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Coupled-wire construction of static and Floquet second-order topological insulators
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Second-order topological insulators (SOTI) exhibit protected gapless boundary states at their hinges or
corners. In this paper, we propose a generic means to construct SOTIs in static and Floquet systems by coupling
one-dimensional topological insulator wires along a second dimension through dimerized hopping amplitudes.
The Hamiltonian of such SOTIs admits a Kronecker sum structure, making it possible for obtaining its
features by analyzing two constituent one-dimensional lattice Hamiltonians defined separately in two orthogonal
dimensions. The resulting topological corner states do not rely on any delicate spatial symmetries, but are solely
protected by the chiral symmetry of the system. We further utilize our idea to construct Floquet SOTIs, whose
number of topological corner states is arbitrarily tunable via changing the hopping amplitudes of the system.
Finally, we propose to detect the topological invariants of static and Floquet SOTIs constructed with our approach
in experiments by measuring the mean chiral displacements of wavepackets.
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I. INTRODUCTION

Topological phases of matter have emerged as an active
research topic studied by both theorists and experimentalists
since the last decade. As the name suggests, such phases of
matter are characterized by the topology of their bulk states,
the last of which manifests itself as physical observables at
their boundaries. For example, quantum spin Hall insulators
can be distinguished from normal insulators by the value of
the Z, topological invariant that their bulk states possess,
which determines the presence or absence of the topologi-
cally protected helical edge states at the boundaries of the
systems [1-3]. The edge properties of topological phases are
thus robust to local perturbations that preserve their topology
as well as the symmetries protecting them. Consequently,
topological phases are considered as a promising platform
for designing robust electronic/spintronic devices, offering
(almost) dissipationless and faster charge transfers [4], as
well as providing protections at the hardware level in the
realization of fault-tolerant quantum computations [5].

In recent years, a new type of topological phase whose
topology manifests itself at the boundaries of their bound-
aries has been discovered and termed higher-order topo-
logical phases [6-30]. In particular, a d-dimensional nth-
order topological insulator (where d > n) is characterized by
the existence of topologically protected (d — n)-dimensional
boundary states and gapped higher-dimensional boundary and
bulk states.

Most of the existing proposals of higher-order topological
phases rely on the presence of spatial (reflection, inversion,
and/or rotational) symmetries. By contrast, it is well known
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that first-order topological phases may exist even in the
absence of these spatial symmetries, which can be further
characterized solely by the presence of time-reversal, particle-
hole, and chiral symmetries through the Altland-Zirnbauer
(AZ) classification scheme [31]. It thus raises a fundamental
question regarding the existence of higher-order topological
phases in the absence of any spatial symmetries, which may
provide further insight into the similarity between first- and
higher-order topological phases. This question has been ex-
plored recently in Ref. [27], which proposes the construction
of higher-order topological insulators in square and cubic lat-
tices by coupling together four and eight Su-Schrieffer-Heeger
(SSH) systems [32], respectively. Each of them describes a
one-dimensional (1D) topological insulating model charac-
terized by a topological winding number that determines the
presence or absence of zero energy states at each end of the
system. By construction, such models are protected solely
by chiral symmetry without the need for additional spatial
symmetries. However, it remained an open question if a
more general construction based on 1D topological insulating
models other than the SSH model is possible.

In this paper, we propose a general framework for con-
structing second-order topological insulators (SOTI) in a
square lattice by means of coupling an array of 1D topo-
logical insulators with dimerized interarray hopping ampli-
tudes, as illustrated in Fig. 1. As will be shown below,
the total Hamiltonian of such a system can be written as a
Kronecker sum of two 1D topological insulating Hamiltoni-
ans, enabling one to characterize the topology of the full sys-
tem from that of its 1D Hamiltonian constituents separately.
In particular, we show that topological corner modes exist
only if both 1D Hamiltonian constituents are topologically
nontrivial, which persist even in the presence of perturba-
tions breaking all but the chiral symmetry, as well as small
perturbations breaking the Kronecker sum structure of the
system.

©2019 American Physical Society
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FIG. 1. Constructing SOTI by stacking an array of 1D topolog-
ical insulators (such as SSH model as shown in each longitudinal
box). Each circle represents a lattice site. Red solid and green dotted
lines denote different coupling strength between pairs of lattice sites
within each array, whereas blue dashed and cyan dash-dotted lines
depict different interarray coupling strength.

By the same mechanism outlined above, Floquet (period-
ically driven) SOTIs can be obtained by coupling an array
of 1D Floquet topological insulators with the same (static)
dimerized interarray hopping amplitude. It is noted that the
studies of Floquet topological phases have attracted tremen-
dous interest in recent years due to their capability to exhibit
properties with no static analog, such as the existence of edge
states pinned at quasienergy (the analog of energy in Floquet
systems) 7 [33-38] and anomalous edge states which do
not satisfy the usual bulk-edge correspondence [39]. While
Floquet first-order topological phases have been extensively
studied [33-59], their extension to higher-order topological
phases has never been explored so far to our knowledge.

Through a relatively simple proposal for constructing Flo-
quet SOTI, this paper thus hopes to motivate future studies
to explore some unique opportunities offered by Floquet
higher-order topological phases. To that end, we show in this
paper how such a Floquet SOTI can accommodate arbitrarily
many topological corner modes at both quasienergies zero
and %, a feature which cannot be found in any static SOTL
In particular, the coexistence of topological corner modes at
quasienergy zero and 7 by itself already represents an unfore-
seen scenario which can be utilized for topological quantum
computation [60]. The existence of many topological corner
modes is also expected to be useful for quantum memory
applications at the very least.

This paper is organized as follows. We introduce our
proposal in Sec. II by starting with an explicit model describ-
ing an array of SSH model coupled together with another
SSH-like coupling in the y-direction and present the analyt-
ical expression of the corner modes. In Sec. IT A, we show
that the full Hamiltonian of the system can be written as a

Kronecker sum of two 1D SSH Hamiltonian. As a result, the
later symmetry and topological properties can be obtained
from those of its 1D Hamiltonian constituents separately. In
Sec. II B, we discuss the difference between our proposal and
that of Ref. [27], and the robustness of our proposal in the
presence of small perturbations which destroy the Kronecker
sum structure of the full Hamiltonian. In Sec. IIT A, we extend
our proposal to construct Floquet SOTI which may host
topological corner modes at quasienergy zero and 7 (Floquet
zero and 7 corner modes). We present an explicit model of
such Floquet SOTI in Sec. IIIB and show how arbitrarily
many zero and 7 Floquet corner modes can be systematically
obtained by tuning some system parameters. In Sec. IV, we
propose to detect the bulk topological invariants of static and
Floquet SOTTs by measuring the mean chiral displacement of
a wavepacket. We summarize our results and discuss some
future directions in Sec. V.

II. COUPLED-WIRE CONSTRUCTION OF STATIC SOTI

In this section, we introduce our scheme of construct-
ing static SOTIs via coupling topological insulator wires,
and present explicit model calculations to demonstrate our
findings.

We start by considering a prototypical tight-binding Hamil-
tonian H, which describes particles hopping on a two-
dimensional (2D) lattice:

N Ny

M= (L + (=1Y8L1li. j+ )i, jl

i=1 j=1
+ [+ (=182l + 1, j)(i, jl + Hed. (1)

Here Jy(y) & 8Jy(y) denote dimerized hopping amplitudes in
the x-(y-)direction, |i, j) denotes the basis state at lattice site
(x,y) = (i, j), Ny and N, are the number of lattice sites in
x- and y-directions, respectively. Without loss of generality,
we will take J; and J, to be nonnegative throughout this
paper. Equation (1) can thus be understood as an array of
SSH chains along the x-direction, coupled with each other by
another SSH-type dimerized hopping along the y-direction.
Such a model Hamiltonian may be realized experimentally
in silicon photonic setups [61]. Early on, a model similar to
that presented above has also been studied in Refs. [7,8], and
was shown to exhibit corner modes but has a vanishing bulk
quadrupole invariant. In the following, we argue that such
a model actually qualifies as another type of SOTI, charac-
terized by the robustness of its corner modes, the existence
of edge and bulk band gaps, and a different type of bulk
topological invariant.

To understand how the above model may host corner
modes, we may start by noticing that if the hopping am-
plitude and dimerization parameter along y-direction satisfy
Jy = &J, = 0, the system described by Hamiltonian H reduces
to N, identical copies of 1D SSH chain. Each of them can
be in either a topologically trivial (§J, < 0) or a nontrivial
(6J; > 0) phase. In the topologically nontrivial regime, a pair
of degenerate zero-energy edge states (also called zero modes)
appears at the two ends of each chain, resulting in totally
2N, such degenerate edge states in the whole system. When
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Jy, 8J, # 0, all these zero modes will in general be coupled
together, lifting their degeneracy. However, if J, = 8J,, the
two pairs of zero modes appearing at the ends of the first (j =
1) and last (j = N,) arrays will be decoupled, and therefore
remaining degenerate. In this case, four zero modes emerge
as corner states in the whole system.

Away from the fully dimerized limit J, = 8/, along y-
direction, it can be analytically shown (as detailed in Ap-
pendix A) that there are four corner modes in the system if
8J, > 0 (in addition to 8J; > 0 as required for each SSH chain
to host zero edge modes), which are given by

Ne/2 Ny /2 j’ T i—1
Oxr) =YD (— 1>’+f< ) <7> X, Y)), (2)
i=1 j=I >’ x
where () = i) = 8an)s Txn = s +0ha, X =

LNA2,Y=1,N+2, X, =1|X—=2i],and Y¥; = |Y — 2]].
For a finite lattice, applying H to |O,y)) directly results in
terms proportional to (J; /jx)N*/ 1 and/or (jy’ /Jy)N»"/ 2+
which become smaller as N, and N, are increased, so that
|Ox.y)) can be regarded as approximate zero energy solutions
to H. In the following subsection, we discuss the symmetry
protecting these corner modes and introduce a topological
invariant to characterize them.

A. Symmetry analysis and topological invariant

Under periodic boundary conditions (PBC), the Hamilto-
nian H in Eq. (1) can be rewritten in momentum space as

H =" ke, ky)hiky, ky) ks, Kyl
Ky ky

= lke k)i @ By (ke Ky,
ke ok,

hsi = haso> + hp s, 3)

where S = x, y, ha,S = [Js — 8Js + (Js + &6Js) cos ks], hb,S =
(Js + 8Js)sinkg, ks and o®)’s are, respectively, quasimo-
menta and Pauli matrices acting in the sublattice/pseudospin
subspace in the S-direction. It is noted that each &g is simply
the momentum space Hamiltonian describing an SSH model,
which possesses inversion, time-reversal, particle-hole, and
chiral symmetries, respectively, dictated by the operators Zg =
o, Ts=K, Ps=05K, and I's = 65, where K is the

omplex conjugation operator It thus belongs to class BDI
in the AZ classification scheme [31], and is characterized by
a winding number topological invariant.

Due to the Kronecker sum structure of Eq. (3), the full
Hamiltonian 7 also possesses inversion, time-reversal,
particle-hole, and chiral symmetries described by the
operators I =oWol), T=K, P= (x)a(y)lC and
= a(x)a(y), which satisfy Zh(k,, k)1~ U= h(—k,, —ky),
Thike, k)T ™" = h(—ky, —ky), Ph(kx, k)P~! = —h(—k,,
—ky), and Ch(ky, k)I' = h(kx, ky). In addition, the separate
inversion symmetries of hy and hy; can also be regarded as
two commuting reflection symmetries of the full Hamiltonian
H,ie, M, =1, and M, = T, such that M,h(k,, ky)M;1 =
h(—ky, ky) and M h(ky, k)M ' = h(k., —k,). However, as

will be elucidated later on, only the chiral symmetry plays a
role in protecting the topological corner modes in our system.

As another consequence of the Kronecker sum structure of
‘H, the winding number of A, ; (k1) still dictates the existence
of edge states of H under open boundary conditions (OBC)
at the edges of the lattice in the x(y)-direction, but they are
no longer pinned at zero energy since such edge states can
be expressed as the tensor product between the edge states of
hy i (hyy) and the bulk states of &y (h, ), which therefore
have nonzero energies. However, if the winding number of
hyy and hy; are both nonzero, zero energy eigenstates of H
under OBC can be constructed as a tensor product between
the edge states of i, and h,;, both having zero energies.
By construction, such states are localized at both edges of the
lattice and are thus corner modes. Therefore, the existence of
corner modes of H or any Hamiltonian with similar Kronecker
sum structures is determined by the product of the topologi-
cal invariant (e.g., winding number) of each Kronecker sum
component.

The winding number associated with the Hamiltonian in
the form of Eq. (3) is defined as

Vg = ! dk,HT) d —Hg;,, 4)
27r1 Skdk

where Hs y = h, s + 1h 5. It is well known that in SSH model,
the winding number vsg = 1 (v = 0) when the dimerization
parameter 8Js > 0 (8Js < 0). This again implies that cor-
ner states of H exist only if both dimerization parameters
8Jy, 8J, > 0. To check the generality of the above argument,
we will now introduce a perturbation which amounts to mod-
ifying hys — hj, ¢ = hy s + 85 coskso®. These extra terms
break all but the chiral symmetry of the system. Consequently,
Eq. (4) is still well defined, which is plotted as a function
of the perturbation strength §g in Fig. 2(a). In particular,
we find that even for moderate perturbation strength, hg
could still preserve its winding number. Consequently, by
choosing different parameter values for h.; and hyy, as-
suming both the presence of the perturbations §, and §,,
we find that H host topological corner modes only if A, x
and Ay are both topologically nontrivial, i.e., vy = v, =1,
as shown in Figs. 2(d) and 2(e). In general, §s can only
induce topological transition if it is strong enough such that
it closes the gap of hAg . This happens once s reaches (Js +
8J5)\/(Js + 8J5)2/(Js — 8J5)® — 1, as can be verified from
Fig. 2(a).

From the above discussion, the number of topological
corner modes at zero energy is then given by ny = 4v, where
V = Vv, - v, is a bulk invariant which accounts the bulk-corner
correspondence of our system. If either or both A,; and
hy« are topologically trivial, there is no such corner modes
[see Fig. 2(c)]. Finally, in Fig. 3 we also plotted the energy
band structure of A under mixed boundary conditions, i.e.,
PBC along one direction and OBC along the other. Three
representative cases have been considered in Fig. 3: (i) both
directions are topologically trivial [Figs. 3(a) and 3(d)], (ii)
only the x-direction is topologically nontrivial [Figs. 3(b)
and 3(e)], and (iii) both directions are topologically trivial
[Figs. 3(c) and 3(f)]. As expected, both edge and bulk bands
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FIG. 2. (a) Topological invariant of &g as a function of §s (symmetry breaking perturbation strength) under two different set of parameter
values, where red crosses (blue dots) correspond to Jg = 0.75 (Js = 1.475) and 8Js = 0.25 (8Js = 1.375). (b) Probability distribution of each
corner mode (marked with different colors) of H obtained in panel (d). For clarity, only [¥.(i, j)|* > 0.005 are shown. (c) Energy level
distribution of H when A, ; is topologically trivial, i.e., J. = 0.75, J, = 1.475, 8J, = —0.25, §J, = 1.375, 6, = 0.2, and §, = 0.15. (d) Same
as panel (c) but with §J, = 0.25, so that both h, ; and A, ; are topologically nontrivial. Panel (e) highlights the region near E = 0 in panel (d),

with corner modes highlighted in green.

are gapped, and bulk or edge bands at zero energy are absent
in all cases.

B. Discussion

In contrast to many existing proposals on SOTIs so far, our
construction above introduces an SOTI model that is protected
solely by the chiral symmetry and does not rely on any spatial
symmetries. Therefore, our proposed model is fundamentally
different from other SOTI models, such as those studied in
Refs. [7-26,28], which belong to a family of second order
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FIG. 3. (a)-(c) Energy band structure of Eq. (1) under OBC in
the y-direction and PBC in the x-direction with (a) 8J, = 0.25 and
8J, = 1.375, (b) §J, = —0.25 and éJ, = 1.375, (c) 8J, = —0.25 and
8J, = —1.375. (d)—(f) Same as panels (a)—(c) but with OBC in the
x-direction and PBC in the y-direction. Other parameters are the
same in all panels with J, = 0.75, J, = 1.475, symmetry breaking
perturbation strengths §, = 6, = 0.1, and Kronecker sum breaking
perturbation strengths 8,, 1 = 8, = 0.1.

topological crystalline insulators. In fact, our model closely
resembles that of Ref. [27], which also relies on the existence
of chiral symmetry alone.

While the model proposed in Ref. [27] also describes
a stack of 1D SSH models, it cannot be expressed as a
Kronecker sum in the spirit of Eq. (3). However, since it can be
broken down into four distinct 1D SSH models, the existence
of corner modes is dictated by the four winding numbers of
these SSH models. By contrast, the Kronecker sum structure
of our model implies that only two winding numbers are
needed to predict the existence of corner modes. Moreover,
our model can be generalized beyond the Kronecker sum of
two SSH models as described in Eq. (3). For example, as we
will elucidate further in the next section, we may take Ay x
to be a 1D Floquet topological insulator, which enables the
construction of Floquet SOTIs.

On the other hand, the nature of our construction as a
stack of 1D topological phase to create a higher-dimensional
topological phase may, at first, seem reminiscent of weak
topological insulators [62]. This, in turn, raises an important
question as to whether our construction merely represents a
weak higher-order topological insulator. To answer this ques-
tion, we first point out that edge states in typical weak topolog-
ical insulators originate from a lower-dimensional topological
invariant, and as such are less robust against perturbations
coupling a pair of their lower-dimensional constituents. By
contrast, the corner states in our model incorporate the in-
terplay of two orthogonal couplings between a pair of 1D
topological phases in the x- and y-directions, which leads
to a bulk invariant defined in Sec. IT A that depends on the
topology in both directions. In particular, due to the topolog-
ical protection in both the x- and y-directions, such corner
modes are robust against general perturbations. This is to
be compared to the edge states appearing in our system, as
illustrated in Fig. 3. There, the presence of edge states in
the x-(y-)direction depends only on the winding number
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in the x-(y-)direction, and is thus sensitive to the direction in
which the boundary is opened [see, e.g., Figs. 3(b) and 3(e)].
Therefore, while our construction indeed utilizes first-order
weak topological insulators as its building block, the resulting
second-order topological insulator does not inherit their weak
topological effect.

Finally, we also note that our proposed bulk invariant
is different from the bulk quadrupole invariant introduced
in Refs. [7,8] since the last is always zero in our model.
Similar to the connection between the polarization (thence
winding number) and the quantization of charge pumping
[63], we argue that our bulk invariant is related to the 2D
charge pumping usually proposed to probe the second Chern
number in the context of four-dimensional (4D) quantum Hall
effect [64,65]. To this end, we may start by constructing a
Hamiltonian

H = (c| + cosky + cos ¢)a'™ + sin kxay(x) + sin ¢y
+ (c2 + cos ky, + cos ¢2)(ff’) + sin kyay(y) + sin ¢>2az(y),
®)]

where ¢; and ¢, are tunable parameters, ¢; and c¢, are
constants. Note that when ¢, = 0, 7 and ¢, = 0, 7w, Eq. (5)
reduces to the Hamiltonian Eq. (3) in its topologically trivial
or nontrivial region depending on the values of ¢; and ¢,. The
second Chern number of Eq. (5) is simply the product of the
first Chern numbers of the first and second lines, which under
appropriate gauge choices are related to the their respective
polarization according to [63]

Gy = 4[P(r) — P.(0)] x [Py(r) — P, (0)], (6)
where Ps(¢) = [ 2 (ks, ¢|dx lks, ), S = x,, and

2mi
|kxv kyv ¢l’ ¢2> = |kx’ ¢l> 02y |k)" ¢2> (7)

is the eigenstate of H associated with the band in which C; is
evaluated. As detailed in Appendix B, the polarization Pg(¢)
at the chiral symmetric points, i.e., ¢ = 0, 7, is related to the
winding number vs(¢) = 2Ps(¢). Equation (6) can then be
written as

C, =v(r, ) —v(0, ) —v(m,0)+ v(0,0), (3)
where v(d1, ¢2) = vi(P1)vy ().

Since Eq. (5) represents a Kronecker sum of two Chern
insulating model, its second Chern number is readily obtained
as [63]

1 2>ci,c0>00r0>cp,c0 > —2,
=10 lc1| > 2 or |co| > 2, ©)]
—1 2>c¢,—c;>00r0> —cy,co > 2.

It can also be verified that when |c|| > 2 (|cz| > 2), both
v¢(0) and vy () [vy(0) and vy (77 )] are zero, so that v(, ) =
v(0,0) =v(0,7) = v(mw,0) = 0. If both |c;| < 2 and |c;| <
2, one of v(w, ), v(0,0),v(0, ), or v(sr,0) is nonzero,
while the other three are zero, so that C, is proportional to
the nonvanishing bulk invariant v.

Suppose now we modulate ¢, — ¢, + Bx, where B is a
constant, which simulates the presence of a magnetic field
perpendicular to the x and ¢, directions. By uniformly filling
the lowest band of H, adiabatically tuning ¢; from O to 27, the

displacement of the particles in the y-direction, averaged over
¢, in [0, 2], is proportional to C, [64], and consequently also
v from the above argument. Our proposed bulk invariant thus
provides a natural connection between the physics of higher-
order topological phases and that of higher-dimensional topo-
logical phases. It will be interesting to explore the extension
of this connection to more general systems that do not enjoy
Kronecker sum structure, which will be left for future work.

We end this section by discussing the fate of our proposal
in the presence of perturbations breaking the Kronecker sum
structure of Eq. (3). To this end, we further add a perturba-
tion of the form Ay = —8,,1000 — 8,2(cos(ky)o™ +
sin(k, )ay(x))az(y) to H, which preserves its chiral symmetry, but
breaking the Kronecker sum structure of Eq. (3). In fact, we
also implemented such perturbations with 8,y 1 = 8y, = 0.1
in our results earlier presented in Figs. 2(b) to 2(e) and Fig. 3.
In general, we observe that the presence of small perturbations
does not affect the existence of the topological corner modes
in the system. At moderate perturbation strengths, however, it
is possible for the bulk or edge band gaps to close, resulting
in the change of the number of topological corner modes in
the system, which can no longer be captured by the individual
topological invariants of &, and h,. Nevertheless, our results
demonstrate that if a general 2D Hamiltonian can be adiabati-
cally deformed into a Hamiltonian that admits Kronecker sum
structure without closing the bulk or edge band gaps in the
process, its higher-order topology can still be studied from the
bulk perspective by calculating the topological invariants of
two 1D Hamiltonians.

III. COUPLED-WIRE CONSTRUCTION
OF FLOQUET SOTI

A. General formulation

The idea we developed in Sec. II can also be applied to
construct Floquet SOTIs. To this end, we may start with an
array of chains of any 1D Floquet topological insulator in
x-direction. Each of them is then coupled to adjacent chains
by static dimerized couplings in y-direction (see Fig. 1 for an
illustration). The full Hamiltonian of such a Floquet SOTI can
then be written as

Ny N,
A | |
Hoy=—-) {Z[J,v + (<1840, + 1)l + 3 Hin(0)

j=1 Li=1

®|j)(j|+H.c.}, (10)

where J, & 6J, again denote the dimerized hopping ampli-
tudes in the y-direction, and Hp () is a time-periodic Hamil-
tonian describing a 1D Floquet topological insulator. H(z)
in Eq. (10) is thus time-periodic, and Floquet theory can be
applied [66,67]. To this end, we define a Floquet operator as
the one-period propagator

t+T
Uy=U@+T,t)="Texp (—i/ H/hdt), (11)
t

where T is the period of the system in time, and 7 is the
time-ordering operator. The topology of the system is then
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encoded in the quasienergy eigenstates |e) of Uy, which satis-
fies Uy |e) = e *T/"|g), where ¢ is the associated quasienergy.

Since the first and second terms of Eq. (10) commute, we
may write the Floquet operator as

Up = Uy ® U, (12)

where Uy,,, and Uy, are 1D Floquet operators associated with

Hip and H, = Z Ay + (=D784,11j + 1)(jl + H.e.}, re-
spectively. The tensor product structure of Eq. (12) enables us
to systematically study the emergence of Floquet SOTIs from
the properties of the underlying 1D Floquet system described
by Hp.Indeed, let [0y(v,)) and |7 (y,)) be the quasienergy zero
and 7 eigenstates of Up,,, localized near the left (right) end of
the 1D lattice along the x-direction. Topological corner modes
of Eq. (12) at quasienergies zero and 7 can then be obtained
as (see also Appendix A)

Ny /2 j—1
0.y)) = Z(— )™ 1<J +51> 0x) ® [Y)),
Ny/2 i—1
J, —84,\’
mex)) —ZH)’ '(H—M) ) ®1Y)),  (13)

where X = I,Nx, Y=1,N,+2, and ¥; = |Y — 2j|. Equa-
tion (13) thus shows that topological corner modes exist
provided |Ox) and/or |mx) exist and 8J, > 0, i.e., both Uy,
and Uy, are topologically nontrivial.

B. Floquet SOTI with arbitrarily many
topological corner modes

To elucidate the application of our construction outlined in
Sec. Il A, we consider a specific Hip(¢) hereinafter as given
by

o o for(m—DT <t < (m—1/2)T,
O =Nk for(m—1/2)T <1t < mT,
hy=J1/2) (li.o)i+ 1,6+ H.e), (14)

i,o

hy = J,/(20) Y " (li.o){i+1,6| — H.c.),
where J; and J, are hopping amplitudes, 0 = A, B is a sub-
lattice or pseudospin index, & is its complement, and 7 is the
period of the system, which will be taken as 7 = 2 unless
otherwise specified. The model in Eq. (14) was first proposed
in Ref. [38] as a quantum-walk realization of spin-1/2 double
kicked rotor, and later also extended to non-Hermitian [68]
and 2D [69] systems. It is capable of hosting a controllable
number of edge states. This can be shown by first writing
down h; and &, in Eq. (14) in momentum space as

hyx = Jy cos(ky o,
hy i = Jysin(ke)o . (15)

The momentum space Floquet operator of Hamiltonian
Eq. (14) can then be found as [38] (we take /& = 1 from here
onwards)

Unp.x = exp(—ihy i) exp(—ihy k) = exp(—ihegr ),  (16)

2000 4000
State Index

1
2000 4000 O
State Index

1 -1
0 2000 4000 0
State Index

FIG. 4. Panel (a) [panel (b)] shows the probability distribution of
four (20) corner modes at quasienergy zero of Uy shown in panel
(d) [panel (e)]. Panel (f) shows the probability distribution of 16
corner modes at quasienergy 7 of Uy shown in panel (f). (g) Full
quasienergy level distribution of Uy with J, = 1 and éJ, = 0.6875,
with corner modes highlighted in panel (d). (h) Full quasienergy level
distribution of Uy with J, = 14.8 and 4/, = 0.6875, with corner
modes highlighted in panels (e) and (f). (i) Same as (h) but with §J, =
—0.6875, so that no corner modes is present. Other parameters are
the same in all panels with J; = 1, J, = 0.7375, symmetry breaking
perturbation strengths 6, = 6, = 0.1, and Kronecker sum breaking
perturbation strengths 8y, = 8,2 = 0.1.

where
hegr x < &€ = arccos {cos [J; cos(ky)] cos [Jasin(ky)]} . (17)

It follows that the quasienergy gap closes at & =
0(F) when cos [J; cos(k,)] cos [/ sin(k,)] = +1(—1). Conse-
quently, as one fixes J; (J2), the two quasienergy gaps of Uy, «
close and reopen alternately at ¢ = 0 and ¢ = % when J, (J)
increases by w. Every time the gap closes and reopens, a topo-
logical phase transition happens and new pairs of degenerate
edge states at quasienergy zero or 7 (i.e., Floquet zero or
7w edge modes) emerge at both ends of the lattice [38]. In
particular, we find that each topological phase transition gives
rise to two new pairs of either Floquet zero or 7 modes. This
can be understood from the fact that the eigenstates associated
with each quasienergy band of Uy, , always have a constant
winding of £1 despite the closing and reopening of the gap.
By the bulk-edge correspondence, this eigenstate winding is
associated with the difference between the number of Floquet
edge modes at the two gaps in the quasienergy Brillouin
zone. The emergence of two pairs of new edge modes at each
topological phase transition is therefore necessary to preserve
this eigenstate winding.

By implementing Hip(¢) defined above to Eq. (10), the
discussion of Sec. III A implies the generation of Floquet SO-
TIs with arbitrarily many zero and 7 corner modes satisfying
Eq. (13), whose number is also controllable via tuning the
system parameters 8J, and J; or J,. This is also evidenced
by our numerics as shown in Fig. 4, in which the existence
of zero and 7 edge modes of Uy,, discussed earlier directly
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FIG. 5. The Floquet spectrum ¢ of Uy versus the hopping am-
plitude J;. The size of the 2D lattice is N, = N, = 50. Other system
parameters are chosen as J, = 8J, = 7 /40 and J, = /2. Dashed
lines represent boundaries separating different Floquet SOTI phases
in the parameter space. ng (n,) denotes the number of Floquet
topological corner states at quasienergy zero (7).

translates into a pair of the same number of Floquet zero and
7 corner modes of Uy, in Figs. 4(d) to 4(h), provided 6J, > 0
[Figs. 4(h) vs. 4(1)].

To further demonstrate the flexibility of generating many
Floquet zero and m corner modes following our construc-
tion, we show in Fig. 5 the quasienergy spectrum of Uy
vs. Ji, with the number of corner modes ny and n, denoted
explicitly in the figure. Other system parameters are chosen
as J, =48/, =m/40 and J, = /2. We find that with the
increase of Ji, the number of Floquet corner modes ng (1)
at quasienergy zero (7) increases by 8 every time when J;
passes through an even (odd) multiple of 7. The same pattern
is also observed in the Floquet spectrum of Uy vs. J,. This
agrees with our discussion earlier that four new zero or
edge modes emerge every time the quasienergy gap of Uy, «
closes and reopens, which translates into eight zero or &
corner modes when Uy, is topologically nontrivial. From the
above discussion, we note that any number ny = 4 + 8N of
zero modes and n, = 8N of 7 modes can therefore be gen-
erated by simply setting either (N + 1)r < J; < (N + 2)m or
N+1rm <y <(N+2)m.

Note, in passing, that edge states are also found at
quasienergies +2(Jy + 8J,) and [z — 2(J, 4 8J,)] in Fig. 5,
which are visible whenever OBC is applied in the x-direction.
These edge states are remnants of the Floquet zero and 7 edge
states of Up,,, which are shifted from quasienergy zero or
7 by the coupling in the y-direction. As a result, they lose
their topological protection and are distinguished from the
Floquet zero and 7 corner modes which remain pinned at
quasienergy zero and m. The behavior of these edge states
under a more general choice of parameters can be inferred
from the quasienergy spectrum under mixed boundary con-
ditions, i.e., PBC in one direction and OBC in the other,
shown in Fig. 6. In particular, it can be observed that with

ky,/m

ky /7

FIG. 6. (a)—(c) Quasienergy band structure of Eq. (10) under
OBC in the y-direction and PBC in the x-direction with (a) J; = 1,
J, =1, and 8J, = 0.6875 (b) J; =1, J, = 14.8 and §J, = 0.6875,
(©) Ji =1, J, =14.8 and 8J, = —0.6875. (d)—(f) Same as panels
(a)—(c) but with OBC in the x-direction and PBC in the y-direction.
Other parameters are the same in all panels with J, = 0.7375, sym-
metry breaking perturbation strengths §, = §, = 0.1, and Kronecker
sum breaking perturbation strengths 8y, ; = 8y, = 0.1.

Jy # 8J,, the quasienergy gaps when OBC is applied along the
x direction become smaller with the increase in the number
of zero and m corner modes. This can be understood from
the fact that the many Floquet zero and 7 edge states of Uy,
are shifted differently from their respective quasienergy zero
or %. This results in many edge states filling in the finite
size of the quasienergy Brillouin zone, which consequently
leads to smaller quasienergy gaps, as seen from Figs. 6(e) and
6(f) (the gaps are still clearly visible, with Agg ;7 ~ 0.15).
This justifies the term Floquet SOTI for our model since its
topologically protected states are localized at the boundary of
a boundary (the corner) and are separated from the edge and

bulk bands by finite gaps.

C. Symmetry analysis and topological invariant

In this subsection, we introduce the topological invariants
characterizing the Floquet SOTIs, and discuss their relations
to the number of Floquet corner states. By transforming
Eq. (16) to symmetric time frames [33],

Uy = RGOy = Gify,
By = exp(—ihy 1 /2) x exp(—ihy 1/2), (18)
Gy = exp(—ihy 1/2) X exp(—iha/2).
The full 2D momentum space Floquet operator can be
written as
U2 = U2, @ exp(—2ihyy). (19)

where h,; is defined in Eq. (3). In particular, it is easy
to verify that both 171(11”))’,{ and 17;12];’,{ possess inversion,
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FIG. 7. Winding numbers vy (red solid lines) and v, (green
dashed lines) as a function of (a) J;, (b) J3, (¢) ;.

time-reversal, particle-hole, and chiral symmetries,
respectively, given by the same operators defined in
Sec. IIA, Wthh satisfy  Zchip(ky, NI, I = th( ke 1),
Tohip ke, DT = hup(—ke, 2 = 1), Pilp i Py = Ut
and T AT, =G, [33,34,37,38,70], where hp(k,,t) is
the momentum space time-dependent Hamiltonian in the
symmetric time frame associated with Eq. (14). This implies
that U (ID ) also belong to class BDI in the AZ classification
scheme, which is now characterized by two winding numbers
vo and v, associated with the number of Floquet zero and 7
edge modes, respectively [70]. By writing UI(JIID, , €xplicitly as
a matrix in the o) basis

- a(ky)  b(ky)
ob = , 20
Hio K <C(kx) d(kx)) (20)
the winding numbers vy and v, can be obtained as [33,71]
1 d
Vg = dk,b™! b,
27 dk,
1 d
v, = dk,d™! 21
27 dk,

We plot vy and v, of U (1) as a function of J; (J») in
Fig. 7(a) [Fig. 7(b)], where Jz = 1 (J1 = 1) is fixed. Consis-
tent with the argument presented in Sec. III B, either vy or v,
increases as J; or J, increases by an integer multiple of 7.
In the presence of perturbation hy; — hy i — 8, cos(k,)o ™,
which breaks all but chiral symmetry of the system, the wind-
ing numbers vy and v, remain well defined, as depicted in
Fig. 7(c) at J; = 5 and J, = 1. A large number of zero and &
edge modes can therefore be generated in a controlled manner
by simply setting J; or J, to be large [38]. From Eq. (13),
this implies the generation of arbitrarily many Floquet zero
and 7 corner modes, tunable via the parameters 8J,, Ji,
and/or J,. Recalling that v, is the winding number of Ay,
bulk topological invariants of {{3 can then be constructed as
Vo,y = Vo - Vy and vy , = v - vy, which determine the number
of Floquet zero and 7 corner modes as ng = 4|vy ;| and n, =
4lvr 4|, respectively, thereby establishing the ‘“bulk-corner
correspondence” of our system.

In Figs. 4(c) to 4(g), we also included the presence of small
perturbations of the form Ay x — hyx — 8yy,1 cOS(ky )a(x)a(y )
ok —>ho ik — (Sx}zsm(k )O’(X)O’(y) 8, cos(k, )a(x), and hy; —

hyx — &, cos(ky)cry , where &, and §, terms break all but the
chiral symmetry of the system, while §,,; and &,,, terms
break the tensor product structure of Eq. (12). As expected,
such perturbations do not qualitatively affect the existence of
zero and 7 corner modes in the system, provided the former
do not induce edge or bulk gap closing of the quasienergy
bands. This shows that our Floquet SOTI proposal does not
rely on any spatial symmetry protection and its topological
characterization presented above also provides insights into
more general Floquet SOTI models, whose Floquet operator
can be adiabatically deformed to the form of Eq. (12).

IV. DETECTION OF BULK INVARIANTS

As discussed in Sec. II B, our proposed bulk invariant v
in the static system manifests itself as the amount of charge
displaced when the system is subject to adiabatic variations
of two parameters over a cycle. Such a 2D charge pump
has already been realized in photonic [65] and cold-atom
[64] setups for the study of the 4D quantum Hall effect. An
appropriate modification to these experiments is thus expected
to be feasible for detecting v.

Another promising means to detect the bulk topological
invariants of Floquet SOTTs introduced in Sec. III C is to mea-
sure the mean chiral displacement (MCD) of a wavepacket,
which will be detailed in the following.

A. Mean chiral displacement

The MCD was proposed in Ref. [59] and applied in
Refs. [38,58,72] as a dynamical probe of winding numbers
for 1D topological insulators. The tensor product structure of
Floquet operator Uy, together with its chiral symmetry allow
us to extend the definition of MCD straightforwardly to the
two-dimensional dynamics of our model.

We first introduce the chiral displacement operator C,,
which in Heisenberg representation is given by

C.y=[UT"GerneGery)us]. (22)

Here U;,(_[a) is the full Floquet operator given by Eq. (12) in
the symmetric time frame «, ¢ denotes the number of driving
periods, X and y are quantized unit-cell position operators. For
the model we investigated in Sec. III, the chiral symmetry
operators I'y and I'y are explicitly given by I'y = az(x) and
T, = 0. For a wavepacket |v) prepared at time ¢ = 0, the
expectation value (|Cy (1)|) thus describes the chirality-
resolved shift of |1) over ts driving periods.

We now choose the initial state |1) to be a fully polarized
state located at the center (x = 0, y = 0) of the lattice [73].
Explicitly it has the form

[¥0) = 10x) ® |%£x) ® [0y) ® |£y), (23)

where |0,) (|0,)) is the eigenstate of X (§) with eigenvalue 0,
and |£,) (]%,)) is the eigenstate of I'y (I'y) with eigenvalue
+1 or —1. The MCD of such a wavepacket over ¢s driving
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periods is then given by

Co(t) = (0] ® (£ ® (0,] ® (£,
x U] Geroe e r)Uue]
X 0,) ® [£4) ® [0y) @ |+,). (24)

To proceed, we express U;{"‘) as
Uy =U® @U®, (25)

where U®) and U;‘” are 1D Floquet operators associated with
Hamiltonians Hip and H, in Eq. (12), respectively. Note that
for the time-independent Hamiltonian H,, we have U;l) =

UV@). With the help of Eq. (25), we can rewrite C,(f) as a
product of two MCDs along two orthogonal dimensions, i.e.,

Co(t) = Cox(t) - Coty(t)9 (26)

where

Cox(t) = (0, @ (£[UP] G @ TO[UL]100) ® 1£4),
27

Coy(®) = (0, ® (£,I[UL] 6 @ TH[UL]10,) ® |£,).
(28)

Now performing a Fourier transform from position to momen-
tum representations, we find

Cut = [ S 0] T [0 120, 29)
—TT

T dk, Ot e | .

Coy(t) = f 2—7;(j:y|[U,fv 7Ty, [U,fy T, (30)
-7 N

where Uk(f‘) and Uk(f’) are 2 x 2 matrices satisfying U@ =

> U k) (k| and U =37 U k) (ky| in momentum

representations. Then following the derivations detailed in
Ref. [38], we obtain

Vo T dkecos(2et) , L. 4 vn
Cax(t) = 5~ o T(nx O.ny, — nf kanx), 3D
Wey T dk, cos(2Et) , , o o o
Cut ="~ [ O e - g ).

(32)

Here, for the Floquet model we studied in the last section, vy
is the winding number of the 1D Floquet operator U ;I‘Ték in
symmetric time frame o, w, = v, is the winding number of
SSH model associated with the propagator e=?»#, ¢ is the
eigenphase of U[E](TD).A' as defined in Eq. (17), and E = 34J,
is the eigenphase of e~*/»+ The components of unit vectors
dyz, d;" ) and (n¢, n;‘) are given by

d} =cosk,, d =sink,, (33)

y

and
ol = sin(J1)  _ sin(J)cos(Jr)
7 osin(e) T Y sin(e)
. . (34)
2 sin(J1) cos(J2) » _ sin(2)
o sin(e) Y sin(e)

where J; = J) cosk, and > = J>sink,. It is clear that both
Cox(t) and G,y (¢) are composed of a time-independent topo-
logical part and a time-dependent oscillating term. For general
dispersion relations, the oscillating terms tend to decay at
large r under the integral over corresponding quasimomentum.

To relate C,(¢) to the topological invariants of Floquet
SOTIs, we consider its average over ¢s driving periods,
given by

1 ¢ )
Cal®) = = Cult). (35)

t'=1

With the help of Egs. (26), (31), and (32), we see that the
oscillating parts of C,(¢) decay in time at least of order }
Therefore, in the long time limit (# — ©0), we obtain

— Vg Wy

C, = lim C,(7) =

t—00 4

(36)

For the model we considered in the last section, the wind-
ing number w, = w = 1. Furthermore, the winding numbers
vy and v, are related to vy and v, [33] through

vy + Uy o — vy — Vg
2 0 T2
Combining Egs. (36) and (37) then yields the relations be-

tween time-averaged MCDs and topological winding numbers
Vo, 1.€.,

Vo = (37

v = 2(C, + Cy),
vy = 2(C — C)). (38)

Therefore, by measuring the long-time averaged MCDs
in two complementary symmetric time frames, we would be
able to obtain the topological invariants characterizing the
Floquet SOTIs introduced in Sec. III C [59]. The number of
Floquet corner states can also be indirectly deduced from bulk
dynamics through the relations

no = 8|Ci + Gl (39)

1y = 8|C — Cal. (40)

It is also not hard to extend these results to other Floquet
SOTIs protected by chiral symmetry, for which evolutions in
four symmetric time frames may need to be executed. The
formalism presented here could also be applied to static SOTIs
protected by chiral symmetry, where the number of driving
periods ¢ should be interpreted as the duration of evolution
time, and the sum over ¢ replaced by an integral over the
continuous time duration 7.

In Fig. 8, we present the C,(7) and the winding numbers
Vo, VU vs. Ji. Up to t = 20, we already find good convergence
of 2C5(t) + 2C,(t) and 2C,(t) — 2C;(z) to their correspond-
ing winding numbers vy and v,, respectively. When J; is
close to an integer multiple of &, the MCD combinations
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3.5

=-05

FIG. 8. MCDs and winding numbers versus the hopping ampli-
tude J;. Numerical results of 2C;(¢) and 2C,(¢), both averaged over
t = 20 driving periods, are shown by the blue stars and black circles.
Theoretical values of winding numbers vy and v, are denoted by the
red solid and green dashed lines, respectively. Other system parame-
ters are chosen as J, = 8J, = 7 /40 and J, = 7 /2. Topological phase
transitions happen at J; = &, 27, 37, away from which the relations
in Eq. (38) are verified.

2C,(t) + 2C,(t) and 2C,(¢) — 2C(¢) deviate from quantiza-
tion due to the topological phase transitions happening there.

Other small deviations from quantization are finite time
effects, which originate from the oscillating terms in Eqs. (31)
and (32). With the increase of ¢, the parameter win-
dows around J;/m =1, 2, 3 in which 2C) »(¢) get quantized
changes will shrink, and their oscillations around these transi-
tion points will also become smaller.

The topological winding numbers of static SOTISs, as in-
troduced in Sec. II, could also be extracted from MCDs in
a similar manner. A demonstration of this is given in Fig. 9,
which corresponds to the SOTI model defined in Eq. (3). It
is clear that the MCDs averaged over a long time duration
T = 400 (triangles in Fig. 9) are consistent with the theoretical
values of v,v,/4 (solid lines), as predicted by the general
relation Eq. (36).

In previous studies, the MCD has been measured in 1D
photonic [59] and cold atom [72] systems. An experimental
proposal for detecting the MCDs of U by implement-
ing quantum walks in BECs has also been discussed [38].

1/4 1/4 E aSassanni
<
< ___
- R “Tm
= — T —
)
(0 Aassasneedh o 0 hossssssss
-1 05 0 05 1 0 0.5 1
J/I: - 6!]:1: J7 + 6J¢r,

FIG. 9. MCDs of the static SOTI model [defined in Eq. (3)]
averaged over a long time duration t = 400 (triangles). Solid lines
are theoretical values of v,v,/4, with the two winding numbers
Vy, v, defined in Eq. (4). Other system parameters are chosen as
Jo+8J,=1/2,J,—48J,=0,J,+8J, = 1/2 in panel (a), and J, —
8J, =1/2,J, —8J, =0, J, 4+ 8J, = 1/2 in panel (b).

According to the tensor product structure of Uq(f), one may
implement the dynamics governed by U and U* in two
decoupled 1D systems separately following the proposal of
Ref. [38], thereby detecting the topological invariants v , and
vy of Floquet SOTIs introduced in Sec. III C.

V. CONCLUDING REMARKS

In this paper, we report a theoretical proposal for con-
structing static and Floquet SOTI by stacking 1D topological
phases and coupling them with dimerized hopping amplitude.
The total Hamiltonian can then be written as a Kronecker
sum of two 1D Hamiltonians describing a static 1D SSH
model in the y-direction and another 1D static or Floquet
topological insulating model in the x-direction, allowing one
to characterize the existence of the topological corner modes
of the whole system by separately analyzing the topology of
the 1D model in the x- and y-directions.

Although the explicit models presented in this paper pos-
sess all inversion, time-reversal, particle-hole, and chiral sym-
metries, their topological corner modes are protected solely by
the chiral symmetry alone, as demonstrated by our numerical
results in the presence of perturbations breaking all but the
chiral symmetry. The SOTI proposed in this paper is thus fun-
damentally different from most other existing SOTT proposals,
which rely on the presence of spatial symmetries. It is also
expected that our proposal can be generalized to a class of
2D systems whose Hamiltonian can be broken down into a
Kronecker sum of two 1D Hamiltonian describing any static
and/or Floquet topological phases. Moreover, we have also
numerically verified that the presence of small perturbations
breaking the Kronecker sum structure of the Hamiltonian does
not qualitatively affect the existence of the corner modes,
provided such perturbations do not close the bulk or edge gap
of the system.

It is expected that our proposal above can be extended
to higher-dimensional systems for constructing static and
Floquet higher-order topological phases, which is left for
future studies. To this end, one may start with a Kronecker
sum of several 1D and/or 2D static or time-periodic Hamil-
tonian, then tune each of these Hamiltonian in its topologi-
cally nontrivial regime. By a similar mechanism elucidated in
Sec. III A, the resulting system is expected to host topological
corner and/or hinge states at its boundaries.

Finally, we demonstrated the capability of Floquet SOTT to
host arbitrarily many topological corner modes at quasienergy
zero and 7, which may find its potential applications in
quantum information processing (see, e.g., Refs. [71,74]). It
is expected that there are other interesting and unique features
of Floquet SOTI with no static analog that have not been
explored in this paper. Further exploration on the physics
of Floquet SOTI and higher-order topological phases is thus
imagined to be an interesting aspect to pursue in the future.

Note added. Recently we become aware of two recent
preprints [75,76] which also discuss a proposal for construct-
ing Floquet SOTI. These papers, however, used a similar
model as that introduced in Refs. [7,8], which does not admit
a Kronecker sum structure. As a result, while Floquet zero
and 7t corner modes can also coexist in such a model, it is not
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straightforward to find a parameter regime in which a desired
number of Floquet zero and 7 corner modes emerge.
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APPENDIX A: ANALYTICAL DERIVATION
OF TOPOLOGICAL CORNER MODES

In the following, we present a detailed derivation of the
analytical expressions for the topological corner modes pre-
sented in the main text, i.e., Egs. (2) and (13) for the static and
Floquet cases, respectively.

In the static case, due to Kronecker sum structure of the
Hamiltonian, we may write its eigenstates in the form of
[0x,vy) = |0x) ® |Oy), where |Ox) and |Oy) are, respectively,
zero energy solutions to H, and H, which satisfy H = H, @
H,. In particular, for the explicit model presented in the main
text, i.e., Eq. (1), we have

Ny
He =Y {lJe + (=1)'8J i + 1) (i + Hee.},
i=1
Ny
Hy = {lJy + (=184,11j + 1){(jl + He}. (Al

j=1

Both |0x) and |Oy) can then be constructed perturbatively
and iteratively as follows. We may start by guessing that
|0x=1) = |1) + [0%_,), which gives

H,|0x) = (Jy — 81,)[2) + H[0g)). (A2)
: : )\ _ _ J=8d, (2)
We continue by choosing [0,2,) = _WB) +1052,),
so that H, |0§(1i 1) cancels the first term of Eq. (A2) and replaces
it with a term o j‘;gf ,i.e.,
(Jy — 8J,)*
Hy[0x_1) = [4)+ Hi0ZL,). (A3

INTAEEYS)

Following the above step, we further choose |O§(zil) =
(2;—22’)2 I5) + |O§(3i1), which replaces the first term of Eq. (A3)
Jx—8Jy

. 2 .
with a term o ($757+) . This procedure can be repeated

indefinitely to obtain

N

7\ -1 7N+1
|0X:1>=Z<—%> |2i—1)+0([%] ) (A4)

i=1 * .

where J! = J, — 8J; and J, = J; + éJ,. In the topologically
nontrivial regime, i.e., J, < J, with a sufficiently long lat-
tice, the correction term to Eq. (A4) becomes very small and
|0x—1) provides a very good analytical approximation to the
zero energy solution to H,. Itis also evident from Eq. (A4) that
it is localized near one end of the lattice, whose localization

length depends on the ratio J: The same procedures can be
applied to find |Ox—n,+2), |0y_;), and |Oy=n,+2), so that by
recalling that [Ox y)) = |0x) ® |Oy), we readily obtain Eq. (2)
in the main text.

In the Floquet case, the tensor product structure of the
Floquet operator, i.e., Eq. (12), also allows the decomposition
of Floquet zero and w corner modes into O y)) = |[Ox) ®
|Oy) and |7(xy)) = |mx) ® |Oy), where |Ox) and |mx) are
quasienergy O and 7 solutions to Upy,,, whereas [Oy) is a
quasienergy O solution to Ug,. In particular, for the explicit
model studied in the main text, i.e., Eq. (10), H, is the same
static Hamiltonian considered before in Eq. (A1). As such, the
same |Oy) found above applies, and Eq. (13) in the main text
immediately follows.

APPENDIX B: RELATION BETWEEN THE
POLARIZATION AND CHIRAL WINDING NUMBER

Consider a chiral symmetric 1D Hamiltonian given by
H(k) = hy(k)oy + hy(k)oy. Its energy eigenvalues and eigen-

states can be easily found as Ey = =, /h? + h3 and

1 1
where tan & = Z—T The polarization Py is defined as
dk
Py = 2—m(i|3kli>
dk dé&
=P ——=. (B2)
4 dk

On the other hand, following Eq. (4) in the main text, we can
define the winding number for such a Hamiltonian as

1
=— @ h'oh
v 2 k

_ fﬁ dk d&

- J 2mdk’
where h = hy +ih, = |h|e®. By inspecting Egs. (B2) and
(B3), vy = 2Py easily follows.

(B3)
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