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Bismuthene, an inherently hexagonal structure characterized by a huge bulk gap, offers a versatile platform for in-
vestigating the electronic transport of various topological quantum states. Using nonequilibrium Green’s function method
and Landauer—Biittiker formula, we thoroughly investigate the transport properties of various Hall-type quantum states,
including quantum spin Hall (QSH) edge states, quantum valley Hall kink (QVHK) states, and quantum spin—valley Hall
kink (QSVHK) states, in the presence of various disorders. Based on the exotic transport features, a spin—valley filter,
capable of generating a highly spin- and valley-polarized current, is proposed. The valley index and the spin index of the
filtered QSVHK state are determined by the staggered potential and the intrinsic spin—orbit coupling, respectively. The
efficiency of the spin—valley filter is supported by the spacial current distribution, the valley-resolved conductance, and the
spin-resolved conductance. Compared with a sandwich structure for QSVHK, our proposed spin—valley filter can work
with a much smaller size and is more accessible in the experiment.

Keywords: electronic transport, bismuthene, spin—valley filter

PACS: 71.15.-m, 73.20.—, 73.23.-b, 73.63.-b

1. Introduction

The transport of topological states is a prominent area of
interest in low-dimensional condensed matter physics.!'~"! In
such states, gapless edge modes exist within the bulk band
gap, exhibiting exotic transport behaviors which robust against
disorder.!®! In particular, in quantum spin Hall (QSH) edge
states, carriers with different spins flow in opposite directions

[10-12] The quantum valley Hall kink

along the boundaries.
(QVHK) states are located at the interface of two hexago-
nal lattice materials with different valley-projected topologi-
cal charges.[!3-16] Carriers from one valley will flow in a di-
rection, while those from the other valley will flow in the op-
posite direction at the interface. When the spin- and valley-
projected topological charges are different on both sides of
the interface, the QSH edge states and QVHK states emerge
simultaneously, leading to the formation of a novel quantum
state, referred to as quantum spin—valley Hall kink (QSVHK)
state.!!7=191 In this state, the spin-up state propagating forward
along the interface belongs to the K valley, and the spin-down
state propagating backward belongs to the K’ valley.
Two-dimensional hexagonal structures, such as graphene,

[20-22

have a variety of controllable features, ] including charge,

spin, and valley degrees of freedom. Nevertheless, ow-
ing to the weak spin—orbit coupling of graphene, the

tiny bulk gap is only about 40 peV, limiting its applica-
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tion for quantum devices.!”>! Subsequently, the graphene-
like structures with a strong spin—orbit coupling, such as

24.251 antimonene, 29291 bisthumene,3°331 transi-

arsenene, |
tion metal dichalcogenides,?®8! are investigated. Remark-
ably, the bismuthene on SiC substrate has a huge topological
bulk gap,3% rendering the application of quantum devices fea-
sible. Intriguingly, it is possible to modulate the parameters
in the bismuthene structure, such as the spin—orbit coupling
strength Asoc or the staggered potential U. The adjustment of
Asoc can be achieved through substrate selection and chemi-

125391 while U can be controlled

cal surface functionalization,
via alloy engineering or the application of a vertical electric
field.3%401 When Agoc > U, the structure exhibits as a QSH
system.[*31 Conversely, when Asoc < U, the structure behaves
as a QVH system.36:41]

In this paper, we thoroughly investigate the transport
properties of the various Hall-type quantum states in the
zigzag bismuthene ribbons, as illustrated in Fig. 1(a). By
tuning the staggered potential and the intrinsic spin—orbit
coupling strength, the QSH edge, QVHK, and QSVHK
states can be studied. We analyze the impact of combined
Anderson/long-range and magnetic/non-magnetic disorders
on these states. Specifically, the transport of QSH edge state
is susceptible to magnetic disorder and the transport of the
QVHK state is obstructed by Anderson disorder. However,
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QSVHK states combine the advantages of both, they are ro-
bust against non-magnetic Anderson disorder, long-range non-
magnetic disorder, and long-range magnetic disorder. Guaran-
teed by the fragility of the QSH edge states and the robustness
of the QSVHK states under long-range magnetic disorder, we
propose a spin—valley filter based on a QSH-QVH heterostruc-
ture. The numerical calculation demonstrates that the expected
current component with specific valley and spin indices is ro-
bust against disorder and other components are depleted. The
output of the spin—valley filter is controllable since the val-
ley index is determined by the staggered potential which can
be altered by an external electric field. Compared with the
sandwich structure hosting QSVHK states, our proposed spin—
valley filter is able to work in a narrow device and the output
has only one component.

This paper is organized as follows. In Section 2, we in-
troduce the tight-binding models and the numerical method
for calculating the conductance, including Green’s function
method and the transfer matrix method. In Section 3, we first
explore the key transport characteristics of three types of topo-
logical states and their features under various disorders and
interface profiles. By using the exotic transport behaviors of
the topological states, a spin—valley filter is proposed and the
transport properties are thoroughly studied. Finally, a concise
conclusion is provided in Section 4.

2. Theoretical method

Here, we utilize bismuthene nanoribbons, as illustrated in
Fig. 1(a), as a platform. The gray area separates the ribbon
into three parts: left terminal, central region, and right termi-
nal, respectively. Disorder effects are specifically considered
only in the central region. The tight-binding representation of

[42]

the Hamiltonian for the bismuthene models'*~! is expressed as

the summation of two parts, written as

H = Hy+ Hp,

3
_ +
Hy = E ¢ T6jci+6j +h.c.
j=1

+Y ¢ [AsocT: @ oJei + ) cf [Uimo @ aoles,
2 2

11
Hp ZZC,W[ (1 1) ® 00 /xCi- (D

The first part Hy describes the clean model without disorder.
Here, c; and c:r are the annihilation and creation operators of
electrons at site ¢. o, and 7, are the Pauli matrices acting in
spin and orbital space, respectively. o and Ty are the identity
matrix. The term

t 7G-0¢
Ts; = (zft t ) ® a0

describes the nearest hopping from site ¢ to the nearest site

i27/3 a5 a con-

1+ 9, as illustrated in Fig. 1(a), with z = e
stant and ¢ as the hopping coefficient. Agoc represents the in-
trinsic spin—orbit coupling strength. The staggered potential
in the A (B) sublattice U; = U (—U) can be achieved through
chemical surface functionalization.*3! The second part Hp ac-
counts for the disorder, where the on-site energy at site ¢ is
ni= leyi | a)je_r?i/ & Here, r;; denotes the distance between
the site ¢ and 7, & represents the spatial correlation parameter,
Ny is the total number of the scattering scatters, and ®; is the
disorder randomly distributed in [-W,W] with W being the
disorder strength. In the scenario of Anderson disorder with
N, =N, N is the number of atoms in the central region, and
N = ®; under & — 0. While in the long-range disorder with
N =N/100 , we set & = 5a, where a is the lattice constant.
In non-magnetic disorder, an identity matrix o acts on spin
space. In magnetic disorder, the Pauli matrix o, acts on spin
space. The transmission coefficients are averaged up to 500
configurations for each value of disorder strength.

()

(b QsH ©) QVHK @

Fig. 1. (a) The schematic of the bismuthene nanoribbon. The grey region,
with N = 4 and L = 15, divides the ribbon into left terminal, central re-
gion, and right terminal. (b)—(d) The structures and (e)—(g) their energy
bands of QSH, QVH-QVH, and QVH-QSH-QVH nanoribbons. The red
and blue arrows represent the spin-up and the spin-down states, respec-
tively. In the QSH ribbon, QSH edge states are localized at the bound-
aries. In the QVH-QVH ribbon, two pairs of spin degenerate QVHK
states emerge along the interface between the QVH1 and QVH2 regions.
In the QVH-QSH-QVH ribbon, the spin—valley locked QSVHK states
are distributed at two interfaces between the QVH1 and QSH regions.
The spin—orbit coupling strength is Asoc = 0.2 eV. The staggered poten-
tials of these regions are U(QVH1) = 0.4 eV, U(QVH2) = —0.4 eV and
U(QSH) = 0 eV. The energy bands are calculated with N(QSH) = 80 in
QSH nanoribbons, N(QVHI) = 40 and N(QVH2) = 40 in QVH-QVH
nanoribbons, N(QVH1) = 20 and N(QSH) = 40 in QVH-QSH-QVH
nanoribbons.

To characterize the transport properties of the quan-
tum states, the zero-temperature electrical differential conduc-
tance G(E) at the Fermi energy E is presented. Utilizing
the nonequilibrium Green’s function method and Landauer-
Biittiker formula, G(E) under a small bias can be expressed
as

62
G(E) = L Tr[IL(E)G(E)IR(E)GY(E)], (@)
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where I'y(E) = i[X},(E) — X5(E)] represents the linewidth
function of the terminals (p =L, R) and G*(E) = [G*(E)]" =
1/[(E — Hc) — Xf — X%] denotes the retarded Green’s
function.[** The self-energy X, of the semi-infinite terminal-
p can be calculated via a transfer matrix method,*>*8! and
H¢ represents the Hamiltonian in the central region. In the
left and right terminals, the energy is shifted by gate voltages
to ensure enough conductive channels from the bulk states. By
applying a small voltage bias V = V|, — Vg between the left and
right terminals, the local current between the sites ¢ and 7 can
be expressed as! 4911
2’V
Jios(B) = = S Im{Hy|GHE)ILE)GP (B)] Y. @)
Since the spin (@ =t,]) is a good quantum number in
both terminals, one can obtain the spin differential conduc-
tances Gy and G| by

62
Ga(E) = - Trlla (E)G'(E) Tar (E)G*(E)], (4)

with e being the electron charge and / being the Planck’s
constant. And the valley-resolved conductances Gk g are
obtained via the transfer matrix method.’>%3! With such a
method, each component 1, x,, representing the transmission
amplitude from state k; in the left terminal to state k; in the
right terminal, is calculated. Then, the valley-resolved con-
ductance is calculated as follows:

2
G (E)==F ¥ tk(E). 5)
ki kpeK/K'
The first summation counts for all the right-going transmission
states in the left terminal, while the second summation only
records the states from the central region and ends up with the
valley K /K’ in the right terminal.

3. Results and discussion

In the model illustrated in Fig. 1(a), when Agoc > U,
a QSH region with edge states is presented, as depicted in
Fig. 1(b). And if Asoc < |U
gion. When two different QVH regions of different topologi-

, it is an insulating QVH re-

cal charges are attached, as shown in Fig. 1(c), QVHK states
with spin degeneracy appear on the interface. In the configura-
tion where a QSH region is sandwiched by two QVH regions,
as illustrated in Fig. 1(d), the spin—valley locked Hall states,
i.e., QSVHK states, are localized at two interfaces. Here,
we set the parameter Agoc = 0.2 eV, which is comparable to
the fitting parameters of bismuthene from the first-principles
data.’*! The magnitude of staggered potential U is set as
0.4 eV/—0.4 eV in QVH regions and 0 eV in QSH regions,
as illustrated in Figs. 1(b)-1(d). Then, the Hall-type quan-

tum states exist inside the bulk band gap E € [—|Asoc — U],

|[Asoc — U], i.e., E € [-0.2,0.2] in Figs. 1(e)-1(g), and the
conductance forms a quantized plateau in this range (indicated
by the gray dotted line in Figs. 3(a) and 3(b)). To further inves-
tigate the role of interface profile in the transport of topolog-

ical kink states, we first discuss two cases of potential energy
variation, the step form and the cosine form. In the subse-
quent calculation, the lattice constant a = 5.53 A is set as a
unit of length, which is also adopted from the first-principles
calculations.*?! The hopping # = 1 eV is set as an energy unit.

3.1. The step interface

In this subsection, we consider the potential changes from
U, to U, in a step form, i.e., U(y) = (U, —U;)O(y —yo) + Ui,
where O is the step function, and y represents the location
of the interface. Without disorder, the conductances of the
QVHK and QSVHK states exhibit a perfect plateau of 2¢*/h
as the Fermi energy E changes (see the gray dotted line in
Fig. 3). The conductances G versus non-magnetic Anderson
disorder strength Wnap, long-range non-magnetic disorder
strength W np, magnetic Anderson disorder strength Warap
and long-range magnetic disorder strength Wyyp for QSH,
QVHK, and QSVHK states are illustrated in Fig. 2.

2.0

1.5
1.0

G (e?/h)

0.5
0

2.0
= 1.5 = QSH
< -4 QVHK
Nq) 1.0 ¥ QSVHK
O o5
0 (c) (d)
0 0.5 1.0 0 0.5 1.0 1.5
WMAD WLMD

Fig. 2. The conductance of QSH edge, QVHK and QSVHK states ver-
sus (a) non-magnetic Anderson disorder strength Wyap, (b) long-range
non-magnetic disorder strength Winp, (c) magnetic Anderson disorder
strength Wyap and (d) long-range magnetic disorder strength Wyyp at
E = 0. The widths of the ribbons are N(QSH) = 80 in QSH nanorib-
bons, N(QVHI) =40 and N(QVH2) = 40 in QVH-QVH nanoribbons,
N(QVHI) =20 and N(QSH) = 40 in QVH-QSH-QVH nanoribbons.

15 15
(a) (b)
— -~ = _
= W=0 S0 W=0
< & Wynp=0.5 eV W € Winp=0.5 eV
\: A Wiyp=0.5 eV > & Wivp=0.5 eV
13 5 5
V] o]
70043 —0.1 0.1 0.3 70043 —0.1 0.1 0.3
E E

Fig. 3. The conductance Gqv and Ggsy versus Fermi energy E for
QVHK and QSVHK states with W = 0, Wy nxp = 0.5 eV and Wymp =
0.5 eV. Other parameters are the same as in Fig. 2.

Under non-magnetic disorders, the conductance of the

QSH edge state exhibits a high degree of robustness. Even
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if Wnap = 1.5 eV or Wenp = 1.5 eV, the conductance of QSH
edge states is hardly affected, due to minimal backscattering
occurring only between the same spin states at the two edges,
especially when the width of the sample is sufficiently large.
However, in the presence of magnetic disorder, the rapid de-
cay of the conductance means the QSH edge states are de-
stroyed easily. As Wyap and Wymp change from O to 0.2 eV,
the rapid decay of the conductances from 2¢? /i to 0 indicates
broken time-reversal symmetry caused by magnetic disorder,
in agreement with the experimental observations in Fig. 5 of
Ref. [55] and Fig. 4(d) of Ref. [56]. Given that magnetic disor-
der can induce flipping between these spin-up and spin-down
states, backscattering becomes easier between these states on
the same boundary, resulting in the extreme fragility, that hin-
ders the transmission of the QSH edge state. This character-
istic enables us to realize the spin—valley filter under the mag-
netic disorder, and we will detail it in Subsection 3.3.

The conductances of QVHK states gradually decrease
with the increasing Anderson disorder strength, primarily due
to the enhanced scattering processes, consistent with the ob-
servations illustrated in Fig. 4(b) of Ref. [57]. Since all the
forward and backward states concentrate around the interface,
backscattering becomes more likely with the increased disor-
der strength. Nevertheless, under the long-range disorder, the
system can still maintain its quantized values within the in-
terval Winp,Lvp € [0,0.5] protected by space-inversion sym-
metries. It is noteworthy that QVHK states, being spin de-
generate, exhibit immunity to spin-flip induced by magnetic
scattering. Consequently, their conductance behaves almost
identically in both magnetic and non-magnetic disorder sce-
narios.

In the presence of non-magnetic disorder, the conduc-
tances of QSVHK states experience minimal alteration, as de-
picted by the blue lines shown in Figs. 2(a) and 2(b). And
under the long-range magnetic disorder, with Wy yp reaching
0.7 eV, the conductance platform remains stable, indicating
a robust transport behavior in the presence of such disorder,
as depicted by the blue lines in Fig. 2(d). Unlike the QSH
edge states, the QSVHK states have a consistent transmission
of spin-polarized current even in the presence of magnetic
disorder. Furthermore, in contrast to QVHK state, QSVHK
states exhibit a more robust transport of valley-polarized cur-
rent in the presence of non-magnetic disorder. When com-
pared with the performance of both QVHK and QSH edge
states, the QSVHK states are more stable in both magnetic
and non-magnetic disorders.

As the conductance platforms tend to emerge under long-
range disorder, we investigate the conductances of QVHK and
QSVHK states, labeled by Ggv and Ggsy, respectively, versus
Fermi energy E under the long-range disorder in Fig. 3. The
conductance without the disorder is also plotted in the gray

line. Outside the band gap, (i.e., |E| > 0.2 eV), we observe
G(W = 0) > GQV/QSV(WLMD =0.5 eV) > GQV/QSV(WLND =
0.5 eV), indicating a decrease in the conductances of bulk

states with increasing disorder strength. At the same long-
range disorder strength and Fermi energy, the influence of
magnetic disorder is weaker than that of non-magnetic dis-
order. Inside the bulk band gap, (i.e., |E| < 0.2 V), it is
evident that the conductances Ggy and Ggsy remain quan-
tized across different Fermi energy E, as illustrated by curves
for Wenp = 0.5 eV and Wpmp = 0.5 eV in Fig. 3. This re-
sult demonstrates that the conductance calculated at £ = 0 in
Fig. 2(d) is reliable.

3.2. The smooth interface

In practice, it is challenging to achieve an atomically
sharp potential in experiment. [*°] Therefore, it is natural to ex-
tend the investigations of the systems to smooth interfaces. In
this subsection, the potential of a smooth interface is consid-
ered to change in the cosine form

U+ U, U, —-U. — AN/2
Uly) = 1+U> 1 zcos<y Yo+ /ﬂ>,

2 2 AN

and the smoothness of the interface is expressed by the width
of the interface area AN. The larger the AN, the smoother the
potential energy interface.

In Fig. 4, the conductance of QVHK and QSVHK states,
Gqv and Gqsy, versus Anderson disorder strength Wyap and
As the width
AN increases, the conductance Ggy gradually approaches the

Wmap are presented for smooth interfaces.

quantized value under non-magnetic Anderson disorder, as
shown in Fig. 4(a). Non-zero AN separates the QVHK states
in space, effectively suppressing the backscattering at the in-
terface, as shown in the illustration in Fig. 4(a). The density of
states p is determined by the square of the wavefunction (|¢|?)
of the kink state in a clean ribbon. However, Ggsy is immune
to the influence of AN since the states are well separated in
space. The emergence of a narrow region where Asoc > |U ()]
transforms the QVH-QVH system into a QVH-QSH-QVH
system. Imaging this transformation in Fig. 1(c), the domain
wall is replaced by a narrow QSH region in Fig. 1(b), lead-
ing to the evolution of QVHK states into QSVHK states in
Fig. 1(d). When AN is large enough, Gqy exhibits quantized
values, similar to Ggsy. Furthermore, under magnetic Ander-
son disorder, the introduction of a non-zero AN can also im-
prove the transmission of QVHK and QSVHK states. As AN
progressively increases, the influence of magnetic Anderson
disorder on the quantized conductance diminishes. Notably,
at AN = 20, both Ggv and Ggsv can maintain their quantized
values, even in the presence of a magnetic Anderson disorder
with Wyap = 0.2 eV.
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= (@) (b)
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Fig. 4. The conductances Gqv and Gggy vary with Anderson disorder
strength Wxap and Wiyap at different widths AN. Under different AN,
the valley-resolved density of QVHK and QSVHK states p are interpo-
lated in panels (a) and (c). The Fermi energy is E = 0. Other parameters
are the same as in Fig. 2.

20
< (a)
=~ 15
L
- 1.0
c
O o5

<
~
L
>
0
c
J
0
0 05 1.0 0 05 10 15
WL ND WL MD

Fig. 5. The conductance Gqv and Gqsy versus long-range disorder
strength Winp and Wivp at different widths AN. Other parameters are
the same as in Fig. 2.

In contrast to the notable impact of increased AN on Gqv
and Gqsv under Anderson disorder, AN exhibits minimal in-
fluence on Ggy and Gqsv under long-range disorder, as illus-
trated in Fig. 5. In precise terms, the conductance Gqy of the
QVHK states exhibits a slow increase with the ascent of AN,
whereas AN almost has no effect on the conductance Ggsy of
QSVHK states. Comparing the conductances across all types
of disorder in Figs. 4 and 5, it becomes apparent that the non-
zero AN prompts Gqy to manifest behavior akin to Gggsy. This
evolution is particularly pronounced in the case of Anderson
disorder, as illustrated in Figs. 4(a) and 4(b).

3.3. Spin-valley filter

From the above discussion, we learned that the conduc-
tance of QSH edge states is destroyed easily by magnetic
disorder due to broken time-reversal symmetry. In contrast,
the conductance of QSVHK states protected by both space-
inversion and time-reversal symmetries, remains quantized

against either non-magnetic Anderson disorder, long-range
non-magnetic disorder, or long-range magnetic disorder, as
depicted in Figs. 2(a)-2(d). Lighted by the transport charac-
teristic of QSH edge states and QSVHK states, we propose a
spin—valley filter, where a single QSVHK state with specific
valley and spin indices can be obtained at the interface of the
QSH-QVH heterostructure. Also note that, in the former men-
tioned device hosting QSVHK states in Fig. 1(d), there is a pair
of states following rightward with both valley K (spin-down)
and valley K’ (spin-up), respectively.

O ee88888000000000000000000000:
00008088 000000000000000000008¢
,

0008060 1000000005 100000806:
SReRPRRIRAL s S S S S e e chesminal
eS80 868800000.°° 500000006060008!
10 0008088020000000000000000008¢

I e St S e e e

0 0.2 0.4 0.6 0 0.2 0.4 0.6
WLNID WLIVID

Fig. 6. (a) The schematic of the spin—valley filter. The red and the blue ar-
rows represent the spin-up and the spin-down states, respectively. (b) The
energy band of the central region. (c) Local current distributions J(y) and
the summation of local current distributions 7 (y) = 2'1:0:1 J(yo) along the
y direction from bottom to top under different long-range disorder strength
Wimp, respectively. The sample size is L = 50, N(QSH) = N(QVH) =
N = 40. (d) The differential conductance G as a function of Wi yp for
different length L of the central region. The width of the central region
is N = 40. (e) The differential conductance G as a function of Wy yp for
different width N, while the length is L = 50. The staggered potential is
U= (U,—U)O(y—yo)+U; with Uy =0.4 eV and U, = 0 eV. The spin—
orbit coupling strength is Asoc = 0.2 eV and the Fermi energy is E = 0.
The filter model is constructed by a line junction sand-
wiched by left and right terminals as displayed in Fig. 6(a).
The central region functions as the spin—valley filter. Since
the limited effect of smooth interface for QSVHK states under
magnetic disorder, in the following calculation, a step-change
interface is adopted. In the absence of disorder, the QSVHK
state appears at the interface of the QSH and QVH regions,
while the QSH edge state emerges at the opposite boundary of
the QSH region, as illustrated in Figs. 6(a) and 6(b). The spin-
up and spin-down states are denoted by red and blue arrows,
respectively. Specifically, for QSVHK states in the middle of
the ribbon, the spin-up carriers at valley K flow in the forward

direction, while the spin-down carriers at K’ valley move in
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the opposite direction. In QSH edge states at the boom of the
ribbon, the carriers with the spin-down flow in the forward
direction, while the carriers with the spin-up flow in the op-
posite direction. By introducing the long-range magnetic dis-
order, it is expected that the QSH edge states damp rapidly,
while the QSVHK states exhibit robustness. The valley index
of the QSVHK state can be switched by the staggered poten-
tial which can be altered via an external electric field and the
spin index is determined by the intrinsic spin—orbit coupling
strength Asoc. Consequently, a spin—valley filter with a con-
trollable output is realized and the current flow is localized in
the middle of the device.

To support the above discussed speculation, the current
distribution is displayed in Fig. 6(c). Here, both spacial cur-
rent distribution J(y) (along the vertical direction) and its ac-
cumulation 7 (y) =¥, _,
order strength. For a clean sample, i.e., W_mp = 0, the current
J(y) peaks both in the middle of the ribbon and at the edge
of the ribbon, the two peaks are for the QSVHK state and
the QSH state, respectively. Also, the current carried by the

J(yo) are displayed for different dis-

QSVHK state is comparatively expanded in space. Across
the whole ribbon, the current summation 7 (y) approaches
(eAV)2e/h, indicating a conductance of 2¢? /h contributed by
QSVHK state and the QSH state. When the disorder is present
(e.g., Wemp = 0.03 and Wpyp = 0.1), the current carried by
the QSVHK state stays unchanged and the current carried by

the QSH state is damaged. Especially when Wyyp = 0.1, the
transport contribution of QSH state is totally destroyed, the
corresponding current peak disappears and its accumulation
J(y) equals to (eAV)e/h, signifying a single channel from
the QSVHK state.

Next, we study how the efficiency of the filter is affected
by the sample size. In Fig. 6(d), the curves for G versus
Wimp are shown for different sample lengths L. As the dis-
order strength Wyvp is enhanced, the conductance G atten-
uates from 2¢?/h and G saturates to e?/h for larger Wimp.
When the central region becomes longer, the attenuation pro-
cess becomes faster. For example, when L = 50 (~ 27.6 nm)
and N =40 (~ 38.3 nm) there is only a single QSVHK chan-
nel available for Wy pp = 0.1, in agreement with the results in
Fig. 6(c). When L = 100 (~ 55.3 nm), to achieve the same
goal, the disorder strength could be as small as Wi yp = 0.05.
In Fig. 6(e), G versus W mp relations are shown for different
sample widths N. It is easy to notice that the conductance of
the device is immune to the width N. A device with width
N =20 (~19.1 nm) is capable of functioning as a spin—valley
filter. The result is quite reasonable since the QSVHK states
and QSH states are well separated in space (see Fig. 6(c)) and
the scattering between them is rather weak. In short, the de-
vice can work well under weak disorder and the size can be as

small as 19.1 nm x 27.6 nm.
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Fig. 7. Valley-resolved conductance (Gg k), spin-resolved conductance (G4, ), valley polarization Py and spin polarization Ps for different
length L and width N. In panels (a)—(c), the width is N = 40. In panels (d)—(f), the length of the central region is L = 50. Other parameters are

the same as in Fig. 6.

To provide more compelling evidence, the valley-
resolved conductance and spin-resolved conductance of the
same device are studied in Fig. 7. Here, both spin-resolved

conductance (G; + G| = G) and valley-resolved conductance

(Gk + Ggr = G), calculated by the method outlined in Sec-
tion 2, validate the transport properties of the spin—valley fil-
ter. Here, the polarization Ps [Ps = (G+ — G|)/G] and Py
[Py = (Gk — Gg/)/G] are defined to demonstrate the efficient

047105-6



Chin. Phys. B 33, 047105 (2024)

of the spin—valley filter.[?>-61 In Fig. 7(a), as Wymp in the
filter increases, the quantized value of Gk remains unchanged,
while Gy rapidly decreases from e /h to 0. Meanwhile, in
Fig. 7(c) the upper panel, the valley polarization Py increases
from O to 1 as Wpmp is enhanced. The process is more rapid
for longer samples (e.g., L = 100). A similar situation happens
for the spin-resolved conductance in Figs. 7(b) and 7(c). The
result indicates that the current is completely spin—valley po-
larized and only the carriers with spin-up at K valley can flow
from the left terminal to the right terminal. When Wy yp in-
creases further, Py remains at 1¢2 /h, and the Ps only decreases
slightly.

Although QVH-QSH-QVH
Fig. 1(d)), we can also obtain spatially separated spin—valley

in the structure (see
states, it requires that the two interfaces are far enough apart
so that the QSVHK states at the two interfaces do not interfere
with each other. What’s more, from an application perspective,
in such a case only a wider sample can facilitate the terminal
connection through which a branch of two QSVHK states has
been drawn off. However, in our proposed spin—valley filter,
the width of the nanoribbons does not need to be that large,
and the nanoribbon width can be as narrow as 19.1 nm. Tak-
ing into account the inevitable electronic disorder, the present
proposed device has even more advantages.

4. Conclusion

We select bismuthene as an ideal candidate for the spin—
valley filter. The primary reason is that bismuthene is a
graphene-like material with a large bulk gap and has been real-

39 The second reason is that it has wide-

ized in experiments.
range adjustable parameters, thus can be manipulated to pro-
duce a variety of Hall-type quantum states, and their combina-
tion can have new transport properties at the interfaces. By ad-
justing the parameters, we theoretically demonstrate the emer-
gence of QSH edge, QVHK, and QSVHK states. The trans-
port properties of QSH edge states and QVHK states are sus-
ceptible to magnetic disorder and Anderson disorder, respec-
tively. In contrast, the conductance of QSVHK states remains
quantized under both magnetic disorder and Anderson disor-
der. Based on the transport characteristics of QSH edge and
QSVHK states achieved above, a spin—valley filter which gen-
erates a fully spin- and valley-polarized current is proposed.
The valley index and spin index of the filter are determined by
the staggered potential and the intrinsic spin—orbit coupling,
respectively. Benefiting from the sensitivity of QSH state to
magnetic disorder, the spin—valley filter is able to work under
weak disorder and meanwhile, with a rather small device size.
The valley- and spin-resolved conductances are calculated on
these states and the results explicitly indicate that for a spe-
cific branch of spin and valley indexes, the related component
in the current is robust and other components quickly damp

to zero. When the disorder becomes much stronger, the val-
ley polarization of the current remains at the unit, and the spin
polarization is only weakly diminished.
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