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Both the charge- and spin-transport properties of a topological Dirac semimetal (TDSM) nanowire with
two lateral gates and a perpendicular magnetic field are investigated by using the Green function method in
combination with the Landauer-Büttiker formula. A fully spin-polarized surface current can be generated
in the considered system and it can be turned on or off by varying the electron energy and magnetic field
strength. The underlying physics of this transport phenomenon originates from the quantum anomalous
Hall-like insulator state of the TDSM nanowire caused by the magnetic field. Further studies indicate the
spin-polarized current with a strong robustness against disorder, displaying the feasibility of designing a
topological spin filtering and switch device based on the considered system.
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I. INTRODUCTION

Three-dimensional (3D) topological Dirac semimetals
(TDSMs) have aroused researchers’ intense interest [1]
since the pioneering work on the theoretical predictions
of topological Dirac electron states in β-cristobalite BiO2
[2], A3Bi (A = Na, K, Rb) [3] and Cd3As2 [4]. Differing
from topological insulators, this sort of topological mate-
rial has no bulk gaps but crystal-symmetry-protected bulk
Dirac points and gapless energy dispersion linearly along
all three directions [5–9]. As a result, ultrahigh electron
mobility is observed in various TDSMs [10–12], indi-
cating their potential applications in the designment of
electronic or spintronics devices with high performance.
Moreover, unique Fermi-arc surface states emerge on the
surfaces once the TDSMs are confined [13–15]. On the
other hand, TDSMs are excellent platforms to study topo-
logical phase transitions, i.e., they may be transited into
other phases including band insulator [16,17], topologi-
cal insulator [18,19], topological Anderson insulator [20],
Weyl semimetal [21–24], topological superconductor [25],
etc. by breaking certain symmetries.

Understanding the quantum-transport properties of
TDSMs is not only one of the key prerequisites in design-
ing topological electronic or spintronics devices but also
an efficient method to apprehend their electronic charac-
teristics. Linear positive magnetoresistance is observed in
TDSMs when a perpendicular magnetic field (MF) with
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respect to the transport direction is applied [26–28]. How-
ever, giant negative magnetoresistance is achieved as a
parallel MF is added [29–34], revealing the chiral anomaly
of electrons in the TDSMs. Anisotropic electron transmis-
sion behaviors found in the junctions consist of TDSM
films without and with a MF at various in-plane directions
[35]. Spin-filter effect is generated in the hybrid TDSM
and circularly-polarized-light-irradiated Weyl semimetal
and TDSM structures due to the emergence of a new Weyl
half-metal phase [36]. Further, abrupt changes happen in
the high-field magnetoresistance of TDSM ZrTe5, indicat-
ing mass generation of the interacting Dirac fermions [37].
Recently, another transport phenomenon, namely three-
dimensional quantum Hall effect is observed in Cd3As2
[38] and ZrTe5 [39], which are attributed to the Weyl orbits
[40] and charge density waves formed in the two systems,
respectively.

However, up to now, electronic structures and quantum-
transport properties of TDSM nanostructures have been
paid less attention. Owing to the confining effect, large
surface-to-volume ratio of TDSM nanostructures reduces
the bulk carrier density so that surface states dominate the
transport behaviors. Therefore, Fano-resonance-like asym-
metric structure appears in the differential conductance
spectrum of TDSM nanowires, resulting from the inter-
ference between the confinement-induced discrete sur-
face states and continuous bulk states [41]. The spin-
momentum locking property of the surface states in
TDSM nanowires is confirmed by the spin-transport-
measurement experiments [42]. In addition, in our recent
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work, anisotropic finite-size effect [43] and magnetoelec-
tronic structures and magnetotransport [44] are found in
TDSM nanostructures.

In this paper, we investigate the quantum transport in
a TDSM nanowire in the presence of two lateral gates
and a perpendicular MF by adopting the tight-binding
Green function (GF) method combined with the Landauer-
Büttiker (LB) formula. It is found that the positions of
the surface energy levels corresponding to the Fermi arc
of the TDSM nanowire can be shifted by varying the lat-
eral gate voltage. Moreover, the Zeeman-like spin-splitting
phenomenon is observed in both bulk and surface energy
levels even when the Zeeman effect of the MF is not
included. Therefore, both the charge and spin transport in
the TDSM nanowire can be switched on or off by tun-
ing the electron energy and MF magnitude, demonstrating
that a topological spin filtering and switch device based
on the considered system can be constructed. The physi-
cal mechanism of the interesting transport phenomena of
the TDSM nanowire is analyzed by analytic calculations.
Further studies show that the surface-state transport is
robust against disorders, which means the proposed topo-
logical spin filtering and switch device with the potential
for practical applications.

The rest of this paper is arranged as follows. In Sec. II, a
theoretical model of the considered system and calculation
methods are presented. In Sec. III, numerical results, ana-
lytic analyses, and discussions are demonstrated. Finally,
Sec. IV concludes the paper.

II. MODEL AND METHODS

The investigated system is schematically illustrated in
Fig. 1, where a TDSM nanowire confined along both the
y and z axis is connected semi-infinite electron source and
drain electrodes along the x axis at each end. The transver-
sal widths of the nanowire are Wy and Wz, and its length
is Lx. Two lateral gates along the y axis are attached to
the TDSM nanowire, and two insulator layers are inserted
between the nanowire and lateral gates to avoid transversal
current. On the other hand, a perpendicular MF along the z
axis is applied to the TDSM nanowire.

Based on the four orbital bases |s1/2, 1
2 〉, |p3/2, 3

2 〉,
|s1/2, − 1

2 〉, and |p3/2, − 3
2 〉 near the Fermi level, the low-

energy effective electron Hamiltonian around the � point
in the first Brillouin zone of TDSM A3Bi (A = Na, K, Rb)
[3] and Cd3As2 [4] reads

H(k) = ε0(k) +

⎡
⎢⎣

M (k) Ak+ 0 0
Ak− −M (k) 0 0

0 0 M (k) −Ak−
0 0 −Ak+ −M (k)

⎤
⎥⎦ ,

(1)

VSD

Insulating layers MF

Source
Lateral gate

TDSM Drain
Vg

xSubstrate
y

z

Lateral gate

Vg

FIG. 1. Schematic figure showing the TDSM-nanowire-based
device. It consists of two metal electrodes and a TDSM nanowire
with two lateral gates and a perpendicular MF. Two insulating
layers are inserted between the nanowire and lateral gates to
avoid transversal electric current.

in which ε0(k) = C0 + C1k2
z + C2(k2

x + k2
y ), k± = kx ±

iky , and M (k) = M0 − M1k2
z − M2(k2

x + k2
y ). The param-

eters A, Ci, and Mi (i = 0, 1, 2) in this Hamiltonian can
be obtained by fitting the ab initio calculation results for
a concrete TDSM material. According to the nearest tight-
binding approximation, the TDSM nanowire in Fig. 1 can
be modeled by discretizing Eq. (1) onto a 3D cubic lat-
tice with the lattice constants ax, ay , and az [43]. The effect
of the lateral gates is adopted by adding a static electric
potential eVg to the on-site energy of the lattices, where
(-e) is the electron charge and Vg the gate voltage. How-
ever, due to the shielding effect of the lateral gates, only the
lattices situated within the Debye (shielding) length in the
TDSM nanowire are subjected to the static electric poten-
tial. The Debye length is given by LD =

√
εrε0kBT/e2n,

in which εr and ε0 are the relative dielectric constant and
the permittivity of vacuum, respectively. kB is Boltzmann
constant, T is temperature, and n denotes the electron den-
sity in the TDSM nanowire. In addition, the influence of
the perpendicular MF B = (0, 0, Bz) is studied by introduc-

ing the Peierls phase factor ei(2π/φ0)
∫ Rj

Ri
A·dR to the hopping

energy between the nearest lattices with position vectors
Ri and Rj , where the magnetic vector potential is taken as
A = (Bzy, 0, 0) and φ0 = h/2e is the magnetic flux quanta
with the Planck constant h [44]. It should be noted that the
Zeeman effect of the MF is not considered first, since it
does not alter the intrinsic conclusions.

For the quantum transport in the considered system, it
can be calculated by using the recursive GF method based
on the discretized Hamiltonian of Eq. (1) [43]. The detail
calculation procedure of the retarded and advanced GF
of the considered system Gr and Ga [Ga = (Gr)†] can be
found in the previous works [45,46] so that they are not
presented here for conciseness. Taking the effects of the
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semi-infinite source and drain electrodes into account, the
spin-dependent conductance of the whole system is given
by the LB formula [47,48]

Gσσ ′ = e2

h

N∑
i,j =1

|tσσ ′
ij |2, (2)

in which tσσ ′
ij is the spin-dependent transmission coefficient

of electrons in the source electrode injected from the mode
i with spin σ to the output mode j with spin σ ′ in the drain
electrode. N is the number of the propagating modes. As
there is no spin-precession mechanism in the considered
system, the two-terminal charge and spin conductances are
defined in terms of the spin-dependent conductance in Eq.
(2) as [49]

GC = G↑↑ + G↓↓, (3)

and

GS = e
4π

G↑↑ − G↓↓

e2/h
, (4)

respectively. ↑(↓) denotes the spin-up (-down) state of
electrons.

III. NUMERICAL RESULTS, ANALYTICAL
ANALYSES, AND DISCUSSIONS

In the following numerical and analytic calculations, the
concrete material parameters of the TDSM nanowire are
taken as those for the Na3Bi, which are obtained from
the ab initio calculations [3]. C0 = −63.82 meV, C1 =
87.536 meV nm2, C2 = −84.008 meV nm2,
M0 = −86.86 meV, M1 = − 106.424 meV nm2,

M2 = − 103.610 meV nm2, and A = 245.98 meV nm.
The lattice constants are set at ax = ay = 0.6 nm and
az = 0.5 nm. The geometrical structure parameters of the
nanowire are chosen to Wy = 15 ay and Wz = 10az, and
Lx = 50ax. The δ-function potential approximation for the
effect of the lateral gates is adopted, i.e., only the outmost
lattices along the y axis are subjected to the static electric
potential. This approximation can be guaranteed by tuning
the Debye length in the TDSM nanowire since it depends
on the electron density (n ∼ 1018 cm−3) and temperature
of the Na3Bi nanowrie [50]. For the source and drain elec-
trodes, in general, can be any metals. The essential results
and underlying physics that we discuss below are indepen-
dent of the specific material. However, in order to decrease
as much as possible the contact resistance, the material
of the source and drain electrodes is used as the same as
that of the TDSM nanowire. In addition, the magnetic flux
through a unit square φ = Bzaxay is in units of the mag-
netic flux quanta φ0. The charge and spin conductances are
in units of e2/h and e/(4π), respectively.

Energy band of the pristine infinite TDSM nanowire is
shown in Fig. 2(a). Due to the quantum-confining effect,
the continuous gapless linear bulk energy band is lifted
into parabolic subbands and bulk gap is opened, as shown
by the dark-cyan solid lines. The bulk gap depends on
both the nanowire widths Wy and Wz. The magnitude of
the bulk gap decreases monotonously with the increasing
width Wy (approximately W−1

y ), as shown by the violet
solid line in the inset. However, it displays a periodic
oscillating behavior with the increase of the width Wz
[43]. At the same time, the wavevector along the z axis
is quantized into kzm = mπ/Wz = 0.628m (nm−1), where
m is the subband index. In this case, the wavevector of
the first subband kz1 = 0.628 (nm−1) is situated between
the two Dirac points kD = ±√

M0/M1 = ±0.903 (nm−1).
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FIG. 2. (a) Energy band of an extended pristine TDSM nanowire with widths of Wy = 15 ay and Wz = 10 az , showing topological
surface subbands (red dotted lines) and bulk subbands (dark cyan solid lines). Inset displays both the bulk (violet solid line) and surface
(magenta dashed line) band gaps of the TDSM nanowire as a function of the wire width Wy . (b) Subband edge energies (kx = 0) of
the TDSM nanowire with two lateral gates versus the gate voltage. (c) Subband edge energies (kx = 0) of the TDSM nanowire in the
presence of both two lateral gates and a perpendicular MF versus the magnetic flux. The gate voltage is taken as Vg = 550.0 mV, as
indicated by the vertical green dashed line in Fig. 2(b).

054039-3



SHUNXI TANG et al. PHYS. REV. APPLIED 14, 054039 (2020)

Therefore, the band gap for this subband is inverted and
the TDSM nanowire is topological nontrival in this case
[4,20]. Therefore, surface subbands emerge in the energy
band, as shown by the red dotted lines. For clearness, only
the lowest surface subband is presented here. Similar to
that of topological insulators [51], the overlap of the two
surface electron wave functions at the opposite lateral sur-
faces (along the y axis) of the TDSM nanowire induces a
small gap opened in the surface band. The surface band
gap of the TDSM nanowire as a function of the width Wy
is shown by the red dashed line in the inset. It decreases
exponentially as the width Wy is increased. However, dif-
fering from those of the topological insulators, both the
surface conduction subband minimum and valence sub-
band maximum are buried in the bulk valence subbands.
As a result, the lowest surface conduction subband pen-
etrates throughout the bulk energy gap. Therefore, it will
always be conducted when the Fermi energy is located
within the bulk energy gap. First, we consider the effects
of the lateral gates. Subband edge energies (kx = 0) of the
TDSM nanowire as a function of the lateral gate voltage
are plotted in Fig. 2(b). Both the bulk and surface subband
edge energies move upwards with increasing gate volt-
age. However, the energies of the surface subband edges
are increased linearly since the lateral gates mainly influ-
ence the surface lattices along the y axis. The slope of
the surface subband edge energy spectra is about 0.18,
agrees approximately to the ratio of the lattices with and
without the static electric potential 2/(Wy/ay − 1). More
importantly, the surface valence maximum is shifted into
the bulk band gap as the gate voltage is increased to
VC

g = 330.0 mV. As a result, both the surface conduction
and valence edges are situated within the bulk gap when
the gate voltage is increased further. Then, the effects of
the perpendicular MF are taken into account as well. Sub-
band edge energies (kx = 0) of the TDSM nanowire as a
function of the magnetic flux φ is depicted in Fig. 2(c).
The lateral gate voltage is taken as Vg = 550.0 mV, as
indicated by the vertical green dashed line in Fig. 2(b).

Interestingly, each bulk and surface subband is split as the
MF effect is included and the energy width between each
pair of the split subbands increases with the increase of
the magnetic flux (∝ Bz). Consequently, the lower-surface
conduction subband and the upper-surface valence sub-
band will touch together as the magnetic flux is increased
to φC = 7.4 × 10−3, demonstrating that the surface band
gap is closed. As the magnetic flux is increased fur-
ther, the upper-surface valence subband will surpass the
lower-surface conduction subband.

In order to apprehend the characteristics of the energy
band obtained in Fig. 2(c), both the two-terminal charge-
and spin-conductance maps of the TDSM nanowire in
the presence of the lateral gates and MF are shown in
Figs. 3(a) and 3(b), respectively. As we can see, both
the charge and spin conductances of the considered sys-
tem can be tuned by varying the electron energy or/and
the MF strength. Therefore, different quantum regions of
the TDSM nanowire can be classified by the amplitudes
of the charge and spin conductances. For the region with
(GC, GS) = (0, 0), which means that both the charge and
spin currents are switched off. This region is correspond-
ing to the normal-insulator (NI) state of the considered
system, as shown by NI in Fig. 3(c). For the region with
(GC, GS) = (1, ±1), indicating that the surface current in
the consider system is completely spin polarized. There-
fore, these two areas represent a quantum anomalous Hall-
like insulator (QAHLI) state, as shown by QAHLI in Fig.
3(c). This effect also reflects that the subbands in Fig. 2(c)
are Zeeman-like spin split. The QAHLI state in the TDSM
nanowire is similar to the QAH in Weyl semimetals when
the chemical potential is located at the Weyl nodes [1].
However, the QAHLI state here depends on both the bulk
and surface gaps induced by the finite-size effect and the
Zeeman-like spin-split effect caused by the perpendicular
MF. For the region with (GC, GS) = (2, 0), which means
that only the surface charge conductance is achieved while
the surface spin conductance is turned off. Consequently,
these three areas represent the QSHLI state, as shown by

(10–3
(10–3

(10–3


(a) (b) (c)

0 4 8

0

50

100

G S

–1.0

0.0

1.0

2.0

E
(m

eV
)

0
0

0

00
0

1
1 2

–1

–1

0 4 8

0

50

100

Metal

Metal

QSHLI
QAHLI

QAHLI

QSHLI

QSHLI

NIE
(m

eV
)

0

50

100

4.0
3.0
2.0
1.0
0.0

E
(m

eV
)

G
C

0 4 8

0

4

1

1

2

2
2
2

3

34

FIG. 3. (a) Charge- and (b) spin-conductance maps of the TDSM nanowire with two lateral gates and a perpendicular MF versus the
electron energy and magnetic flux. (c) The quantum-state diagram of the TDSM nanowire. The gate voltage is chosen to be the same
as that in Fig. 2(c).
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FIG. 4. (a) The lowest bulk LLs of the TDSM nanofilm with-
out (the solid lines) and with (the dashed lines) Zeeman effect
versus the negative quadratic magnetic wave vector. (b) The
lowest-surface subband-edge energies (kx = 0) of the TDSM
nanowire without (the dotted lines) and with (the dashed lines)
Zeeman effect versus the magnetic wave vector. The blue lines
stand for the spin-down subbands while the green lines for the
spin-up ones.

QSHLI in Fig. 3(c). Except for the above regions, the bulk
state of the TDSM nanowire is also involved in the trans-
port so that the considered system is located at a normal
metal region. Moreover, according to the analyses above,
topological quantum-state transitions can be achieved in
the considered system by tuning the electron energy and
MF strength.

The most interesting transport phenomenon above is the
QAHLI-state-induced spin-polarized current in the TDSM
nanowire. The underlying physics of this effect is investi-
gated next. For the TDSM with a perpendicular MF, the
Hamiltonian of the bulk Dirac electron is taken the form as

H B(k) = εB(k) +

⎡
⎢⎣

M B(k) AkB
+ 0 0

AkB
− −M B(k) 0 0

0 0 M B(k) −AkB
−

0 0 −AkB
+ −M B(k)

⎤
⎥⎦,

(5)

where εB(k) = C0 + C1k2
z + C2[(kx − eBzy/�)2 + k2

y ],
M B(k) = M0 − M1k2

z − M2[(kx − eBzy/�)2 + k2
y ], and

kB
± = [(kx − eBzy/�) ± iky]. For the sake of diagonalizing

this Hamiltonian, Landau-level (LL) ladder operators are
defined in the standard means as

a† = − lB√
2

[(
kx + y

l2B

)
+ iky

]
,

a = − lB√
2

[(
kx − y

l2B

)
− iky

]
,

(6)

in which lB = √
�/eBz is the magnetic length. And these

two ladder operators obey the canonical commutation rela-
tion [a, a†] = 1. As a result, the Hamiltonian in Eq. (5) can

be rewritten according to the ladder operators as

H B(a, a†, kz) =

⎡
⎢⎢⎣

εB
+ −ηa† 0 0

−ηa εB
− 0 0

0 0 εB
+ ηa

0 0 ηa† εB
−

⎤
⎥⎥⎦ , (7)

in which η = √
2A/lB, εB

± = εB(a, a†, kz) ± M B(a, a†, kz).
Here εB(a, a†, kz) = C0 + C1k2

z + ωc(a†a + 1
2 ) with ωc =

(2/l2B)C2, and M B(a, a†, kz) = M0 − M1k2
z − ωm(a†a + 1

2 )

with ωm = (2/l2B)M2.
For simplicity, the TDSM nanofilm is taken for the fol-

lowing analytical calculations since its results are similar
to those of the TDSM nanowire essentially. According
to Eq. (7), the eigenstates of the TDSM nanofilm in the
presence of the perpendicular MF have a general form as

|m, n〉 = um,n,↑|m, n, ↑〉 + um,n,↑|m, n − 1, ↑〉
+ um,n,↓|m, n − 1, ↓〉 + um,n,↓|m, n, ↓〉, (8)

in which m and n denote the confinement-induced sub-
band index (m = 1, 2, . . .) and LL index (n = 0, 1, 2, . . .),
respectively. |m, n, ↑ (↓)〉 is the mth and nth eigenvector
with spin up (down). um,n,↑(↓) is the corresponding com-
plex four-component spinor wave function. Therefore, Eq.
(7) is transformed into the following matrix:

H B(m, n)

=

⎡
⎢⎢⎣

εB
+(m, n) −√

nη 0 0
−√

nη εB
−(m, n − 1) 0 0

0 0 εB
+(m, n − 1)

√
nη

0 0
√

nη εB
−(m, n)

⎤
⎥⎥⎦ ,

(9)

where εB
±(m, n) = (C0 ± M0) + (C1 ∓ M1)(mπ/Wz)

2 +
(ωc ± ωm)(n + 1

2 ). Diagonalizing the equation above, the
eigenvalues of the subbands with spin up are obtained

EB
±,↑(m, n) = C0 + C1

(
mπ

Wz

)2

+ nωc + ωm/2

±

√√√√nη2 +
[
M0 − M1

(
mπ

Wz

)2

+ nωm + ωc/2

]2

.

(10)

Similarly, those for the spin down are

EB
±,↓(m, n) = C0 + C1

(
mπ

Wz

)2

+ nωc − ωm/2

±

√√√√nη2 +
[
M0 − M1

(
mπ

Wz

)2

+ nωm − ωc/2

]2

.

(11)
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FIG. 5. The ensemble average charge (a) and spin (b) conductance of the disordered system versus the electron energy at different
disorder strengths. Inset in (a) shows the corresponding energy band of the TDSM nanowire. (c) The ensemble localization length of
the disordered system versus the disorder strength. The gate voltage and magnetic flux are selected at Vg = 550.0 mV and φ = 4.0 ×
10−3, respectively. The error bars in (a)–(c) denote the charge-conductance, spin-conductance, and localization-length fluctuations,
respectively. The number of the disordered TDSM nanowire samples is chosen as 200.

According to Eqs. (10) and (11), we can find that the
bulk subbands of the TDSM film are split. This effect is
the physical origin of the Zeeman-like spin-split bulk sub-
bands observed in Fig. 2(c). The lowest bulk LLs (m =
1, n = 1) of the TDSM nanofilm as a function of the neg-
ative quadratic magnetic length (∝ Bz) is shown by the
solid lines in Fig. 5(a). The blue lines stand for the spin-
down LLs while the green lines for the spin-up ones. It can
be seen that the bulk LLs agree qualitatively with those
obtained in Fig. 2(c).

Next we consider the influence of the perpendicular MF
on the surface states of the TDSM nanowire. For the lowest
pair of the surface subbands in Fig. 2(a), its low-energy
effective Hamiltonian can be written as [52]

H SF = �vFτzσzkx + 
τx, (12)

where vF is the Fermi velocity of the surface states. τz and
σz are the Pauli matrices that stand for the lateral two sur-
faces and spin, respectively. 
 denotes the opened surface
band gap caused by the interaction between these two lat-
eral surface states. When a perpendicular MF is applied,
the surface states’ Hamiltonian of the TDSM nanowire is

H SF =

⎡
⎢⎣

�vFkM
+ 0 
 0

0 −�vFkM
+ 0 



 0 −�vFkM
− 0

0 
 0 �vFkM
−

⎤
⎥⎦ ,

(13)

in which kM
± = kx ± kM with the magnetic wave vector

kM = eBzWy/2�.
Diagonalizing the Hamiltonian in Eq. (13), the eigenval-

ues of the surface states are achieved as

ESF
±,s = s{(�vF)2(k2

x + k2
M ) + 
2

± 2�vFkM [(�vFkx)
2 + 
2]1/2}1/2, (14)

where s = ± represents two different pairs of the surface
subbands. The surface subband edge energies (kx = 0) of
the TDSM nanowire as a function of the magnetic wave
vector (∝ Bz) are depicted by the dotted lines in Fig. 5(b).
The blue lines stand for the spin-down subbands while the
green lines for the spin-up ones. The Fermi velocity is
taken as vF = 1.96 × 104 m/s and the surface gap 
 = 46
meV, which are obtained from the energy band of the pris-
tine TDSM nanowire in Fig. 2(a). It can be found that
the surface subbands also agree qualitatively with those
obtained in Fig. 2(c). Note that although the Zeeman effect
of the MF is not taken into the numerical and analytic
calculations above, it can be included simply by adding
the Zeeman terms EZ = ± 1

2 g∗μBBz to the Hamiltonians in
Eqs. (1), (5), and (12). Here + and − stand for spin-up
and spin-down subbands, respectively. g∗ is the effective
Landé g factor of TDSM and μB is Bohr magneton. For the
TDSM Na3Bi, the Zeeman energy EZ = 0.58Bz meV with
g∗ = 20 [30]. Including the Zeeman effect, the lowest pair
of bulk LLs and surface-subband-edge energies as a funci-
ton of the MF strength are shown by the dashed lines in
Figs. 5(a) and 5(b), respectively. They verify that the Zee-
man effect does not change the intrinsic results obtained in
this work.

According to the charge- and spin-conductance behav-
iors in Figs. 3(a) and 3(b), the considered system may
be used to design a topological spin filtering and switch
device. For the practical application aspect, the robustness
of the topological device to impurity scattering should be
investigated. The effect of the impurity-induced scattering
on the conductances can be simulated by the random fluc-
tuations of the on-site energies of the discrete lattices [43]
within the range [−w/2, w/2]. Here w means the disor-
der strength. The ensemble average charge (GC

a = 〈GC〉)
and spin (GS

a = 〈GS〉) conductances of disordered TDSM
nanowires as a function of the electron energy at different
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disorder strengths are shown in Figs. 5(a) and 5(b), respec-
tively. Here 〈· · · 〉 denotes averaging over an ensemble of
samples with different realizations of disorder. The num-
ber of the disordered TDSM nanowire samples taken for
the calculations is 200. The lateral gate voltage is cho-
sen as Vg = 550.0 mV and the magnetic flux is set at
φ = 4.0 × 10−3, as indicated by the vertical green and
navy dashed lines in Figs. 2(b) and 3(a)–3(b), respectively.
The disorder strengths are taken as w = 300.0 (red circle
lines), 600.0 (blue square lines), and 900.0 (green diamond
lines) meV. The error bars in Figs. 5(a) and 5(b) represent
the fluctuations of the charge (GC

f = [〈(GC)
2〉 − 〈GC〉2]1/2)

and spin (GS
f = [〈(GS)

2〉 − 〈GS〉2]1/2) conductances [53],
respectively. The thin dotted line stands for those of the
ideal TDSM nanowire, which is used as a reference. For
the weak disorder strength w = 300.0 meV, both the sur-
face charge and spin conductances of the TDSM nanowire
are still quantized, especially for those conductance ampli-
tudes away from the subband edges, verifying the topolog-
ical character of the nanowire. As the disorder strength is
increased, the quantized charge and spin conductances are
destroyed, as shown by the blue square and green diamond
lines. However, the amplitudes of the charge and spin con-
ductances within the QAHLI regions are relatively large.
More importantly, both the charge and spin conductances
still can be switched on or off by varying the electron
energy. In order to give a more clear criterion of the con-
ductances against the disorder, the ensemble localization
length (λa = 〈λ〉) of the disordered TDSM nanowire as a
function of the disorder strength is shown in Fig. 5(c). The
localization length λ = −2/ limLx→∞(1/Lx) ln Tr|GaGr|,
where Tr means the trace over the spatial and spin degrees
of freedom [54]. The electron energies are taken as EA =
46.0 meV (red circle line) and EB = 76.0 meV (blue square
line). These two energies are located at the QAHLI and
QSHLI regions, as denoted by points A and B in Fig. 5(a),
respectively. Similar to those in Figs. 5(a) and 5(b), the
error bar in each line means the localization length fluctu-
ation (λf = [〈λ2〉 − 〈λ〉2]1/2). The localized length of the
considered system decreases slowly as the the disorder
strength is increased. However, as long as the length of the
disordered TDSM nonawire is smaller that the localization
length, the surface charge and spin conductances will not
vanish. These results demonstrate that the proposed topo-
logical spin filtering and switch device may be applied in
practice.

IV. CONCLUSIONS

In conclusion, the quantum-transport properties of a
TDSM nanowire in the presence of two lateral gates and a
perpendicular MF are investigated. It is found that both the
charge and spin conductances can be controlled by varying
the electron energy and MF strength. Therefore, topolog-
ical spin filtering and switch device is proposed based on

the considered system. The work mechanism of the device
is attributed to the QAHLI state in the TDSM nanowire
caused by the perpendicular MF. Further studies show that
the topological spin filtering and switch effect is robust
against a strong disorder, indicating that the device has the
potential in practical applications.
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