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Solitons formed through the one-dimensional mass-kink mechanism on the edges of two-dimensional systems
with nontrivial topology play an important role in the emergence of higher-order (HO) topological phases. In this
connection, the existing work in time-reversal symmetric systems has focused on gapping the edge Dirac cones
in the presence of particle-hole symmetry, which is not suited to the common spin Chern insulators. Here, we
address the emergence of edge solitons in spin Chern number of two insulators, in which the edge Dirac cones
are gapped by perturbations preserving time-reversal symmetry but breaking spin-U (1) symmetry. Through the
mass-kink mechanism, we thus explain the appearance of pairwise corner modes and predict the emergence of
extra charges around the corners. By tracing the evolution of the mass term along the edge, we demonstrate that
the in-gap corner modes and the associated extra charges can be generated through the anisotropic S,-mixing
spin-orbit coupling via the mass-kink mechanism. We thus provide strong evidence that an anisotropic even spin
Chern number insulator is an HO topological insulator with protected corner charges.

DOLI: 10.1103/PhysRevB.110.035125

I. INTRODUCTION

Analysis of topological properties of the ground-state elec-
tronic structures has yielded many new insights into the nature
of quantum matter. The bulk-boundary correspondence not
only manifests itself through the appearance of gapless edge
states, but it can also lead to topological solitons and the as-
sociated topologically protected charges [1-6]. Distinct from
the topological charges produced by the filling anomalies
that can be predicted by bulk invariants based on symmetries
[7-10], these solitons are typically generated at the inter-
faces that separate two regions characterized by (complex)
mass terms with different phases, which we will refer to as
the mass-kink mechanism in one-dimensional (1D) systems.
In the low-energy states on the edges of a two-dimensional
(2D) topological insulator, different phases of the massive
edge Dirac cones can also induce corner solitons, indicating
the presence of higher-order (HO) topological phases with
protected extra corner charges [4,11-15]. In this connection,
the existing literature on solitons in time-reversal-symmetric
systems has focused on gapping the Dirac cones with particle-
hole symmetry [16-22]. However, the role of the mass-kink
mechanism in gapping Dirac cones in particle-hole symmetry-
breaking systems is not well understood. Here, we examine
how, in even spin Chern number insulators, the edge states
can be gapped through spin-U (1)-symmetry-breaking terms
in the Hamiltonian.

Even spin Chern number insulators have been demon-
strated in several recent tight-binding models [23-25]. In the
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absence of S,-mixing spin-orbit coupling (SOC), these models
support insulators with a spin Chern number (Cy) of 2, which
implies the presence of two spin-polarized gapless edge states
protected by S, conservation (Fig. 1). When the S,-mixing
SOC is turned on, the edge states are gapped (Fig. 2) without
changing the spin Chern number [26,27]. The corner modes
appear pairwise within the edge band gap in a finite-sized thin
film due to time-reversal symmetry. However, the origin of
these corner modes is not well understood.

Since the edge states are gapped, the nonvanishing mass
terms are driven by the S,-mixing SOC. The mass kink could
thus be anticipated to account for the corner modes. Through
bosonization, we will show how the corner modes and the
associated corner charges can be attributed to the two time-
reversal-related edge solitons via the mass-kink mechanism.
These solitons form a time-reversal-related soliton pair [28]
and provide an explanation of the existence of pairwise in-gap
corner modes with extra charges in a finite-sized thin film.
We illustrate our new approach by considering the model of
Ref. [24] as a concrete example with C; = 2 and S,-mixing
SOC-induced mass terms. By tracking the phase evolution
of the corner modes along the edge of a thin film, we show
that the corner modes and the associated extra charge arise
from a time-reversal soliton pair created by the S,-mixing
SOC-induced mass-kink mechanism. These results indicate
that even in the absence of gapless edge Dirac cones derived
from crystalline symmetries, an HO topological insulator with
protected corner charges can emerge from a C; = 2 spin Chern
insulator.

This paper is organized as follows. In Sec. II, we con-
struct an effective model for the edge-hosting two Dirac
cones, along with a general mass term. We show how a

©2024 American Physical Society
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FIG. 1. A schematic diagram of our picture of the edge modes
before adding the gap-opening perturbation, where the index 1(2)
indicates the first(second) time-reversal sector. R(L) refers to the
right (left) moving mode and v is the Fermi velocity. £k, values of
the edge Dirac cones in the edge Brillouin zone are labeled.

time-reversal-related soliton pair arises in the system, leading
to an HO topological phase with corner modes. Through a
renormalization group (RG) analysis, we show that our results
are robust against the presence of electron-electron inter-
action. In Sec. III, we numerically confirm our results by
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FIG. 2. A schematic diagram of our picture of the edge modes
after adding the gap-opening perturbation. With the presence of time-
reversal symmetry, the mass terms of different Dirac cones have a
m-phase difference in their phase 0. In our case, the perturbation is
the S;-mixing SOC.

considering a concrete example of a time-reversal-symmetric
generalization of the Haldane model in which the mass term
is induced via a S,-mixing SOC. We summarize our results in
Sec. IV. Details of the formalism in the main text are given in
the Appendixes. Bosonization conventions, some basic prop-
erties, the general mass term, and the influence of intersector
forward scattering are presented in Appendix A, Appendix B,
Appendix C, and Appendix D, respectively.

II. EDGE THEORY OF A C; = 2 SPIN CHERN INSULATOR

We start by considering an edge theory of a spin Chern
insulator with C; = 2. Before introducing perturbations, we
have two edge Dirac cones located at the momenta £k, with
ko > 0 at the Fermi level due to the nonvanishing spin Chern
number, see Fig. 1. Due to the helical nature of the edge
states, the right-moving modes are locked with spin up while
the left-moving modes lock with spin down (Fig. 1). Unlike
systems with a single Dirac cone at a time-reversal invariant
momentum, here the Dirac cones do not involve time-reversal
partners. Rather, they emerge from the right-moving or the
left-moving modes derived from distinct time-reversal sectors.
Therefore, there is no Kramers’ degeneracy in our low-energy
theory. Since different time-reversal sectors can have different
Fermi velocities, the Dirac cones are slightly tilted (Fig. 1).

Following the strategy used in the literature [11,29,30], we
map our edges around a corner into a 1D system in which the
corner is at x = 0 connecting two edges represented by x > 0
and x < O regions. We write the edge-theory model shown in
Fig. 1 in real space as:

Ho(x) = —ivi (R[9,Ry — L3, L)
— iy (R}, Ry — L]0, L), ()

where vj(2) is the Fermi velocity for the first (second) time-
reversal sector. We then define the average Fermi velocity v =
% and its deviation between the two time-reversal sectors

dv = 257, Eq. (1) then becomes:
2
Ho(x) = —iv Y (RI,R, — L},0.L,)
n=1

2
—i8v Y "™ (RIO,R, — LI, Ly), 2
n=1

which can be further bosonized, with the convention in
Appendix A, into [29]:
2

1
HP () = 5 3 0l @)’ + (B0,0)°]

n=I1

2
—+ % Z SUGMV[(ax(pv)z + (axl?v)z]» (3)

n=1
which can be further written as:
v
HP (x) = 5{[(ax¢c)2 + (:9:)* + (3:9a)* + (3:04)7]

v
- ZT[ax(pcax(pd + axﬂcaxﬁd]}- (4)

Upon adding perturbations that break the spin rotational sym-
metry but preserve the time-reversal symmetry, the Dirac
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points can be gapped, and the low-energy theory acquires a
mass term, which we introduce next.

A. Mass term

We consider time-reversal-symmetric perturbations that
can open band gaps at the Dirac cones of Eq. (1). While the
S.-mixing SOC, which is naturally present in real materials,
offers an illustrative example of such perturbations, here we
introduce a general mass term. Consider the operation of
time-reversal symmetry first:

R\ ., L, R] -1 L
® O = and®| O = R (®)]
L, —R, L —R),

with the time-reversal symmetry operator ®. This allows us
to regard the Hamiltonian in Eq.(1) as a sum of two time-
reversal related sub-Hamiltonians Hé”(x) and H(gf)(x) =

OHP (e~
Ho(x) = Hy " (x) + Hy (v,
(+) R 1l : il
HO ()C) = zv]Rlale + zv2L28xL2
H{7(x) = iv L], Ly — iv2R}8,R;. (6)

The Héi>(x) here can be understood as describing the Dirac
fermion around +k.

Hence, if the mass term in one of the sub-Hamiltonians,
say, H]f,;r)(x), is given by

meiieRJl(Lz + meiOL;(Rl, (7)

with m > 0, then the mass term in the full Hamiltonian can be
obtained through:

Hy =H”(x) + H|,(x)
=H, (x) + OH,;” (x)®™!
=(me "R]L, + H.c.) + (me " "*RIL; + He.). (8)

There will thus be a w phase difference between the mass
terms of the two sub-Hamiltonians H,f;’)(x) and Hlf,l_)(x), as
indicated in Fig. 2.

Using Eq. (A1)—(AS5), Eq. (8) can be rewritten as:

2
Hlff) = cos(v/2m¥y) sin(0 + V2w @), 9
a

which has minima at
9 n 1 " 1 T 0 Iy 1 T
=1|n = = o Pe = — n Py a0
a 2 AN T T A 2 V2

with n, n' € 27Z.

Notably, the mass terms here are generated by perturba-
tions that do not close and reopen the bulk band gap and only
influence the low-energy theory and hardly change the Fermi
velocities determined by the overall band structure. Thus, the
matrix elements of the Hy,; can be calculated by expanding the
perturbation term AH in the Hamiltonian on the eigenstates
of Hy, which we demonstrate in Sec. III through a concrete
example.

B. Bulk-boundary correspondence

To derive the conserved current and hence the conserved
charge in the system shown in Fig. 2, we use the following
notation:

o (0 1\ , (0 1\ s (-1 0
Y=\ o)Y =\t o)V = o 1)

. (11
Y= (RZ>’ V= 1/’/]; fon=12

This allows us to rewrite the Hamiltonian with gap-opening
perturbation H = Hy + Hy as:

H = _iz Ul/;uylaxwu + Sveﬂul/-fvylaxl/fu
m

+ > Pu(—m - cosOy® + (=1)i - m - sin 01y,
uFv
(12)
with the corresponding Lagrangian:

L=i) [vJ,dy, — sve" ¥, dy]
"

- Z Vul—m-cos0y> + (—1)*i-m-sin@1]y,. (13)
HFV

Thus, the conserved currents are

eg T o Sv V.71 o
J & Zl//uy Yy — TEM Yoy
"

2 Sv ¢
= ./ — e"”an% + —€° 35%1 . (14)
b v

and the total charge carried by the solitons is

2 1)
Q) e / Jdx = e\/; / (axgoc - Tvaxwd)dx, (15)

where e is the electron charge. Through Eq. (10), we approx-
imate 9,¢. = %aﬂe near the minimum of H;f ) and apply
Egs. (A4)—(A5) to Eq. (15):

1)
Q= —E/ I:BXG + njv(nl - nz)i|dx

/g

e Sv
=——2[0(x > 0)—0(x > —0)] —e—(N; — N>),
2 v

(16)

where n; and N, are the particle-number density and the
particle number of the ith time-reversal sector, respectively.
Since we are considering edge states of a 2D system, it is
reasonable to assume identical chemical potentials for the two
time-reversal sectors, given that these sectors are located at the
system edges and analyzed in the absence of external fields
that might tilt the Fermi level. Notably, this scenario only
covers gap-opening perturbations that do not significantly
alter the chemical potential, leaving the particle numbers unaf-
fected. As a result, we have the same particle number N; = N,
and therefore,

Q0= —%2[0@ — 00) — O0(x > —00)]. (17)

035125-3



HUNG, WANG, HSU, BANSIL, AND LIN

PHYSICAL REVIEW B 110, 035125 (2024)

Note that, since e is negative, the soliton charge Q? is positive,
and the soliton particle number N; = %0 is negative. While we
focus on time-reversal-invariant systems here, Eq. (17) can
apply to systems without time-reversal symmetry, indicating
that the soliton pairs can be created by applying time-reversal-
symmetry-breaking perturbations that gap the edge states
protected by some symmetries [23,24], see Appendix C).

Since the charge density j° is proportional to 9,6 according
to the above approximations, a soliton appears around a spatial
point where 6 develops a kink. For smooth and clean edges
where local perturbations due to spatial inhomogeneity are ab-
sent, we expect such a kink in 8 only around a corner at which
the adjacent edges are characterized by different values of 6.
Therefore, the bulk-boundary correspondence implies that the
total soliton charge Q¥ around a corner (i.e., the boundary
of a 1D system) can be obtained from the phase difference
between the mass terms 0(x — £00) on the adjacent edges
(i.e., the bulk of a 1D system). From the perspective of the
two time-reversal sectors described by Eq. (6), the total soliton
charge can be considered as the contribution of two identical
soliton charges. Each sub-Hamiltonian features exponentially
localized domain-wall states at the edge intersections (i.e.,
the corner). Hence, we can expect pairs of identical soliton
excitations localized around the corner and generate in-gap
corner modes with extra charges. This intuitive view can be
readily understood by changing the basis:

o_ 1 1 I =1\ (¢
pr | _ 1] 1 L =1 1 |]e
ol 211 -1 1 1 | (18)
s -1 1 1 1 %

In the new basis (¢ ¢@— D4 ﬁ_)T, the bosonized

Hamiltonian becomes:
H® =H® + H®,

where Hj(f ) are
v 26v
HY = [(axgoi)z + (002 F Taxwiaxﬁi}

+ 7 cos («/471%[ +o— Z)_ (19)
Ta 2

According to Egs. (A3) and (AY), Hj(EB ) can be regarded as
the bosonized sub-Hamiltonian describing the massive Dirac
fermions at the momenta 4k in Fig. 2. For a typical case, we
have ‘%’ <« 1 such that terms with ‘%’ can be neglected, and
H_ can be regarded as Gaussian models with the sine-Gordon
terms [31-33]. The coupling constants in Eq. (19) correspond
to the kink solution instead of the breather solution in a sine-
Gordon problem, indicating each of Hj(EB ) produces the same
amount of topological charge [32,33].

As further discussed below, instead of having topological
in-gap corner zero modes, we will have topologically pro-
tected extra charge around the corner. Note that this charge
is calculated with respect to the ground state [2—4], which
can be obtained through computing the charge fluctuation in
a finite-sized thin film and summing the value around the

corner:
NOCQ

Ap(x,y) =e ) (Y, DIYilx, y)) — eNSe),  (20)
i=1

where Ny is the number of occupied bands and Néz‘cte) is
the number of occupied bands per site. For convenience, we
will employ particle number fluctuation AN (x, y) = M in
subsequent calculations.

C. Symmetry properties

Our focus in this paper is on time-reversal invariant sys-
tems, but the particle-hole and chiral symmetries can be
broken by either the nonzero velocity difference v # 0 or the
coexistence of the two mass terms. In either case, the energy
of the corner modes is not fixed at zero since the system is in
class All in one dimension, characterized by trivial topology
[34]. We can, however, have topologically protected corner
zero modes when the particle-hole and chiral symmetries are
restored if we have §v = 0 with at most a single mass term,
ie., 6 = % n € Z on all edges. In the latter case, the topo-
logical invariant will be characterized by Z, of class DIII in
one dimension [20,35]. For general cases with both broken
time-reversal and particle-hole symmetries, the systems fall
into class AIII characterized by Z in the presence of the chiral
symmetry or class A without topological modes. Based on the
these consideration, our system contains only topologically
protected charges instead of states with fixed energies.

D. Fractionalization properties

Our theory implies an unusual relation between the charge
and spin degree of freedom originating from the helical nature
of the edge states of a spin Chern insulator. This is distinct
from the related features discussed in the existing literature
where the Fermi velocities of different energy bands lead to
charge-spin mixing [36—40]. The charge degree of freedom is
intertwined with the spin degree of freedom, see Appendix A,
due to the helical edge states, so that they do not form in-
dependent sectors. Instead, it is the charge-difference sector
that remains independent from the charge sector [18], and
the two sectors together describe the low-energy edge theory.
Furthermore, the charge-difference sector denotes the devi-
ation between the time-reversal subsystems; this is evident
from Eq. (4), where it interacts with the charge sector due
to a nonzero difference in Fermi velocity. Still, solitons, in
our case, demonstrate an unusual spin-charge relationship.
They feature spin-charge separated excitations, meaning that
they carry fractional charges without spin [6], as depicted in
Fig. 3(a). Due to time-reversal symmetry, there are no pure
spinon excitations upon introducing many-body interactions.
Instead, the many-body system hosts soliton and antisoliton
excitations, carrying a fractional charge of e £ QY. The two
are related to each other by the time-reversal operator for
half-integer spins [2,5,6,41], as indicated in Fig. 3(b).

E. Effect of interactions

Since the interaction between electrons is expected to play
arole in the 1D edges [33], here we discuss its influence on
the mass term through an RG analysis. To incorporate the
interaction in Eq. (1), we include the forward scattering in
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FIG. 3. (a) Due to time-reversal symmetry, a filled (anti)soliton
excitation carries a net charge of 2e £ Q° without an associated spin
while an empty (anti)soliton excitation carries a net charge of +Q°
without an associated spin. The blue line indicates the energy level
of the excitations while the orange line indicates the Fermi level.
(b) In a time-reversal symmetric many-body system composed of
soliton and antisoliton excitations, it is possible to have excitations
with a half-integer spin and nonvanishing fractional charges e + Q°
for (anti)solitons. The colors of the arrows indicate different time-
reversal pairs.

each time-reversal sector after bosonization [19] and obtain
two copies of a helical Luttinger liquid with the corresponding
interaction parameters Kj, K, characterizing the interaction
strength in each sector:

2
1
HP = 3 Z vu[K, (0e0)” + Ku (0,7 ]. (1)

pn=1

Inthe basis (¢1 @2 h z?z)T, Eq. (9) can be rewritten as:

2
Hyy = == cos[ /a1 = 02)]sinl6 + V791 + 0. (22)

If we define m = \/%a, the RG flow equations can be
obtained from the standard procedure [19,33,42]:

dKu 2K3_1
el , 23
dl " 23)
dm 1 .
= 2—1% (K. +K, ") |m, (24)

R —

e e SO

0.08 =i r e Dl S ;

W“‘_‘_‘—:‘:—.—e - P P ' /

7? ——««4«44-4—4—4—:——::4—4—""«("4/ « i 4 /
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€ M T A
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FIG. 4. Solution of the RG flows in Egs. (26) and (27) described
by Egs. (28) and (29). The blue trajectory indicates the critical points
where rg (I = 0) = 4m(l = 0).

rKk =

where we have set a = ape! with the short-distance cutoff ay.
Note that Eq. (24) can be written as:

dm 1 _
= 1—Z;(KM+KM1) m. (25)

Since K, + K, I'> 2, the corresponding operator in
Eq. (22) is at most marginally relevant in the RG sense. It
can be seen from Eqgs. (23) and (24) that K, and m tend to
flow toward the fixed points (K, m) — (1, m*) or (K7, 0),
with some renormalized values m* and Kjj. Intuitively, when
K, (I =0) deviates from unity, m decreases to zero faster
than the evolution of K, to unity. Otherwise, the sine-Gordon
term is marginal, and the system scales as its noninteracting
version. To demonstrate this behavior, we analyze the RG flow
around the fixed point K, = 1 by setting K, = 1 4 §K,, with
0K, < 1 and expanding Eqs. (23) and (24) to the third-order
of perturbations p, where p € {6K,,, m}. This procedure gives:

d(5K,)*

T —2m* (8K, )%, (26)

dm?

_ _l 2 1~2
— =2 4;(31(“) . @27)

By setting x.+ = /m? &+ % ZM(SK,L)z, we can solve Egs. (26)
and (27) exactly. The solutions after transforming x4 back into

== Atk = /2, (8K,,)* are

re() = re(l = 0)e™, (28)
e —1
() = m*(l = 0) + Tr,%(l =0). (29)

The trajectories of Egs. (28) and (29) with several sets of
initial values {rx (I = 0)} and {fiz(l = 0)} are plotted in Fig. 4.
According to Egs. (28) and (29), m becomes irrelevant when
rk(l = 0) > 4m(l = 0). On the other hand, the sine-Gordon
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term characterized by m is marginal at large / when rx(l =
0) < 4m(l = 0), which can be better captured if we expand
Eqgs. (23) and (25) only to the first order of 6K, :

dsK,,
dl

= —in?8K,,, (30)

dm

dl
Equations (30) and (31) indicate that |§K,,| decreases due to
finite m while m remains unchanged during the RG flow.

We make two remarks regarding the RG analysis: (i)
Eq. (1) does not contain intersector forward scattering terms.
Incorporating these terms would result in additional terms,
such as 0,¢,0x¢,, entering Eq. (21) in the bosonized form.
While symmetry considerations generally allow these terms,
they do not lead to gap opening, i.e., they do not contribute di-
rectly to the emergence of new mass terms. Moreover, similar
analysis on two-sub-band quantum wires showed that systems
with finite inter-sub-band forward scattering would evolve
towards a fixed point characterized by two independent chan-
nels [43]. In the RG framework, these marginal terms could,
in principle, modify the renormalized values of the mass, as
demonstrated in Appendix D. (ii) While Fig. 4 describes the
RG flow in an infinite system, the RG flow in realistic systems
can be stopped earlier due to finite size or finite temperature,
thus preventing it from reaching the gapless fixed point with
m = 0[19,44]. For instance, in a finite edge, the RG flow only
evolves up to the scale / ~ In(L/ay) with the edge length L,
where the system has finite mass terms characterized by the
renormalized m* value. As a result, time-reversal soliton pairs
can still exist in a finite-sized thin film, even in an interacting
system where K,, deviates from unity.

=0. (31)

III. APPLICATION TO AN EXTENDED HALDANE MODEL

We turn now to illustrate the previous results with
the example of a time-reversal-symmetric extension of the
Haldane model [24]. Before adding the S,-mixing SOC, gap-
less edge states emerge due to its spin Chern number C; = 2.
The presence of S;-mixing SOC opens small gaps in the edge
band structure. The Hamiltonian of this model is

H =) [d\(K)a} by — idy(K)a} by + H.c.

+ (ds(K)sign(o) + m)(ala, — blby)]
3
+ikg Y (G x 8)7 e alby +He.,  (32)
j=1

where o is the spin index where af,b! is the creation
operator for spin o electron on a different sublattice. The
d\(k), dy(k), ds(K) are defined as: d; = Z§:1 (£, cos(k - aj) +
tycos(k - &)l dy = Y1 [~ sin(k - @;) — t3 sin(k - &;)], and
dy = Z?zl t,(—1)/ sin(k - b;), where @;, b;, ¢; are the vec-
tors connecting a site to its first-, second-, and third-nearest
neighbors on a honeycomb lattice, respectively. Notably, both
the second-nearest-neighbor hopping #, and the third-nearest-
neighbor hopping #; are crucial for having a high spin Chern
number, although their strength should be sufficiently large

®
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FIG. 5. (a) Bulk band structure of the Hamiltonian in Eq. (32).
(b) Spin-resolved spectrum of the gapless edge states. (c) Spin-
resolved spectrum of the edge states that are gapped by the Rashba
SOC. The Dirac cones shift toward the Brillouin zone boundary in k
space and to lower energy due to the Rashba SOC.

(t; > 0.3t; and 13 > 0.41)) for the model to have a spin Chern
number greater than unity [24].

In the following calculations, we setf; = 1,m = 0.1, Ag =
0.3, and 1, = #3 = 0.6. With these parameters, the model has
spin Chern number C; = 2 and S,-mixing SOC gaps of edge
states on its armchair edges (Fig. 5). In both cases, the centers
of the gapped Dirac cones are shifted in both k-space and
energy, indicating the presence of a k-dependent mass term
in the low-energy theory. As a zeroth-order approximation in
k for the mass term, our theory still properly captures features
of low-energy theories.

After the Rashba SOC gaps the edge states, the in-gap
corner modes emerge in a finite-sized armchair-edged thin
film [Fig. 6(a)], and the extra charges accumulate around the
corner of the thin film [Fig. 6(b)].

Edge Hamiltonian for an arbitrary edge

Here, we derive the effective edge Hamiltonian for an
arbitrary edge to demonstrate how Rashba SOC induces the
edge mass kink in the model described by Eq. (32). The Bloch

QO
~
=]

(b) @an,

ve b 008

XXX

o
o
a

Energy (eV)
e

st et

-0.15

Number of States

FIG. 6. (a) Spectrum of a 60ax60a thin film, in which the in-gap
corner modes are marked in green. (b) Particle-number fluctuation
AN with respect to the ground state in a 60ax60a thin film. Here, a
is the lattice constant.
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Hamiltonian of Eq. (32) is

ki 3k, —k, 3k,
H= {n |:1—|—cos <+T«/_}> +cos <+«/_)>:| o00T]

ke + /3k, —ke + 3k, \ |
+{t1[1+sin <+T\/_}> +sin (+\/_y) }o’orz

+ {312 cos(ky) + cos(v/3ky)}ooTi + [13 sin(v/3ky)]oo T

k 3k, =k + 3k, |
+ 28 |:sin (%) — sin (%ﬂ) 0373

+ moyt3 — 21, sin(k,)o3 13

+ 2Ap sin(«/gky)al T — 2«/§AR sin(k,)or 1)
k 3k —k 3k
—|—4)LRsin<X+2\/_y)sin< X+fy>0112,

2
(33)

where ¢ (t) are the Pauli matrices in the spin (sublattice)
degree of freedom. According to its band structure (Fig. 5),
the low-energy Hamiltonian is obtained by expanding (., k)
around the point M in the Brillouin zone:

H = (3t — t))oo + [11 + V3(t3 — t1)kylogTs + mogt3

+ 243 (ko171 — koo,
(34

To understand the low-energy Hamiltonian on arbi-
trary edges, we describe the coordinates in the low-energy
Hamiltonian with a new basis set [11,13]:

kN [ sin(§) cos(&)\ [k 35)
ky] — \—cos(&) sin(€) J\k )’
and obtain the edge Hamiltonian by replacing k; with —id,

and k, with kg, where kg is the k point of the Dirac cones in
the edge Brillouin zone:

H = (3t3 — t;)opt| + mopt;3
+ [t + V/3(t3 — 11)(i cos(&)dy % ko sin(&)]oo T
+ 24/3[i cos(€)d, = ko sin(€)]o1 7y
— 23/30g[—i sin(€)d, % ko cos(&)]oaT). (36)

By using the ansatz ¢™ ¢, we can obtain the chiral edge states
before adding the Rashba term:

IR) = Ny(Ae@0 1 o )",
Le) =Ne(0 0 A=@e0 T 3y
and the Rashba term:
i2v/3 k([0 cos(§) F iko sin(&)]oy
+ [ sin(§) + iko cos(§)]oz}Ty, (38)

where:
AL(€) = |3t — 11) — ity 4+ ~/3(t3 — 1)k ],

¢ (8) = Arg[(3r; — 1) — ity + ~/3(t3 — 11)k)]
ki = incos(&) £ ko sin(&),

and N is the normalization factor. Since the edge states are
very localized, we assume 7 >> 1 such that Eq. (38) can be
approximated by:

i2+/3Agn[cos(& o + sin(€)os T, (39)

with ¢1(§) =0. The matrix elements my of the mass
term, for example, are (Ry|AH |[Ly), where AH is the
Hamiltonian in Eq. (38). Therefore, the element m. is pro-
portional to e~“¢*2)_ which has different values on different
edges, indicating that the Rashba SOC induces mass kinks
on the edges. More specifically, the phase 6 of the mass in
Eq. (7) is given by 6 = & + 7. Given that different edges cor-
respond to distinct angles of edge orientation £, finite charges
emerge at the corner located between any two adjacent edges.
Denoting two such edges as edge 1 and edge 2, with their
corresponding orientations &; and &, the value of the corner
charge can be computed using Eq. (17) with 6(x — oc0) = &
and 6(x > —oo) = &,. This results in a nonzero value for
the corner charge being proportional to (§; — &) between
any pair of adjacent edges, given that the different edges are
characterized by & # &,. Note that such a charge, typically
nonintegral, arises with any infinitesimal change in the angle
between the edges, indicating that there is no critical angle
required for the charge to appear.

Before concluding this section, we note that, while we
have considered the extended Haldane model [Eq. (33)] as an
example, the analysis outlined from Eq. (34) to Eq. (39) can
be applied to material-specific tight-binding models with and
without the spin-U (1)-symmetry-breaking SOC by expanding
to linear order in k around the valley of the Dirac cones. With
the coordinate transformation and substitution of momentum
in Eq. (35), one can then obtain the effective edge Hamiltonian
and the wave function of the corresponding helical edge states
along the lines of Egs. (36)—(38). The phase of the mass
term can be determined by calculating the matrix element of
the spin-U (1)-symmetry-breaking SOC as in Eq. (39) for the
extended Haldane model.

IV. SUMMARY AND CONCLUSIONS

We derive the mass-kink mechanism in a 1D system with
two bulk Dirac cones related by time-reversal symmetry us-
ing bosonization techniques. Bulk Dirac cones are shown to
generate two solitons on the domain wall by imposing gap-
opening time-reversal-symmetric perturbations. The value of
the extra charge on the domain wall is thus twice the value of
the phase difference in the mass term on the Dirac cones. The
formalism is applied to the edge of a spin Chern insulator with
C,; = 2, in which the corner modes in a finite-sized thin film
result from solitons generated through the mass-kink mech-
anism induced by S.-mixing SOC. We consider the model
proposed in Ref. [24] as an example. By investigating the
phase evolution of the corner modes along the edge of a finite-
sized thin film, we show that S,-mixing SOC opens gapless
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edge states and, as expected, induces solitons through the
mass-kink mechanism. The phase evolutions also support the
viewpoint that the pairwise in-gap corner modes are generated
by distinct edge Dirac cones.

We also consider an HO topological phase with protected
corner charges from a spin Chern insulator with C; = 2.
Since the complex mass term with the edge-dependent phase
is generically present here (induced, for example, by the
anisotropic S;-mixing SOC), our analysis provides strong
evidence that the results hold for general anisotropic sys-
tems with spin Chern number C; = 2. Our formalism can
be extended straightforwardly to treat systems with a larger
number of time-reversal-related Dirac cones, indicating that
time-reversal soliton pairs with protected corner charges can
appear on the edges of spin Chern insulators with even spin
Chern numbers C; = 2n(n > 1) more generally. Similar argu-
ments would also apply to W-Chern insulators with a nonzero
even W-Chern number and anisotropic W-symmetry break-
ing perturbations [26,27,45]. For example, in a mirror-Chern
insulator with an even mirror-Chern number [46], there are
two gapless helical states protected by the out-of-plane mirror
symmetry. When the mirror symmetry is broken by, for exam-
ple, an in-plane Zeeman field, soliton pairs can arise with the
same mechanism as the one mentioned in Ref. [47].
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APPENDIX A: BOSONIZATION CONVENTIONS

In this Appendix we present our bosonization conven-
tions. By using the notation in Appendix A of Ref. [29],
the Bosonic representations of the right- and left-moving
modes are

Kt e;\/ﬁ R (x)
T

R,;(x) =

\®)
IS}

Ly (x) = —b e iVam0000), (Al)

2

S

where a — 0 is the bosonic UV cutoff, o = 1,2 denotes
the time-reversal sector and «, is the Klein factors satisfy-
ing {«ks, Ky} = 285, and Kg =1, k4K, = —K k4 = 1. Since
all right moving modes carry spin 1 while all left mov-
ing modes carry spin |, we suppress the index for spin
in Eq. (Al).

To have correct anticommutation relation {R,,L,} =10
and {R,(x), R;(y)} = 0, the Boson field should follow the

commutation relation:

[6F(x), ¢E (0)] = %a

i

(0200 #5.0)] = Jndyyboesign(x —y).  (A2)
The conjugated variables are defined as:
Yo = ¢§ + (1557
Oy = ¢k — pF (A3)
Then, we have:
RiR, +LIL, = La 7 (A4)
oo {odunicl ﬁ x¥o

Further, we can define the charge degree of freedom and
the charge-difference degree of freedom:

1

Qe = E(ﬂﬂl + ¢2),
1

v = E(ﬁl + %),
1

Yq = E(ﬁm — @),
1

0y = —2(01 — ). (AS)

S

Note that, by using Eqgs. (A3) and (A4), we can get 0,3, X ps,
where py is the spin density. The spin and charge degrees
of freedom are related through these conjugated variables.
Similarly, the spin and charge density differences are also
related in the same way.

APPENDIX B: BASIC PROPERTIES OF BOSONIC FIELDS

Theorem 1. [¢s(x), 0¥, (¥)] = ind(x —y),0 =1,2
Proof. In our model, the fermionic annihilation operator ¥
can be written as:

-3

[

eikx eikx
Z ﬁck,a + Z ﬁck.a>

k>0 k<0

ei(k+k0)x

= Z —Ck+ko,a
o <k=k0 vL

ko i(k—ko)x

e

+ Z Ch—ko,0
o VL

—00

=" (R, + Lp) + ¢ "*(Ry + L), (BI)

where L — o0 is the size of the system and ¥ (x + L) = 1 (x)
is satisfied. The right- (left)-moving modes are defined as:

eikx R X
Rl = Z_CklaCkl = Ck+k0,T
VL

—ikx

e
Li=) —=G" G =Coprrny
o VL
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eikx » ®
Ry=Y) —C& CF =Ciy
VL

—ikx

e 2
Ly=)Y T CP,CP = Copiny

k

(B2)

In this definition, the right- (left)-moving modes are filled
when k < 0 in each summation.

Then, following [48], each right- (left)-moving mode is the
coherent state of the corresponding Boson field:

2

R (RT R ik

[bq#9Ru] = L2|q||: Cily Ck#’E : ' xck/j|
X

k'

R,
E Si—gre™ e,

kk’

2T .
= [Z_eTR,,
lg|L

L, 2z Lt L, —ik'x Ly
[bc/ vLu] =\ 1z Ck—)q o ,Ze oy
l91] =

k'

2w 1 e L
—_ [ 8k7 ’k,e—lkxc m
V lal L ; ! ‘
_ 2 quLw
lqIL

where b, is the Bosonic annihilation operator for the
density ﬂuctuation of each right- (left)-moving mode. Since
Ry, L, satisfy the commutation relation for the right- (left)-
moving modes defined in Ref. [48] for each w. Therefore,
as derived for the right- (left)-moving modes in Ref. [48],
[o.(x), 0,0, ()] =imd(x —y) for u=1,2 denoting the
time-reversal sector.

Theorem 1 shows that ¢, and ¢, are indeed canonical
conjugate variables. By using Theorem 1, the commuta-
tion relation [@e«q)(x), 9yDeq)(¥)] = ind(x — y) can also be
proven, which means that the boson field and its dual field in
the charge sector and charge-difference sector are canonical
conjugate variables, too. Besides, this also provides a foun-
dation for Eq. (A4) by using the corresponding derivation in
Ref. [48].

(B3)

(B4)

R, (Ly)

APPENDIX C: GENERAL MASS TERM

In general, the gap-opening perturbation need not be time-
reversal symmetric. Therefore, the phases of the mass term of
different Dirac cones can differ by an arbitrary phase «. Then,
Eq. (8) becomes:

Hy = me RIL, + me " RIL, + He., (Cl)
which can be further bosonized into:
HP = %(sm(«/ﬂ(wc — 9 +6)
+sin[v27 (g + 9a) +0 +a + 7). (C2)

It has minima at,

a+m , JT
By = —— —n)X_, C3
1= TS ©
0 o+ f
= ——— — —1 C4
@ T —2n+(n +n—1)— (c4)

for some n’, n € Z. Therefore, the approximation made in
Eq. (16) remains valid. That is, there are always extra charges
around the corner as long as a k-independent perturbation
opens the gapless surface Dirac cones that generate different
phases of the mass term on adjacent edges. The amount of the
extra charge can then be calculated through Eq. (17).

APPENDIX D: INFLUENCE OF INTERSECTOR
FORWARD SCATTERING

In this Appendix, we discuss the effect of intersector for-
ward scatterings on the RG flow. In the main text, we included
the following intrasector forward scatterings in our bosonized
model H described by Eq. (21),

(intra)

84,
Hipga = Z ZM

n=1,2

(R'R,R'R, +L{L,LL,)

(intra)

2,p
+ 2

(R'R,LL, +Hc). (D1)
While intersector forward scattering terms are typically omit-
ted, as is the case in bosonized models for multichannel
systems [49,50], in general, the intersector forward scatterings
can be considered,

(inter) . .
Hiner =2*—(RIR\RIR, + LIL,L]L, + H.c.)
(inter)

+ (RIR\L]L, + RIR,LL; + H.c.).

(D2)

Since Hy + Hiner is still quadratic in terms of the bosonic
fields, it can be diagonalized. For simplicity, in the following

we approximate v; = v, = v, applicable for most materials,

(intra) (intra) (intra) (intra) (intra) __

as well as g,"" = g,"%) =g,""" and g," " = g, =
(intra)
5

With the inclusion of intersector forward scatterings

in Eq. (D2) and the above assumptions, the bosonized
Hamiltonian can be diagonalized into:

1
Ho + Hiner = 5 3 uuK (009" + K (0,0, (D3)

n=c,d

with the modified interaction parameters,

v + ~(1ntra) ~(mtra) + ~(mter) g(zmter)
K. = .

\ v+ g(mtra) + ~(1ntra) + ~(1nler) + g,(zmter)
~(intra) ~(intra) ~(inter) ~(inter)
v+ +
Kd = %?mlra) izmtra) (imler) imler) ’ (D4)
\ v+ 8, + 8, — & — &
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and renormalized velocities:

u, :(v + gaintra) _ g(zintra) + g(;mer) _ g(zinter))/KC

Uy =(U + giintra) _ g(zinr.ra) _ gainler) + g(zinter)) / Kdv (DS)
~(intra) __ 1 (intra) ~(intra) __ 1 (intra) ~(inter) __

whe1‘re 8 T8 8 T8 8 =
g M) = LM On this basis, the mass term

in Eq. (9) is used to proceed with the RG analysis.
The RG flow equations can be derived as:

din 1
— =[2— (K. +K; 1) | D
T [ 2(L+ d)}m (D6)
ke _ _ K*m? (D7)
dl
dk;
e D8
T (D8)

msin(f)
g
mass term is RG relevant for repulsive interactions, thereby
stabilizing the predicted corner modes.
To obtain further insight into the effect of intersector for-
ward scatterings, we consider a weak intersector forward
~(inter ~(intra

scattering such that g, ) « 8o ). We can then approximate

with /1 = a. The above equations demonstrate that the

the Luttinger liquid parameters to the first order of g(zi?f;r):

K. =K + 6K

K; =K — 5K, (DY)

where 6K < K. Here:

s(intra) _ ~(intra)

_ vty 82
K= ~(intra) ~(intra)
v+ 84 + 8>
_g(inter)
8K = 2 (D10)

~(intra)\ 2 ~(intra) 2
V42 - @)
Then, the dominant contributions in the RG flow equations
become:

d_Kz_"lz(Kz—n (D11)
dl 2
d :[2—1<K+1>]n~1. (D12)
dl 2 K
dsK m o,
7=_7(1( +1). (D13)

Note that the interaction parameter K in Eq. (D10) is the
Luttinger liquid parameter in the absence of the intersec-
tor forward scatterings. Hence, Eqs. (D11)-(D12) recover
Egs. (23)-(24) by identifying K; = K, = K in Egs. (23) and
(24). On the other hand, the change in the interaction strength
arising from the intersector forward scattering is represented
by 6K. While |§K| exhibits a monotonic increase along the
RG process according to Egs. (D10) and (D13), leading to
contributions to the renormalized K. and K; values, we note
that the RG flow will eventually stop due to the finite system
size or temperature, as discussed in the main text. Moreover,
according to Eq. (D12), the flow of 7 is not affected by §K
as long as 6K <« K. As a result, the system has finite mass
terms characterized by the renormalized m* value, and the
HOTI phase can survive in the presence of weak intersector
forward scatterings.
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