
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FIG. 7. (a, b) Same as Figs. 6(a) and 6(b) but in the presence of
the local electric field in the entrance to the lower lead [Fig. 5(c)].

localized resonances with the current circulation around the
etched area [see Fig. 4(b) for the point marked by the dot in
Fig. 3(a)]. The local electric field which cuts off the upper or
lower channels excludes the current circulation, and the rapid
features of the conductance dependence on the external field
disappear [Figs. 3(b) and 3(c)]. For one of the closed channels
[Figs. 3(b) and 3(c)] the dominant spin in the detector is some-
what counterintuitive: when the lower channel—preferred by
the spin-down currents—is closed, the calculated Gdd is much
larger than Guu [Fig. 3(b)] for a general B. The reason for
this is that for V ↓

z �= 0 the spin-down current is directed to
the upper channel where it flows near its lower edge and thus
is closer to the detector.

B. Ring geometry

Similar control of the two-path interference effects can be
obtained in a quantum ring [Fig. 5] formed by reflection of
the split channel of Fig. 1(a). The calculated conductance in
the QSH regime is given in Fig. 6(a) for EF = 0.35 meV.
For a general magnetic field the system is transparent for the
electron flow [Fig. 5(a)]. Sharp dips of conductance appear
[Fig. 6(a)] by interference with the localized loops of current
stabilized near the inner edge of the ring [Fig. 5(b)]. Note that
in the open system the conductance peaked by interference
with localized states, because the signal received by the de-
tector came from leakage [Fig. 3(a)] of the resonant current
loop. The localized resonances are only weakly coupled to

the leads, hence their long lifetime, which is translated to
narrow resonance widths. Under normal transport conditions
[Figs. 6(b) and 6(c)], no sharp resonances appear and smooth
AB oscillations appear with the period independent of the
energy. For higher energy [Fig. 6(c)] the contribution of
opposite spins to conductance becomes equal.

For the gate that cuts off the current flow across the lower
channel [Fig. 5(c)], the dips due to the localized states disap-
pear in the QSH regime [Fig. 7(a)] and the AB oscillations
are removed in the normal conditions [Fig. 7(b)]. For the
normal conditions at B = 0, the closed lower channel reduces
the conductance significantly. In the QSH conditions, both
spin currents find their way to the exit of the ring, although
the path for the spin-down current becomes quite complex
[Fig. 5(c)].

IV. SUMMARY

We have demonstrated that gated interference devices can
be defined in silicene to allow for detection of the quantum
spin Hall transport conditions by reaction of the conductance
to the local electric fields closing one of the paths for the
electron flow.

Considering double-slit geometry, the topological transport
can be distinguished by sharp peaks in conductance—without
any oscillations—in dependence of increasing external mag-
netic field amplitude. Conductance peaks are caused by local-
ized resonances that occur as current flow around etched area.
However, the normal transport is characterized by smooth
Aharonov-Bohm oscillations.

In the system with ring geometry, the topological state is
observed by sharp dips in conductance (in contrast to peaks in
double slit), but the explanation of an effect remains the same,
as well as for the normal transport recognition with Aharonov-
Bohm oscillations.
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