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ABSTRACT

In a practical electronic device using a topological crystalline insulator (TCI), nontrivial topological states need to be stable against local perturbations while at the
same time, allow for tuning via external controls such as an applied electric field. In this work, we use systematic first principles calculations to study the robustness
of the topological states of planar bismuthene, a two-dimensional TCI. We show that the mirror symmetry-protected nontrivial topological phase can be maintained
when the bismuthene monolayer has weak interactions with a substrate, or placed in a symmetry-protected heterostructure configuration. Our study also shows that
edge terminations play an important role in modulating the electronic response of topological behaviours of 2D TCIs. We find that the edge states and the band gap
for armchair edges become highly tunable with respect to modulated interfacial distance, symmetry, and external control means such as transverse electric field or
pressure. These results provide guidelines for the selection of appropriate substrates for the experimental realization of TCI edge states, and could be useful for the

design of novel electronic and spintronic devices.

1. Introduction

The recent progress in the field of two-dimensional (2D) quantum
spin Hall Insulators points to a promising direction for developing future
electronic and spintronic devices with low energy consumption [1]. A
2D quantum spin Hall Insulator is defined by its bulk-edge correspon-
dence, where the bulk band topology can lead to the existence of to-
pologically nontrivial spin-polarized helical edge states. These edge
states are protected against non-magnetic perturbations such as disorder
and backscattering as long as certain symmetries are preserved [2].
Although theoretical predictions have indicated that nontrivial band
topology can exist in a wide range of materials [3], realizing the fabri-
cation of topological devices still faces practical challenges. Of partic-
ular importance are the substrates, which act as support or contacts for
2D materials of interest in a typical device architecture. Substrates can
also impart external fields that tune the band structure and alter the
symmetry of the low-dimensional thin films deposited on it. A desirable
2D topological material therefore should have stable topological prop-
erties when interacting with substrates, in addition to a large enough
band gap that is required to overcome the thermal energy at room
temperature. Specifically for the applications in electronic transistors, it
is required that the dissipationless topological edge current in a 2D to-
pological material is conveniently switchable with a large on/off ratio

[4-7]. These requirements pose critical challenges for identifying real-
istic topological materials used in low-energy electronic devices.

Recent experiments have demonstrated that topological edge states
can be turned on and off through an external electrical field in a range of
2D or low-dimensional materials [4,8,9], for example, in Dirac semi-
metal NagBi [10], quantum spin Hall Insulator SbyTes [11], Weyl
semiconductor Te [12] and topologically trivial ferromagnetic semi-
conductor MnBi;Te4 [13]. In these demonstrations, the applied external
electric field changes the band ordering and either eliminates or induces
the topological band inversion, thus changing the material’s intrinsic
topological nature [14,15]. However, for many topological systems, the
degree to which bulk band gap can be manipulated using external fields
is relatively limited. This has been the case for the materials such as
bismuth bilayer (Bi (111)), for example, where electric field as large as
0.8 eV cause only slight change on its bulk band gap [16]. Moreover, the
approach that relies on reordering of bulk band becomes much more
difficult to implement in materials with a large intrinsic band gap,
whifch are desirable candidates for room temperature application.

In contrast to band reordering, one alternative approach is to directly
tune edge states of two-dimensional topological materials via symmetry
breaking. In particular, topological crystalline insulators (TCIs) [17,18]
offer an attractive prospect in this regard since the edge states of TCIs are
protected by the combined effects of time reversal symmetry and
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crystalline symmetries. In principle, the topological edge states can be
switched off if crystalline symmetries are broken in a TCI. Therefore, a
high on/off operation speed can be expected, which makes TCI an
attractive choice for high efficiency electronic devices [18,19].
Furthermore, TCI can be used to create novel transport patterns by
manipulating its bulk-edge interactions [19]. Despite this promise,
making electronic devices based on 2D TCISs is still a challenge since the
conducting edge states (“on” state) are naturally tuned off due to
breaking of the mirror symmetry induced by the underlying interacting
substrates [20]. This emergent issue calls for a more systematic exami-
nation of substrate-film configurations to stabilize TCI materials while
preserving the efficient switching behavior of the TCI channel in a FET
setup.

Among the various materials that are being explored for topological
transistors, allotropes of bismuth are promising due to their potential to
have record-high band gaps and a large intrinsic spin-orbit coupling
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effect [21-24]. Bismuthene, a planar form of bismuth with hexagonal
lattice, is a TCI with edge states protected by mirror symmetry [25].
However, these edge states are generally considered not robust and are
sensitive to mirror symmetry-breaking [20]. Previous studies have
found that placing bismuthene on SiC(0001) [21,26] and Ag (111) [27]
will transform the material from a TCI to a Z, topological insulator due
to the orbital filtering effect.

Motivated by the above mentioned experiments, we investigate
whether the edge states in a TCI can—if at all—be maintained when in
contact with substrates, and further, if such topological edge states on
substrates can be tuned via external controls. Using monolayer bismu-
thene as an illustrative example of a TCI, we systematically employ first
principles calculations and Wannier function-based tight binding
models to explore the influence of various substrates on the topological
edge states. We find that substrates like h-BN can be weakly interacting
and TCI edge states can be maintained. In the case of strongly interacting

Bo No

Fig. 1. Schematic for the configurations of 2D TCI bismuthene on substrates. (a) Different edge terminations of bismuthene: zigzag and armchair edges, pristine and
with Klein defects with dangling bonds. (b, ¢) Bismuthene on h-BN and SiC-H(0001). (d, e) h-BN/bismuthene/h-BN sandwich structure. Only the h-BN layers nearest
to the bismuthene monolayer are shown for clarity. The symmetry about the mirror plane passing through bismuthene layer is retained in (d), whereas it is broken in
(e) via a 60° rotation of the top h-BN layers with respect to the bottom h-BN layers.
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substrates, the edge states can be protected via sandwich configurations
that ensure mirror symmetry. Furthermore, these states can be conve-
niently tuned on/off by applying external controls knobs such as pres-
sure and electric fields. We also show that with certain edge
terminations, the spin filtered edge states of 2D TCI survive the mirror
symmetry breaking fields, making it possible to achieve topological
insulator-like phases on a strong mirror symmetry breaking substrate.
Our results reaffirm that TCIs can be potential candidates for achieving a
convenient switching of electronic states in nanodevices, as well as
further suggest new approaches of tuning the edge states of topological
materials.

1.1. Computational setup

Here we explore the edge states in monolayer bismuthene as an
illustrative example of 2D TCI, both in its freestanding state and when
supported on different substrates. We considered the typical zigzag (ZZ)
and armchair (AC) edge terminations of bismuthene. In addition, to test
how the edge states are influenced by the point defects present within
the edges, we also considered the edge terminations with Klein defects,
which introduce additional dangling bonds in the edge [28]. These edge
terminations are denoted as ZZ-k and AC-k for the zigzag and armchair
edge with Klein defects, respectively. The four edge terminations
considered in our study are shown in Fig. 1(a). We examined in-
teractions between these edge terminations with two different sub-
strates, namely, hexagonal boron nitride (h-BN) and hydrogen
passivated silicon carbide (SiC-H(0001), which are shown in Fig. 1(b)
and (c) respectively. Both these substrates are considered as sufficiently

O px+py QO pz
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inert substrates for group V materials [29]. The choice of these sub-
strates is also motivated by a small lattice mismatch with bismuthe-
ne—the lattice constant for the relaxed, freestanding bismuthene is 5.27
A, which closely matches a 2 x 2 surface unit cell of h-BN and a V3 %3
R 30° surface unit cell of SiC-H(0001) (surface lattice parameters of 5.02
A and 5.34 A, respectively). Both these substrates thus induce a strain
smaller than 5 % in bismuthene. This magnitude of strain between bis-
muth and the underlying substrate can be realized experimentally by
encapsulation, gradual deposition, and application of external pressure.
Several studies have reported using SiC-H(0001) and h-BN to guide the
growth of various low-dimensional bismuth structures, and similar
strategies may be applicable to the growth of planar bismuthene [23,
30].

2. Results and discussions
2.1. Freestanding bismuthene

We first revisit the electronic structure of freestanding, planar bis-
muthene. In its freestanding form, bismuthene is predicted to be a to-
pological crystalline insulator with edge states protected by mirror
symmetry [31]. Fig. 2 shows the calculated electronic band structures of
bismuthene and bismuthene nanoribbons. Our calculated band struc-
tures for planar bismuthene (Fig. 2(a)), as well as nanoribbons with ZZ
(Fig. 2(b) and (d)), and AC (Fig. 2(c) and (e)) terminations are consistent
with previously published DFT and tight-binding results [24,25]. We can
clearly see observe edge states in Fig. 2(b-d) continuously connecting
the top of the valence band and the bottom of the conduction band. We

r M r M

Fig. 2. Electronic band structures with orbital projection obtained using first principles density functional theory calculations. (a) Freestanding bismu-
thene, (b) ZZ nanoribbon, and (¢) AC nanoribbon. (d—e) Wannier projections onto ZZ and AC edge terminations, respectively. All energies are relative to the

Fermi level.
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have verified that freestanding bismuthene has a mirror Chern number
of 2 via Wannier tight-binding methods, confirming it to be a TCIL

We also calculate the orbital characters of bands as shown in col-
oured circles in Fig. 2(a—c). These orbital characters will be useful later
to illustrate the change in electronic and topological properties due to
interaction with substrates. For freestanding bismuthene, we can
observe the features of band inversion between px + py (red) and p,
(green) orbitals at TRIM (time reversal invariant momenta) K. As a result
of this band inversion, edge states in bismuthene nanoribbons in Fig. 2
(b-e) form inside the gapped region connecting the valence band with
the conduction band. We have also found that different edge termina-
tions lead to different edge band degeneracy features and orbital char-
acters. Zigzag nanoribbons (Fig. 2(b) and (d)) show edge band
degeneracy point at I' contributed by px + py orbitals, while the de-
generacy at M is dominated by p, orbitals. However, for armchair (Fig. 2
(c) and (e)), AC-k and ZZ-k (Fig. 3) edge terminations, the edge band
crossings are located at generic kpoints, with combined px + p, and p,
orbital characters.

2.2. Bismuthene on SiC-H(0001)

We first examine the interaction between bismuthene and silicon
carbide (SiC), a popular choice as the supporting substrate for bismu-
thene. Previous reports have shown that bismuthene can bind covalently
to SiC [21,26,32,33]. However, the formation of covalent bonds be-
tween bismuthene and the substrate turns the bismuthene into a Z2
topological insulator [21]. Therefore, to preserve the TCI nature of
bismuthene when placed on a substrate, we have passivated of the SiC
(0001) surface with hydrogen atoms to form a nearly inert substrate
denoted as SiC-H(0001). The interaction between bismuthene and SiC-H
(0001) is now mainly governed by weak van der Waals forces, with the
van der Waals gap between fully relaxed bismuthene and the substrate
being 4.8 A. Hence the electronic structure of bismuthene can be ex-
pected to be significnatly less perturbed by the SiC-H(0001) substrate
compared to the covalent-bonded substrate.

We first assess the thermodynamic stability of bismuthene on SiC-H

Materials Today Physics 59 (2025) 101897

(0001) substrate by calculating the cohesive energy. The cohesive en-
ergy is defined as E; = E;o; — Eqyp — N x Eg;, where Egy, is the energy of
the relaxed SiC-H(0001) substrate slab, Ep; is the per atom chemical
potential of bismuth in its gas phase single atom form, and E,,, is the total
energy of the bismuthene-substrate system. A negative E. value means
that formation of a bismuthene layer on a substrate is energetically
favorable. We find that the cohesive energy of bismuthene on SiC-H
(0001) is —2.01 eV/atom, which is much higher compared to —4.00
eV/atom on covalently-bonded SiC-(0001) substrate, indicating that
bismuthene does not form strong covalent bonds with the underlying
hydrogen-terminated SiC-H(0001) substrate, but still energetically
favorable. The strength of these weaker interactions between bismu-
thene and the substrate can be estimated by the binding energy, calcu-
lated as Ep = Egtq — Esub — Ebismuthenes Where Epismuthene 1 the energy of
relaxed thin film bismuthene. We find that the binding energy for bis-
muthene on SiC-H(0001) is —0.14 eV/atom, which is within the range
for van der Waals interactions [34], indicating a weaker interaction
compared to covalently-bonded planar bismuthene SiC-(0001) substrate
(—2.21 eV/atom).

We next calculate the edge band structure of bismuthene nano-
ribbons on a SiC-H(0001) substrate with all terminations considered
using Wannier-based tight-binding models as shown in Fig. 3(a—d). In
general, similar to the freestanding bismuthene, we can observe two
branches of edge bands around the Fermi level. The influence of the
sustrate on the edge states depends strongly on edge configurations. For
AC and AC-k edges, the edge band degeneracies along ' — M are broken
(highlighted by circles in Fig. 3(b-d)), suggesting the substrate has
switched off the TCI phase in bismuthene. However, the edge band de-
generacies for ZZ (Fig. 3(a)) and ZZ-k (Fig. 3(c)) edges are maintained.
For the ZZ edge, this is due to the fact that band degeneracies are located
at TRIM points, thus stabilized by the presence of time-reversal sym-
metry. We can find that the degeneracies can only be broken if they are
at generic k points, instead of TRIM, which becomes the main factor
alters the band topology of TCI for when the edge configuration is
different. It should be noted that although degeneracies at generic band
crossing kpoints at ~0.4 eV energy in ZZ-k edge are not broken as seen in

Bi/SiC-H(0001)

q Q L, p 9

=
7

M r MM

r MM r MM I M

Fig. 3. Wannier edge band dispersions for bismuthene on (a-d) SiC-H(0001) and (e-f) h-BN substrates. (a, e) ZZ edge, (b, f) AC edge, (c, g) ZZ-k edge, and (d,
h) AC-k edge. Black circles in (b, d) denote the degeneracy breaking points. The left graph demonstrates the equivalent nanoribbon model with AC edge. All energies

are relative to the Fermi level.
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Fig. 3 (c), as we show later, these degeneracies are sensisitve to trans-
verse pressure and can be broken with sufficient applied pressure (see
Fig. 5 and the associated discussion).

2.3. Bismuthene on h-BN

Next we investigate the interaction of bismuthene with another wide
bandgap semiconducting substrate, h-BN. The van der Waals gap be-
tween fully relaxed bismuthene and the substrate is 3.8 A, smaller than
the SiC-H(0001) substrate. The cohesive energy of bismuthene on h-BN
is —1.86 eV/atom, and the binding energy is —0.06 eV/atom, indicating
that the interaction between bismuthene and h-BN is much weaker than
that between bismuthene and SiC-H(0001). (For a discussion on the
dynamic stability of the structure, see the phonon band structure in
Supplementary Note 1 and Fig. S1.) The edge band structure of bismu-
tene nanoribbons on h-BN is shown in Fig. 3(e-h). We find that the edge
band dispersion is nearly unaffected for all edge configurations when
compared to freestanding bismuthene. The edge states are still gapless,
suggesting that TCI states are still protected. This is noteworthy since the
van der Waals gap between bismuthene and the substrate is smaller for
h-BN substrate compared with SiC-H(0001) substrate. Therefore we can
conclude that if the interaction between the bismuthene and the sub-
strate is weak enough, the TCI states of bismuthene can still be main-
tained and stabilized.

A few previous studies have reported that h-BN can lead to broken
edge band degeneracies in bismuthene [31]. This can be explained by
the narrow width (~3 nm) of the nanoribbons used in these studies. A
topologically trivial gap can open in a nanoribbondue to the interactions
between two edges, and this effect becomes more evident as the width of
the nanoribbon decreases [35]. We have confirmed this via a similar
DFT analysis using a nanoribbon of sub 3 nm width. We find edge band
degeneracies are broken even for a freestanding bismuthene. These re-
sults can in turn indicate that the edge states can be fragile against size
effects, but should be robust against weak substrate perturbations.

We also performed HSEO06 calculations [36] for the edge band
structures of bismuthene nanoribbons on both SiC-H(0001) and h-BN
substrates to address the band-gap underestimation in GGA-PBE. The 2D
bulk band structures show an increase of ~0.1 eV with HSEO6 relative to
GGA-PBE, with negligible changes in band geometry (Fig. S2). For the
edge band structures (Fig. S3), the HSEO06 results are nearly identical to
those obtained with GGA-PBE, preserving all qualitative features across
the different edge terminations. Specifically, for bismuthene on SiC-H
(0001), the breaking of degeneracies for AC and AC-k edges and the
preservation of degeneracies for ZZ and ZZ-k edges remain unchanged;
by contrast, for bismuthene on h-BN, the edge states remain gapless, and
the TCI features are fully maintained. The only quantitative difference
with GGA-PBE results is a slight numerical change in the edge band gap
value. These results have demonstrated consistence with our observa-
tions from the GGA-PBE calculations.

2.4. Substrate/bismuthene/substrate sandwich heterostructure

We have shown that the weak van der Waals interaction imposed by
substrates such as h-BN can preserve the TCI states of planar bismu-
thene. However, such a one-side stacking approach is not a convenient
way to protect the TCI phase of planar bismuthene since the in-plane
mirror symmetry can be easily broken if the perturbations from the
substrate are strong enough. In practice, stabilization of TCI edge states
would therefore require a delicate control of the interaction between
bismuthene and the substrate interaction. Alternatively, we can take the
advantage of using these van der Waals systems to achieve an efficient
and flexible control of the interfacial contact.

Here we propose a new heterostructure by placing the bismuthene
sandwiched between h-BN layers. This sandwiched configuration of h-
BN layers is designed in such a way that the mirror symmetry of bis-
muthene layer is protected, whereby the edge states of bismuthene can
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survive the interactions with substrates. We have confirmed this by
calculating both zigzag and armchair edge states (not shown here),
which illustrate that degeneracies in edge band structures—similar to
those shown in Fig. 3(e and f)—are preserved. On the other hand, when
the mirror symmetry is broken via a 60° rotation of the h-BN layers on
one side of bismuthene with respect to the other side as shown in Fig. 1
(a), bismuthene becomes topologically trivial with gaps opening at
generic k points for AC and AC-k edges as expected. These results suggest
that it is possible to protect the edge states of TCI by constructing an
appropriate stacking of the TCI layer and substrates on either side. As we
illustrate next, such controlled stacking also allows us to further modify
the electronic response of the TCI layer.

2.5. Controlling armchair edge band gap via interfacial van der waals gap

We next investigate whether the interfacial contact between bis-
muthene and substrates—and thereby the edge states in bismuthe-
ne—can be modified by reducing the interfacial distance via external
pressure. In Fig. 3, we have seen that armchair edges are more suscep-
tible to the influence from the substrates, especially at generic k points in
the Brillouin zone. Therefore, we calculate the evolution of the armchair
edge band gap in bismuthene nanoribbons supported on substrates as a
function of the pressure as presented in Fig. 4. For a comparison, we also
show the calculated 2D bulk bandgap of bismuthene on the same sub-
strates. In the case of SiC-H(0001) (Fig. 4(a)), when the interfacial dis-

tance is reduced from the relaxed distance of 4.8 A, the band gap in the
2D band structure of bismuthene gradually decreases. In the corre-
sponding edge band structure for the armchair bismuthenne nano-
ribbons on SiC-H(0001), the edge gap opens and becomes larger as the
van der Waals interfacial distance decreases. Note two distinct values for
the edge gap since the two armchair edges on SiC-H(0001) are not
equivalent due to the crystal symmetry of the substrate. In Fig. 5(a—d),
we show the edge band dispersion of bismuthene on SiC-H(0001) with a
reduced van der Waals interfacial distance of 3.8 A as indicated by the
dashed in Fig. 4(a). It can be observed that the edge band degeneracies
are broken at non-TRIM points along T' — M for AC, AC-k and ZZ-k edge
configurations. These observations imply that reduced interfacial dis-
tance induces a strong mirror symmetry-breaking potential.

We can observe a similar trend if the supporting substrate is h-BN as
shown in Fig. 4(b). Here we have considered two configurations pre-
sented in Fig. 1, namely, where bismuthene is supported on h-BN on one
side (Fig. 1(b)) and where bismuthene is sandwiched between h-BN
substrate on both side such that the mirror symmetry is broken via ia a
60° rotation of the top h-BN layers with respect to the bottom h-BN
layers (Figure (1e)). Earlier, we have shown that the TCI phase of bis-
muthene is preserved at a relaxed distance (3.8 A). When the interfacial
distance is reduced via external pressure, the influence of the substrate
on the electronic structure of bismuthene becomes more significant and
breaks the edge degeneracies protected by the mirror symmetry. This is
reflected in the armchair edge dispersion on h-BN substrate with a
compressed van der Waals gap of 2.9 A as shown in Fig. 5(f). The edge
band gap reaches a maximum of 210 meV for the sandwich hetero-

structure at the interfacial van der Waals gap of 2.75 A. Upon subsequent
compression, the edge band gap begins to decrease, approaching nearly

zero at 2.3 A. As we discuss later, this variation in the edge band gap in
bismuthene on h-BN is a result of the competing mechanism between the
mirror symmetry breaking potential which drives the opening of edge
band gap and the closing of the 2D bulk a s a consequence of the reduced
interfacial distance.

In summary, we can oberve that tuning the interfacial distance be-
tween bismuthene and the substrate is effective in switching the intrinsic
topological nature of TCI bismuthene. In experimental setup, this can be
achieved by applying external pressure (e.g. hydrostatic pressure) and
encapsulation to enforce a closer interfacial contact [37]. We can esti-
mate the relationship between the interfacial distance d and the
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Fig. 4. The evolution of edge band gap in bismuthene armchair nanoribbon on (a) SiC-H(0001) and (b) h-BN substrate with interfacial distance. The 2D
bulk band gap of bismuthene on the same substrates are also shown for comparison. In (a), the two armchair edges of bismuthene on SiC-H(0001) are not equivalent.
In (b), edge and bulk band gaps for armchair bismuthene are also reported for mirror-symmetry broken sandwiched heterostructure, where top h-BN layers are

rotated 60° with respect to the bottom h-BN layers.
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Fig. 5. | Influence of reduced van der Waals interfacial distance on edge band dispersions for bismuthene on (a-d) SiC-H(0001) and (e-f) h-BN substrates.
(a, e) ZZ edge, (b, f) AC edge, (c, g) ZZ-k edge, and (d, h) AC-k edge. The van der Waals interfacial gap is compressed to 3.8 A and 2.9 A for SiC-H(0001) and h-BN

substrate, respectively. All energies are relative to the Fermi level.

interfacial pressure P as P = %/A, where E is the total energy of the
bismuthene-substrate system as calculated from DFT. We have plotted
the evolution of band gaps as a function of the estimated interfacial
pressure in Fig. S4. As expected, the pressure required to achieve
maximum edge band gap depends on the substrate, from ~7 GPa for
SiC-H(0001) to 30 GPa for h-BN to achieve a similar maximum edge
band gap.

It is worth noting that the intrinsic topological nature of bismuthene
in a hBN/bismuthene/hBN sandwich heterostructure remains protected
even at much reduced van der Waals interfacial gaps. We have tested
this by calculating the edge band structures of bismuthene at an inter-
facial gap of 2.9 A (compressed by 1 A from the relaxed distance) as
shown in Figure S5 (a-d). It can be observed that the edge band de-
generacies are preserved, meaning that although applying external
pressure can induce significant influences on the electronic structure of

bismuthene, its topological nature can still be preserved as long as the
mirror symmetry is maintained. Once the symmetry is broken via a 60 °
rotation of h-BN on one side of bismuthene relative to other (Figure S5
(e-h)), the applied external pressure strongly influences both the 2D bulk
and edge band gaps in this configuration.

2.6. The effect of edge configurations

Next we discuss how the electronic structure of bismuthene nano-
ribbons can be affected by the configuration of edge terminations. The
interplay between the substrate potential and the edge structure can
lead to different electronic responses in the edge states (see Figs. 3 and
5). For ZZ-k, AC and AC-k edges, the energy degeneracies in the edge
bands are only broken at generic k points, while the degeneracies at high
symmetry points are retained. However, for the ZZ edge, degeneracies
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only occur in the high symmetry points I' and M. Consequently, we do
not observe breaking of degeneracies even when strong pressure/rota-
tion effects are applied. These results can be explained by that de-
generacies at those time reversal invariant momenta (TRIM) pointsare
protected by time reversal symmetry, while the degeneracy at other
generic kpoints are not. Since ZZ edges only have edge states connecting
at TRIM near the Fermi level, the edge states can then survive strong
substrate effects that do not break time reversal symmetry.

The robustness of the ZZ edge can also be explained by the separation
of p orbital characters in the edge bands. Previous studies have sug-
gested that the electronic bands of planar bismuthene near the Fermi
level are composed of two branches of topologically nontrivial bands
with px + py and p, character, respectively [21,38]. However, the
combination of these bands leads to a trivial Zy band topology.
Considering this, and by analysing the character of edge bands, we find
that ZZ edges, unlike armchair terminations, have completely separated
DX + py and p, bands. As shown in Fig. 2(b), the orbital character near I'
is dominated by px + p,, while the p, orbital is concentrated near M for
ZZ edges. While for AC and ZZ-k terminations, the px + p,and p, orbitals
are all mixed together on the edge bands (Fig. 2(c) and (d)). Therefore if
the mirror symmetry of the nanoribbon is broken by substrates or
external factors, the edge degeneracies at non-TRIM positions (I" or M)
with all p orbitals mixed will not be protected for AC and ZZ-k edges. (for
e.g., Fig. 5(b)(c)). The edge degeneracies in ZZ nanoribbon only occur at
TRIM points and they should be robust against mirror symmetry per-
turbations which can not be broken as long as the time reversal sym-
metry is conserved.

Finally, the two separated branches at I' and M in the zigzag nano-
ribbon can be bridged if we can induce structural defects such as forming
the Klein defects at edges, i.e. ZZ-k edge terminations. The edge bands in
ZZ-k nanoribbons consist two separated band approaches centring at I
and M. However, with the change of edge band energy alignment, the
two branches now have an additional degeneracy along I'— M, The p
orbital characters become mixed near this band degeneracy, as in the
case of AC and AC-k nanoribbons. When the mirror symmetry is lifted,
the edge degeneracies are broken and a band gap appears. Indicate that
the stability of edge states in a TCI depends not only whether the mirror
symmetry of the TCI lattice is broken, but also by the position of the edge
band degeneracies and the band orbital characters. As shown in a recent
study, this effect can be effectively exploited to selectively tune the edge
currents in TCI with different edge terminations [19].

Edge-state modulation by Klein defects (-k nanoribbons) clearly
demonstrates how edge dispersion depends on termination. Although
uniform Klein edges have rarely been observed experimentally, traces of
Klein defects have appeared when 2D edges are exposed to small gas
molecules or ion irradiation [39]. Our results are qualitatively consistent
with previous results for 2D Bi(111), in which Klein edges substantially
reshape the edge-state dispersion [40]. Specifically, we show that Klein
edges strengthen bulk-edge hybridization, increase entanglement be-
tween edge branches, and generate new edge degeneracies at generic k
points. We can further suggest that, at the low Klein-defect concentra-
tions, ZZ edge states should still exhibit measurable shifts in degeneracy
energies and the emergence of additional degeneracies. Overall, the
Klein defect results highlight the robustness of bulk-edge correspon-
dence in TCIs and motivate experimental designs for new edge-tuning
strategies.

2.7. Wannier charge center analysis

We next evaluate topological invariants of the various bismuthene-
substrate systems considered here by calculating the evolution of
Wannier charge center (WCC) evolution. As shown in Fig. S6, we can
infer that the Z, number of bismuthene on all substrates is 0. In cases,
where the perturbations from the substrate are weak (for example, bis-
muthene on h-BN, Fig. S6(a)), or where the mirror symmetry is enforced
(for example, h-BN/bismuthene/h-BN heterostructure, Fig. S6(c)), the
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WCC evolution graph shows two branches of WCC lines connecting
along k = 0 to k = x, consistent with the mirror Chern number of 2. The
connections along the [0, 7] corresponds to the location of the mirror-
symmetry protected degeneracies. For the scenarios involving mirror
symmetry-breaking perturbation such as bismuthene/SiCH-0001
(Fig. S6(b)), bismuthene under pressure (Fig. S6(d)), or mirror sym-
metry broken h-BN/bismuthene/h-BN-R60° heterostructure (Fig. S6
(e)), we observe a disconnect in the WCC lines on [0, z], indicating that
the TCI phase is broken [41]. These results have show substrates with
weak interactions and sandwiched heterostructures enforcing mirror
symmetry can potentially be used as a good platform to achieve pro-
tected edge states in TCIs, and furthermore, tuning their interfacial
contact can effectively switch on/off the TCI phase for its applications in
transistor devices.

2.8. Effective tight-binding Hamiltonian model of bismuthene on
substrates

To gain deeper insights into the origins of the effect of weak per-
turbations on the electronic structure of bismuthene nanoribbons, we
have built a simple, second-nearest neighbor tight-binding model for
freestanding bismuthene nanoribbon based on Wannier projections from
DFT calculations [38]. The tight-binding Hamiltonian can be expressed
as H= tz(wcgcj + AsoL-S where the first term represents hooping be-
tween neighboring bismuth atoms with hopping strength t and the
second term represents the intrinsic spin-orbit coupling of bismuth with
a spin-orbit coupling strength of Asp. As shown in Fig. 6, the band
structures obtained using this tight binding model show a a good
agreement with DFT results for ZZ and AC nanoribbons presented in
Fig. 1. Following the examples in Ref. [42] to model the effect of in-
teractions with substrates or a transverse electric field, we have added
the following Rashba term to our Tight Binding Hamiltonian Hg =
/lR(//ZiclT 0xT3Sy — 0ySxC; [35]. Fig. 6 also shows the evolution of the band
structures with increasing symmetry-breaking Rashba parameter Az The
model is consistent with our results presented earlier, showing that the
substrate effect can be appropriately demonstrated by mirror symmetry
breaking factors such as the Rashba parameter.

We can now estimate the magnitude of the transverse electrical field
E corresponding to the symmetry-breaking Rashba parameter A using
the relationship iz = 32(’;7;3> £ [36]. Here, the Slater-Koster matrix element
spo = 1.3 for bismuth [43] and the spin orbit strength ¢ = 1.158. As
shown in Fig. S7, the edge band gap in AC nanoribbons increases with
increasing Electric field E before reaching a maximum. The maximum
edge band gap of approximately 120 meV is obtained at a Rashba
parameter of Ax = 0.15 or a transverse electric field of 1.75 V/nm. This
band gap is significantly larger than the thermal energy of around 25
meV at room temperature, making it sufficient to mitigate the effects of
thermal excitation. The relatively large band gap suggests enhanced
stability and efficiency in maintaining control over electron dynamics at
room temperature, which could improve power efficiency and switching
performance in related applications.

2.9. Implications to other TCIs

While our investigations and proposed setups are focused on the 2D
TCI bismuthene, these results should also have general implications for
fully realizing the potential of TCIs. (Pb,Sn)Te has been the most widely
studied TCI system so far. Despite numerous theoretical predictions and
claimed experimental syntheses [18,44,45], the (Pb,Sn)Te system has
not been fully regarded as a viable TCI platform. The primary reason is
the challenge of obtaining high-quality and stable (Pb,Sn)Te crystals in
experiments that can exhibit TCI features. The symmetry-protected TCI
character can be easily transformed into a trivial electronic structure or
other topologically nontrivial phases (e.g., a topological insulator)
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Fig. 6. Evolution of band structures of AC (top) and ZZ (bottom) bismuthene nanoribbons calculated using effective tight binding Hamiltonian with the Rashba

parameter A or the effective electric field (in arbitrary energy units).

under the influence of substrate interactions, strain, or doping [46]. The
fragility of the TCI states in the (Pb,Sn)Te system is also reflected in the
challenge of experimentally observing the conducting TCI surface states
[47,48]. Due to symmetry reductions and surface reconstructions, it is
not clear whether all surface states observed in the (Pb,Sn)Te system are
of TCI nature.

Compared to (Pb,Sn)Te, bismuthene is a better choice for realizing
the promising potentials of TCI. First, the bulk band gap of bismuthene
(~0.8 eV) is much larger than that of (Pb,Sn)Te (~0.3 eV) [49], making
it a better choice in semiconductor applications. Moreover, because the
structure is reduced to 2D, it is much easier to judge the nature of pro-
tection for bismuthene’s edge states compared to the (Pb,Sn)Te system.
Switching the TCI states on and off in bismuthene is much more
straightforward, as shown in our proposed setups with tuning by sub-
strates, pressure, and fields, which makes bismuthene an excellent
candidate to realize the advantages of TCIs in achieving fast electronic
switching via topological phase transitions, allowing for a high on/off
ratio with low switching energy.

In the (Pb,Sn)Te system, changes in helicity upon applying an
external electric field by activating the interaction between the surface
Dirac cones have been reported in literature [47]. However, the
breaking of the conducting edge channel is inevitable upon the appli-
cation of electric field. In bismuthene, we have seen different behavior in
our recent tight-binding studies of the edge spin texture [19]. Instead of
eliminating the conducting edge channel, a moderate external electric
field can lead to the formation of novel conducting spin edge transport
channels protected by the interaction between the bulk and edge states.
This observation potentially makes bismuthene a more versatile choice
for edge state manipulation.

In summary, our results demonstrate the possibility of achieving a
stabilized TCI phase in bismuthene and of controlling the TCI states via
external factors. In addition, our tight-binding approach is transferable
to other TCI materials. We believe this work will inspire further studies
investigating the viability of TCIs in advanced electronic and spintronic
applications.

3. Summary

Using a graphene-like bismuthene honeycomb as a representative 2D
TCI, we have demonstrated that its edge states can be tuned in the
following manner. Although it is well understood that mirror symmetry
breaking substrate can open band gap, we show that choosing a sub-
strate with weak interfacial interactions with TCI can still maintain the
edge state. A bandgap can be opened by controlling the interfacial dis-
tance between the substrate and the monolayer. In such cases the
interfacial distance acts as a switch to turn on and off the conduction
channels, making it helpful for a switchable topological device with
external applied pressure. Another approach is to maintain the edge
states is via an edge band structure that does not have band crossing at
generic k points. We have verified that the topological zigzag edge is
maintained—while both changing interfacial distance and substrate
effect leads to the change in a band shape, but does not lead to the
opening of the band gap. We have also demonstrated that in a mirror-
symmetry proteching substrate/bismuthene/substrate heterostructure,
all edge states can survive despite changing the interfacial distance. The
fact that TCI edge states are so vulnerable to one-sided substrates also
encourages further studies in tuning the edge state structure with an
electrical field. We have generalized the interaction using the mirror
symmetry breaking Rashba term in an effective Hamiltonian and show
that a ~120 meV band gap in the armchair edge can be opened with an
effective electric field of 1.75 V/nm, indicating the effect can be
generalized to mirror symmetry breaking terms for similar systems.

4. Methods

In all models considered in our study, we determined the topological
electronic structure of bismuthene on a substrate using first principles
calculations as implemented in Vienna Ab-Initio Simulation Package
(VASP) [50,51]. The Perdew— Burke—Ernzerhof (PBE) [52] form of the
generalized gradient approximation (GGA) [53] is used to describe
electron exchange and correlation. The energy cut-off was set to at least
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500 eV. All structures are fully relaxed until the ionic forces were less
than 0.01 eV/A. The vacuum was set to be at least 30 A to avoid the
interaction between periodic images. The h-BN and SiC(0001) substrates
were modelled with 3 BN layers and 4 SiC layers. A dense 21 x 21 x 1
kpoint grid was used to sample the Brillouin zone for accurate calcula-
tions of electronic structures. Wannier90 code [54] was used to generate
Wannier tight-binding Hamiltonians, which are extracted for the
calculation of topological edge states. The Hamiltonians are constructed
with bismuth py, py and p, orbitals, with the effect of substrate incor-
porated into the model via downfolding method [55,56]. The software
WANNIERTOOLS [57] was applied to perform edge states calculations
based on iterative Green’s function methods [29,58,59].
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