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We theoretically investigate the Floquet generation of second-order topological superconducting (SOTSC)
phase in the high-temperature platform both in two dimension (2D) and three dimension (3D). Starting from a
d-wave superconducting pairing gap, we periodically kick the mass term to engineer the dynamical SOTSC
phase within a specific range of the strength of the drive. Under such dynamical breaking of time-reversal
symmetry (TRS), we show the emergence of the weak SOTSC phase, harboring eight corner modes, i.e., two
zero-energy Majorana per corner, with vanishing Floquet quadrupole moment. On the other hand, our study
interestingly indicates that upon the introduction of an explicit TRS breaking Zeeman field, the weak SOTSC
phase can be transformed into strong SOTSC phase, hosting one zero-energy Majorana mode per corner, with
quantized quadrupole moment. We also compute the Floquet Wannier spectra that further establishes the weak
and strong nature of these phases. We numerically verify our protocol computing the exact Floquet operator in
open boundary condition and then analytically validate our findings with the low energy effective theory (in the
high-frequency limit). The above protocol is applicable for 3D as well as where we find one dimensional (1D)
hinge mode in the SOTSC phase. We then show that these corner modes are robust against moderate disorder and
the topological invariants continue to exhibit quantized nature until disorder becomes substantially strong. The
existence of zero-energy Majorana modes in these higher-order phases is guaranteed by the antiunitary spectral

symmetry.
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I. INTRODUCTION

The advent of topological superconductors (TSCs), harbor-
ing Majorana zero modes (MZMs) at their boundary, have
generated immense interest in the quantum condensed matter
community from both theoretical and experimental perspec-
tives in the last few years [1-5]. Due to the non-Abelian
statistics of the MZMs, they are proposed to be suitable can-
didates for the topological quantum computation [6,7]. There
have been multitudinous proposals based on heterostructure
setup of materials with strong spin-orbit coupling such as
topological insulator, semiconductor thin films, and nanowires
with the proximity induced superconductivity and Zeeman
field that provide an efficient platform to realize the MZMs
[8-12].

In recent times, the concept of conventional bulk-boundary
correspondence of topological phases in various topological
systems such as topological insulators (TIs), Dirac semimet-
als (DSMs), Weyl semimetals (WSMs), TSCs, etc. have
been generalized to higher-order topological (HOT) phases
[13-43]. To be precise, an nth order d-dimensional TI/TSC
exhibits gapless modes on their (d — n)-dimensional bound-
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ary (n < d). In particular, a 3D second (third) order TIs/TSCs
are characterized by the presence of one (zero)-dimensional
hinge (corner) modes, whereas 2D second order topological
insulators (SOTIs)/SOTSCs exhibit zero-dimensional (0D)
corner modes only. There have been a few experimental pro-
posals to realize 2D SOTIs hosting corner modes, based on
acoustic materials [44], photonic crystals [45,46], and electri-
cal circuit [47] setups.

Given the growing interest of the research community in
this field, the nonequilibrium Floquet engineering emerges
as a fertile hunch to generate the dynamical analog of
the HOT phases. It has been shown that a trivial phase
can be made topologically nontrivial with suitable peri-
odic driving [48-54]. The time translational symmetry of
the problem causes the Floquet topological phase to host
dissipationless dynamical topological boundary modes. The
resulting bulk-boundary correspondence here becomes in-
triguing in the presence of the extra-temporal dimension. This
nonequilibrium version of generating topological phase have
been applied to HOTIs/HOTSC:s resulting in Floquet HOTIs
(FHOTTSs) [55-72]. However, the search for Floquet HOTSCs
(FHOTSC) is still at its initial stage [59,61,70,73,74] even
from a theoretical point of view.

In a very recent work, we show that the Floquet SOTSC
phase can be engineered by kicking the time-reversal symme-
try (TRS) breaking perturbation while the underlying static,
s-wave proximitized parent system is in a trivial phase [70]. In
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this paper, we aim to generate Floquet SOTSC phase, hosting
MZMs at the corner (hinges) for a 2D (3D) system, by suitably
tuning some other parameter of the underlying first order TI
such as the onsite mass term. Given the recent experimental
advancements in Floquet systems based on solid state systems
[75], metamaterials [52,53,76-78], we believe that our ques-
tion regarding the Floquet generation of MZMs in HOTSC
phase is timely and pertinent. More importantly, the kicking
of the onsite term has been able to demonstrate a variety of
interesting theoretical observation such as Floquet topological
insulator and superconductor [51,58,79,80] dynamical local-
ization [81,82], survival probability of initial state [83,84],
and thus motivates us to consider the onsite mass kicking
dynamical protocol in order to obtain the desired outcome.
However, the dynamical manipulation of mass term is yet to
be experimentally realized. Moreover, the 2D TIs have been
experimentally realized at high-temperature 100 K [85,86],
paving the way to explore the high-temperature platform of
MZMs.

To investigate the above mentioned possibility, we begin
with a 2D TI in close proximity to a d-wave superconductor
with unconventional pairing. Here, we consider the exter-
nal drive to be periodically kicking the onsite mass term of
the first order TI. This results in a weak Floquet SOTSC
(FSOTSC) phase where two MZMs are localized at each
corner of the 2D sample. Here the TRS is dynamically broken
in the effective Floquet Hamiltonian. Remarkably, this degen-
eracy of two Majorana corner modes (MCMs) per corner can
be lifted by incorporating an explicit TRS broken Zeeman
field leading to a strong FSOTSC phase with one MZM per
corner. We numerically study the exact Floquet operator to
obtain the above mentioned results that are further verified
by the low energy effective theory in the high-frequency ap-
proximation. We characterize the topological nature of these
phases by the appropriate topological invariants as Floquet
quadrupole moment (FQM) and Floquet Wannier spectra
(FWS). We then extend our proposal to 3D where also we find
the weak (strong) FSOTSC phase in the absence (presence) of
a homogeneous Zeeman field. Here, the corresponding HOT
phase hosts 1D Majorana hinge modes (MHMs). Further-
more, we investigate the effect of disorder on these Majorana
corner modes (MCMs), and we find that these modes are
robust against moderate disorder strength. The existence of
the MZMs are protected by antiunitary spectral symmetry in
all of the above cases.

The remainder of the paper is organized as follows. In
Sec. II, we introduce our model and the driving protocol. We
illustrate the emergence of Floquet MCMs in the local density
of states (LDOS) behavior. We resort to low energy edge
theory to understand the emergence of the corner mode so-
lutions. First, we solve these edge Hamiltonians to derive the
corner mode solution. We characterize the MCMs using FQM
and FWS. In Sec. III, we provide a protocol to generate 3D
FSOTSC. We show the appearance of MHMs in rod geometry.
We use low energy surface theory to confirm the existence of
these hinge modes. Then we provide the analytical solutions
for the hinge modes by solving the surface Hamiltonian. In
Sec. IV, we study the effect of disorder on MZMs and show
that they are robust against a finite amount of disorder. Finally
in Sec. V, we summarize and conclude our results.
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FIG. 1. Schematic of our setup is demonstrated in the presence
of a periodic kick (yellow, light gray) in the mass term as an external
drive. Here, a 2D TI (violet, dark gray) is placed in close proximity
to a bulk high-temperature d-wave superconductor (cyan, light gray).
MCMs are shown by circular dots (gray) at the four corners of the 2D
sample and the four edges of the TI are denoted by I, II, III, IV.

II. MAJORANA CORNER MODES IN 2D

In this section, we discuss in detail the model Hamiltonian
of our setup along with the driving protocol, the emergence of
Floquet MCMs by numerically computing the exact Floquet
evolution operator, low energy effective edge theory in the
high-frequency regime and analytical understanding of the
MCMs solutions therein.

A. Model Hamiltonian and driving protocol
1. Model

We consider the model of a 2D TI proximitized with
d-wave superconductivity on a square lattice [23]. This
is schematically shown in Fig. 1. The experimental
realization of high-temperature 2D TI allows us to consider
proximity induced high-temperature superconductor [85,86].
It acquires the following form while written in Bogoliubov-de
Gennes (BdG) basis Hggg = % Dk \IJE’HO(k)\IIk, with Wy =

& T
(Ck,aT» C.Lk’qu Ck,al» Cik,ai’ Ck,bt s Cik,bT’ Ck,b|» Cik,bi) and
Ho(K), is given by

Ho(k) = e(RK)I"y + Ay sink, s + Ay sink, I's + A(K)I4
+B,I's = N(k) - T. D

Here, 1., and A,, represent the nearest-neighbor
hopping and spin-orbit coupling, respectively, €(k) =
(mo — ty cosk, —t,cosk,), A(k) = Ag(cosk, — cos k)
is the d-wave superconducting pairing term, and my is the
crystal-field splitting energy. In Eq. (1), '} = 0,7, T2 = 0,5,
I's = oy7;, 'y = 5,7y, and I's = s, 7;. The three Pauli matrices
o, s, and T act on orbital (a, b), spin (1, | ), and particle-hole
degrees of freedom, respectively. When B, = 0, the system
respects TRS, i.e., T 'Ho(k)T = Ho(—k) with T = isyIC,
K being the complex-conjugation operator. The Hamiltonian
continues to preserve the particle-hole symmetry (PHS)
C'"Ho(k)C = —Ho(=k) with C = 7, K for B, # 0. Below
we discuss the properties of our model at length.

First, we discuss the topological nature associated with
the Hamiltonian [Eq. (1)] for A(k) =0 and B, = 0. This
model supports topological phase, hosting gapless helical
edge modes, when |mg| <, +1t,. For |mg| >t +1, the
model becomes trivially gapped. Upon the introduction of
d-wave pairing only, i.e., A(k) # 0 and B, = 0, the 1D mass-
less Dirac fermions representing the edge modes of TI phase,
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become gapped by the induced unconventional superconduct-
ing pairing. However, the specific nature of pairing symmetry
causes the Dirac mass to change signs at the corners. This
in turn generates MCMs, a signature of SOTSC phase for
TRS invariant TSC system, as domain-wall excitations when
|mo| < t; + t,. Here, one can observe Majorana Kramers pairs
(MKPs) (i.e., two Majoranas per corner are time-reversal part-
ners of each other) pinned at zero energy which are protected
by the TRS. When |my| > t, + t,, the underlying TI becomes
nontopological and d-wave pairing cannot lead to MKPs any-
more as the system becomes gapped. Now, in the presence
of TRS breaking Zeeman field B, # 0, the degeneracy of
MKPs can be lifted by destroying one mode in the pair at
the corner. Therefore, the Hamiltonian supports MZMs with
one Majorana per corner for A(k) # 0 and B, # 0 while
|mg| < t; + t,. The magnetic field allows us to tune the bulk
gap which is introduced by the superconducting order param-
eter A(k). Given this background, it would be interesting to
study the emergence of MCMs starting from the underlying
nontopological phase |mg| > f, +t, by periodically kicking
the mass with a finite amplitude and frequency.

2. Driving protocol and Floquet operator

Here we introduce our driving protocol in the form of
periodic kick in the mass term as discussed before

with r being an integer. This driving protocol allows one to
write the exact Floquet operator in the following way using
the time ordered (TO) notation as

T
U(T)=TOexp |:—i/ dt(Ho(k) + m(t)l"l)]
0

= exp(—iHo(K)T) exp(—imI'y). 3

Here, T and m; are the period and amplitude of the drive,
respectively. The above decomposition essentially means that
the system is freely evolved between two subsequent kicks.
The Floquet operator U (T") can be written in a more compact
form as follows

5
U(T) = Cr(p—iql) —iSr Y _ (T +mTn),  (4)
j=1

where Cr = cos(|N(k)|T), St = sin(IN(K)|T), p = cosmy,
N;(k)cosm __ Nj(k)sinm _
L= , and I'j =

g=smn, ;= ""xaor 0 M= TN

00 %[Fj, '] with j =2, 3,4, 5. One can thus obtain the general
m(t) = my Z 8@t —rT), 2) form of the effective Hamiltonian as
r=1 |
£ 5 5
Hpy = Sm;‘kT |:Sin(|N(k)|T)cosm| ;rﬁj + cos(IN(K)|T) sinm; T'y 4 sin(IN(K)|T) sin jz:;rjrﬂ}, (5)

with & = %cos’1 [cos(IN(K)|T)cosmy], rj = % In the
high-frequency limit, i.e., 7 — 0 and small amplitude of
drive, i.e., m; — 0, one can neglect the higher order terms
in T and m;. Thus, the effective Hamiltonian in that limit
reads as
Hpyq = Ho(k) + 7F1 +my X;rjrjl- (6)
j=

In Eq. (6), terms associated with I'";; are originated due to
the driving and not present in the static Hamiltonian [Eq. (1)].
It is noteworthy that these extra r;I";; terms break TRS 7 in
the system. Consequently, the above Hamiltonian breaks TRS
T even when B, = 0. This reflects the fact that the TRS can be
broken dynamically by mass kicking while the static pertur-
bation respects the TRS. Therefore, it would be important to
study the effect of these terms in the dynamics with and with-
out the magnetic field. The former situation can be referred to
as the explicit breaking of TRS while the latter is related to
the dynamical breaking of TRS. At the outset, we would like
to comment from Eq. (6) that the mass term gets renormalized
by the driving mo — mg + m; /T . Therefore, the topological
phase boundary thus got renormalized. Hence, MCMs can
be found when [mg+m;/T| < t, +1t, with A(k) # 0 and
B, # 0. Similar to the static case, here also for the Floquet
case the magnetic field allows us to tune the bulk gap which

(

is introduced by the superconducting order parameter A (k).
This would lead to analytical handling which we describe
below in terms of the low energy effective model. In the pres-
ence of A, interestingly, we find Hgyq continues to preserve the
antiunitary PHS generated by C. This antiunitary symmetry is
essential to localize the MCMs at zero energy associated with
the effective Hamiltonian [Eq. (6)]. Here, we would like to
emphasize that we make use of the high-frequency Hamilto-
nian [Eq. (6)] only to corroborate the existence of the dressed
corner modes which we obtain from the exact diagonalization
of the Floquet operator U (T) [Eq. (3)] (see Fig. 1).

B. Floquet corner mode

Having established the possible route to an analytical un-
derstanding of the emergence of MZMs, we here numerically
show their existence in the 2D FSOTSC phase that is char-
acterized by the presence of Floquet MCMs. To be precise,
we find the signature of dynamical MCMs that appear in the
Floquet LDOS as shown in Fig. 2. We know U(T)|¢,) =
exp(—iumT)|pn), where |¢,) is the Floquet quasienergy
states corresponding to the Floquet quasienergy u,,. To cal-
culate the LDOS, we numerically diagonalize the Floquet
operator U(T) [in Eq. (3)] in the open boundary condition
(OBC). Here, we consider the Floquet eigenmodes |¢,,)’s as-
sociated with p,,, ~ 0 (within numerical accuracy) to compute
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FIG. 2. (a) The behavior of LDOS, associated with the
MCMs at wu,, =0, is demonstrated for B, =0 considering
finite geometry. The inset exhibits the Floquet quasienergy
spectrum u,, as a function of m where eight MZMs are
observed. Here, Ly =L, =25,t, =t, = A, = A, = 1.0, my = 2.5,
A =0.6,m =—-04,T =0.419. (b) LDOS in finite geometry and
eigenvalue spectrum (inset) are depicted for B, = 0.3. Here four
MZMs appear at quasienergy p,, = 0. The number of MCMs at
m = 0 can be reduced to half upon the introduction of the Zeeman
field.

the LDOS of these zero-energy states. These MCMs can be
easily distinguished from the gapped bulk modes. Note that
the 2D SOTSC phase hosting MCMs has been very recently
studied in static [23,31,32,36] and Floquet driven [61,70]
cases with different driving protocols.

We consider two cases: In the first case, we set the
amplitude of the in-plane magnetic field, By = 0, and the
corresponding LDOS is shown in Fig. 2(a). One can identify
from the inset of Fig. 2(a) that there exist eight MCMs, i.e.,
two MZMs per corner. While for B, # 0, we obtain four
MCMs, i.e., one MZM per corner as depicted in the inset of
Fig. 2(b). One can thus infer from Fig. 2(a) that two MZMs
sharing the same corner annihilate each other to give rise to
an electronic corner mode which may lead to a weak FSOTSC
phase. Interestingly, in Fig. 2(b) the applied in-plane magnetic
field yields only one MZM per corner carrying a signature
of strong FSOTSC phase [70]. Moreover, the localization
properties of these MCMs are significantly modified with the
introduction of the Zeeman field. From the weight structure of
MCMs as observed in LDOS, it is evident that the localization
length remains the same in the x and y direction for B, = 0.
Finite B, breaks this symmetry of localization length and the
weight becomes less along the y direction as compared to the x
direction. The introduction of By, instead of B, does not change
these properties. We discuss more regarding this in the latter
part of the paper.

C. Low energy edge theory

Here, we turn ourselves to the low energy edge theory to
corroborate the findings of the MCMs. We begin by expanding
the effective Hamiltonian in the high-frequency limit [Eq. (6)]
around the I' = (0, 0) point as

;oo byo
Hpyg,r ~ (m - Ek" - Eky)rl + Ak Ty + Ak, T3

A
— S0 = K)Ta+ Bl + 0T+ kT

mpA
+ mydyk, T3y — 1T(k§ — k)T, )

where m' = (mg —t, —ty), I = —0ys,7;, I'31 =0y, and
I'4y; = o,s,7,. For a demonstrative example, we present the
analytical solution for edge-I. We consider here the open
(periodic) boundary condition along the x (y) direction. We
rewrite Hpyqr = Ho(—19,) + H,(—id,, k,) by replacing k, —
—i0, and neglecting k\z, term. We thus obtain

t
Hy = (m — 5"&9§)r1 — a0, T,
A, _
Hp = Ayk),F3 + 38)( F4 + BxFS - zmlkxax le
mlA 2
+myAk, 31 + T8X 4. (8)

Here, we consider the pairing amplitude A and the amplitude
of the in-plane magnetic field B, to be small and treat them as
small perturbation [23,32,70]. The mass term m = (m’ + %)
is considered to be less than zero. Assuming W to be the zero-
energy eigenstate of Hy and following the boundary condition
Y(x =0) = ¥(x = o0) = 0, we obtain

W, = |IN;2e X sin Kox eV @, )
4K (3 +K3
where K; = 2, K, = V|2 = K3, IV, = l(lc,2+ D and
« n z
®, is an eight-component spinor satisfying 0,5, 7, ®, = — Dy

Our chosen basis reads

Q) =loy=4+1)Qls: =+1) ® |, = —1),
Py =]oy,=-1)QIs;, =+1) ® |, = +1), 10
Q3=loy=—-1)QIs: =—-1)® |, = —1),
Cy=loy=4+1)®[s; =—-1) Q1. =+1).

The matrix element of H), in this basis can be written as
o0
Hi% = / dx Wi (0OH,(—id,, k)Wp(x). (1)
0
Thus, we obtain the effective Hamiltonian for the edge-I as

H™ = 3 kys. + Mys,t,, (12)

where M| = |”’t—A |. Similarly, for edge-II, III, and IV, one can
obtain the effective Hamiltonian as

Edge

HII = Axkxsz — MnSy‘L’y — BXSX‘L'z7
Edge

Hy =" = —Akys; + Mmsy Ty, (13)
Edge __ k

Hy™ = Ackys, — MiysyTy, — BysiT,.

where My = |”;—A|, My = M, and My = My. Therefore, the
X
low energy effective Hamiltonian written in the edge coordi-

nate j is given by the compact form as

H = —id(j)s:0; + M(j)syty — B()s,Tz. (14)

with () = {_)"yv Axs _)‘yv Ax}s M(j) = {My, —My,
My, —Myy}, and B(j) = {0, B, 0, B,}. Note that one can
consider By, instead of B,; however, the above results do not
change qualitatively. Now to proceed further we study two
cases.

085413-4



FLOQUET SECOND ORDER TOPOLOGICAL ...

PHYSICAL REVIEW B 103, 085413 (2021)

1. Casel: B, =0
First, we turn off the in-plane magnetic field B,. The edge

Hamiltonian HjEdge can be decomposed into two independent
blocks as

H® = Hyoy @ Hye (15)
where

He— 1 = —iA(j)s:0; + M(j)sy,
H.— = —ir(j)s;0; — M(j)sy. (16)

We obtain domain walls for both these blocks 7, = &1 as
the mass term M (j) changes its sign between two adjacent
edges; from edge-I, III to edge-1II, IV. In terms of the sys-
tem parameters the Dirac mass changes from I’”A | to — |";A l.
Consequently, one finds two MZMs per corner [see Fig. 2(a)];
each block is giving rise to one MZM per corner. Therefore,
one finds the origin of MCMs at each corner as obtained from
the above low-energy edge theory. The dynamical breaking of
TRS is only thus able to generate a weak FSOTSC phase (see
text for discussion).

2. Casell: B, #0

Incorporating the Zeeman field B, # 0, in 1, = s, sub-
space, the last term in Eq. (14) can be written as B(j)s,t, —
FB(j)sy for the 7, = %1 block. The edge Hamiltonian
Hfdge =H;_,1 ® H, —_, thus takes the following form upon

decomposing into two independent blocks as
Hy— 1 = —iA(j)s;0; 4+ D(j)sy,
Hy— | = —iA(j)s;9; — D'(j)sy. a7

with D(j) = {Dy, Dy, Dii, Div} = M(j) + B(j) and D'(j) =
{D{, Dy, Dy, Dy} = M(j) — B(j). Hence, one can eventu-
ally obtain two decoupled diagonal blocks with Dirac masses

in different edges as Dy = | | Dy = |@| + By, Dip =
A A A

|”;.x |9 and DIV__|”; |+BX9 D;_Dh D{[: |L|_ X

Dy = D, and Dy, = —|”;—A| — B,.. Therefore, we observe

that B, can change the gap along edge-II and IV leaving edge-1
and III unaltered for both of these blocks. It is now quite
evident from Eq. (17) that B, = |%%| (B, = —|%2|) refers
to a special situation where edge-II and IV become gapless
for the 7, = +1 (r, = —1) block. This is in sharp contrast to
the edge Hamiltonian without magnetic field as described in
Eq. (16) where all four edges are massive. In the present case
with magnetic field B, = |%| (B, = —|%|), the remaining
two edges become massive for the 7, = +1 (r, = —1) block.
We consider only positive values of By, and due to that reason
we investigate two instances where B, > |’”A| and B, < |’”A|

When we consider B, > |”’A [, D'(j) changes its sign from
edge-1 (II) to edge-II (IV) whlle D(j) remains positive in
all four edges. Therefore, 7, = +1 block becomes inactive
and remains always massive while 7, = —1, being the only
active block, can lead to Jackie-Rebbi localized MCMs at zero
quasienergy. One can thus observe one MZM per corner as
depicted in Fig. 2(b). On the other hand, for B, < |% |, both
the blocks turn out to be active, i.e., mass changes its sign
between two adjacent edges. Hence the MZMs are supported

by both of these blocks. This would result in two MZMs per
corner similar to the LDOS as shown in Fig. 2(a). Therefore,
the explicit breaking of TRS by applying the magnetic field
appears to be more efficient to obtain the FSOTSC phase as
both weak (two MZM per corner) and strong (one MZM per
corner) phases can be explored simultaneously. By contrast,
the dynamical breaking of TRS without applying the magnetic
field only allows us to explore the weak FSOTSC phase. We
explain these phases more elaborately while discussing the
topological invariants.

D. Corner mode solution
1. Casel: B, =0

To obtain the analytical solution of the MCMs, residing
at the intersection between edge-I and II, we solve the corre-
sponding edge Hamiltonians for the zero-energy solution. At
edge-I, we assume a solution of the form

We ~ e (ay, a, a3, a3)" . (18)

Here, T denotes the transpose. The eigenvalue equation for
W acquires the following form

—l)\.y%_ 0 0 —MI ap
0 —l')»yf;: MI 0 as _
0 M] i)n);%' 0 as =0. (19)
—M, 0 0 iME/ \as
The secular equation for W then reads
—irE 0 0 —M
0 —iME M 0 _
det 0 M i3 0 =0. (20)
—M, 0 0 A&
Solving Eq. (20), we find four solutions for £ as
My My My M,
é—{——‘ ——‘,—‘,—‘}. @1
Ay Ay Ay Ay

Given the fact that W must vanish at y — oo, there-
fore, we obtain two linearly independent solutions for edge-I,
o' = (1,1,i,—i)" and &% = (1, —1, —i, —i)T. Thus, ¥
can be expanded as

My " _ My
We~are 0! + pre ok (22)

Here, o1 and By are the normalization factors for edge-1. Sim-
ilarly, for edge-II with oy and By being the normalization
factors, we obtain

My My
BT My o
We~age = @ + Bre P, (23)

where @' = (1, 1,7, —i)T and ®L% = (1, -1, —i, —)'.
Considering the wave function W¢ to be continuous at the
interface, i.e., at x = y = 0, we obtain oy = oy = « and f; =
B = B. Hence, the wave function for the MCMs becomes

+ B e*%ycbl,z

M,
Ye~ae %")(I)I’l : edge-I,

We~ae” M@“ + ,Be_7”d>12 cedge-11.  (24)

The localization length in the x (y) direction becomes
Ax/Mu (Ay/My). This clearly suggests that localization lengths
of MCMs are dependent on the strength of hopping, spin-orbit
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coupling, mass, and proximity induced superconducting gap
function. In the present case, choice of t, =1, and A, = A,
leads to the fact that localization length becomes uniform
in the x and y direction as observed in the Floquet LDOS
[see Fig. 2(a)]. More importantly, one can observe that there
exist two MZMs at each corner corroborating our numerical
findings as shown in the inset of Fig. 2(a). The presence of two
MCMs suggests that they would annihilate each other leaving
an electronic state at the corner. The dynamical breaking of
TRS thus leads to a weak FSOTSC phase as each corner is
occupied by two MCMs.

2. Casell: B, #0

Here we investigate the solutions for the MCMs in the pres-
ence of B,. To begin with, we assume B, > My. We proceed
as before and obtain the following solutions for edge-I and
IT as

M M
o YHh1 “nYel2
We~are P + Pre D
Bx—Myy Bx+Myg
— = x 101 ——= X
\I’C ~ oy e hx d)c + ﬁ[[ e hx

: edge-1,

L7 @ edge-I, (25)

where d¢! = (1,1, )T, oL = (1, -1, —i, —)T, ol =
(1, —1,i,i)7,and % = (1, 1, i, —i)" . Upon matching W at
the boundary, we obtain o = By = o and f; = oy = 0. The
final solution becomes

M
Ve ~ae 'M'y@él : edge-1,

By+M,
2y 211

Ye~ae = "Pp : edge-II. (26)

In this case, the localization lengths are given by A,/(By +
M) (Ay/My) along the x (y) direction. Thus the MCMs decay
differently along the two directions into the bulk. This is also
evident from the Floquet LDOS where localization of MZMs
at the corners are stronger in the y direction as compared
to the x direction [see Fig. 2(b)]. Moreover, there exists one
MCM per corner, as shown in the inset of Fig. 2(b). The
presence of one MCM suggests that it corresponds to a strong
FSOTSC phase when B, # 0. This phase cannot be realized
in the presence of only a periodic kick drive, i.e., when TRS
is broken dynamically.

Furthermore, when B, < My, we continue to obtain two
MZMs per corner like the previous case with B, = 0, except
for the modification in localization length that is modulated
by B,. The final solution for this case reads

M, M,
Yo ~ « eiﬁyd)él + B eiT;yQJIC’Z : edge-I,

_ BetMy _ My —Bx
"IJC ~ e Ax XqDICl + IB e Ax x(I)IC’,Z

s edge-1I. (27)

Therefore, the incorporation of Zeeman field allows one to
explore both the weak and strong phases depending on the
values of B,.

E. Topological characterization of MCMs

Having understood the wave functions associated with the
MCMs, we would now like to characterize these FSOTSC
phases with appropriate topological invariants. We compute
two invariants, namely FWS and FQM, to identify the under-
lying topological nature of these MCMs. For the calculation

O o ..o} —0.8 05
b (@
Vglq 03 15(-);;_;60 170 -0.6
05 mq
-0.4
| —0.2 0
T 160 4y 170 10 12,14 16

FIG. 3. (a) Floquet Wannier spectrum (FWS) is demonstrated for
B, = 0 and the inset manifests the same for B, = 0.3. The values of
all other parameters remain the same as in Fig. 2. Connecting with
Fig. 2, we can comment that eight (four) MCMs correspond to four
(two) FWS quantized at 0.5. We refer the phase with eight and four
MCMs as weak and strong FSOTSC phases, respectively. (b) Floquet
quadrupole moment (FQM), which is only quantized at 0.5 for the
strong FSOTSC phase, is demonstrated in the m;-w plane where
my and w are the amplitude of the drive and the driving frequency,
respectively.

of FWS, we construct the Wilson loop operator [14] as

Wr = Fe kv v—Dak, - - Fekrak Fookes (28)
with [Fy i1, = (Puitak|Pmi, ), where Ak, =27 /N, [N,

being the nrr{llmber of discrete points considered inside the
Brillouin zone (BZ) along k] and |¢,, ) is the mth occupied
Floquet quasistate in the semi-infinite geometry (consider-
ing periodic boundary condition (PBC) and open boundary
condition (OBC) along the x and y direction, respectively).
One can obtain |¢,, ;) by diagonalizing the effective Floquet
Hamiltonian in the high-frequency limit [Eq. (6)]. Thus we
obtain the Wannier Hamiltonian as

Myl = —ilnW,, (29)

whose eigenvalues 27 vflq correspond to the FWS. Similarly,
one can find v;,: la by considering PBC (OBC) along the y (x)
direction.

The quantized nature of Wannier spectra at 0.5 character-
izes the SOTSC phase in our case. In the FSOTSC phase, one
expects to obtain a quantized value pinned at 0.5 similar to the
static counterpart. In the first case for B, = 0, we obtain four
eigenvalues at 0.5 as shown in Fig. 3(a), whereas for B, # 0,
one obtains such two eigenvalues only by diagonalizing i
[see the inset of Fig. 3(a)]. One can thus identify the FSOTSC
phase, hosting two MCMs per corner in the absence of the
Zeeman field (B, = 0), as the weak phase where there exist
two pairs of FWS quantized at 0.5. On the other hand, in the
presence of the Zeeman field (B, # 0), the FSOTSC phase
becomes a strong one where a single MZM is localized per
corner, leading to a single pair of FWS quantized at 0.5.
Therefore, one can directly correlate the wave function of
MZMs at the corner with the topological signature of the
invariant FWS. In this way, we can distinguish between the
strong and weak FSOTSC phases that are, respectively, asso-
ciated with two and four FWS eigenvalues stabilized at 0.5.

In order to calculate the FQM, being another in-
variant for the quantification of the topological phases,
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we numerically diagonalize the exact Floquet operator
[Eq. (3)]. We then construct the Floquet many-body
ground state Wop by columnwise marshalling the quasis-
tates according to their quasienergy —w/2 < py, < 0: Wop =
3 s o 16m) (] [56.62]. Now 05(r) can be defined, con-
sidering the geometrical number operator g, = A(r)xy/L?
with 7i(r) being the number operator at r = (x, y), as follows

0™ = Re [— %Tr <1n (Wi pexp [2mi Z G (1] %,F))] .
(30)

For B, # 0, we obtain Q5% = mod(Q, 1) = 0.5. On the
other hand, when B, = 0, ng turns out to be zero, depict-
ing weak topological nature of the phase. Therefore, similar
to the FWS, we here also find finite (vanishing) FQM for
strong (weak) FSOTSC phases. We then explore the dynamic
FSOTSC phase for a range of the driving frequency w and
the driving amplitude m; where ng = 0.5. This is shown
in Fig. 3(b). This clearly suggests that the emergent strong
phase is indeed an outcome of nonequilibrium dynamics as the
underlying static model remains in a nontopological phase.

III. MAJORANA HINGE MODES IN 3d

In this section we generalize our earlier findings of
FSOTSC phase in the case of 3D.

A. Model Hamiltonian and driving protocol
1. Model

In 3D, we begin by writing down the Hamiltonian
in the Bogoliubov-de Gennes (BdG) form as Hgac =
S UIHEP (O, with Wi = (crat —€L g0y Chals €y ars

Ck bt s —cT_k,bi, Ck.b)s cT_k,bT)T, and H3P (k) is given by
HP = e(K)Ty + A, sink, [ + Ay sink, T3 + A, sink, Ty
+ A(K)Ts + B, + B,T; + B.I's = N(k) - T,
(31

where e(k) = (mg — t, cos k, — t,cosk, — 1, cosk;), A(k) =
A(cosk, —cosky) and 'y = 0,1, 2 = oy, 7, '3 = 0487,
[y = 0ys.7;, I's = 14, ['s = 8¢, ['7 = 5y, and I's = 5. Similar
to the Hamiltonian [Eq. (1)] in the 2D case, H3P respects
both TRS 7 = is,kC and PHS C = s,7,K in the absence of
Zeeman field, i.e., B, = By = B, = 0. In the absence of the
superconducting term A(k) = 0, the model supports zero-
energy surface states for |mg| < t, + t, + 1. While for [mg| >

J

t, +t, +t,, the models becomes nontopological (trivial band
insulator). This model thus supports the first order topological
phase in the absence of A(k). Interestingly, the model be-
comes a PHS protected SOTSC, hosting MKPs at the hinges
along the z direction, in the presence of A(k) when |mg| <
ty + ty + t.. In the case of the 2D system [Eq. (1)], the SOTSC
phase supports MCMs; here for the 3D system [Eq. (31)],
it hosts Majorana hinge modes (MHMs). Upon breaking
TRS by introducing magnetic field B, # 0, the degeneracy of
MKPs gets lifted and there exists only one MZM per hinge.
We note that B, does the same job as done by B,. In contrast,
B, is not able to lift the degeneracy of MKPs. In general, the
MHMs are observed along the ¢ direction when the SC or-
der has the form A(k) = cosk, — cosk, witha, b, c = x, y, z.
The MKPs along the hinges in the ¢ direction remain unaf-
fected by the magnetic field B.. On the other hand, for |mg| >
ty + ty + 1., the system continues to remain in the nontopo-
logical phases even with A(k) # 0 and B, # 0. Therefore, it
would be interesting to study the generation of the FSOTSC
phase in the presence of A by kicking the mass term while the
underlying static system remains in a nontopological phase.
Our aim is to generate the Floquet MHMs (FMHMs) and their
topological characterization in 3D geometry.

2. Driving protocol and Floquet operator

We consider the same driving protocol in the form of peri-
odic kick as followed in the 2D case where

m(t) = m Za(r —rT). (32)

r=I1

Here, T is the period of the drive and m, is the amplitude of
the drive. With the periodic kick [see Eq. (32)], the Floquet
operator reads

T
U(T) = TOexp [—i/ dt (1P (k) + m(t)Fl)]
0

= exp(—iH;P(K)T) exp(—imTy). (33)
We can cast the Floquet operator U(T') in a more compact
form as
8
U(T) = Cr(p—iqly) —iSr Y _ (T +m;Tj1), (34)
j=1
where Cr = cos(IN(K)|T"), St = sin([N(K)|T), p = cosm;,
s ~__ Nj(k)cosm - __ Nj(k)sinm, d T =
q=smm, nj=""gyr > ™= TN o ad i =

zii[Fj, ['Jwith j =2,3,4,5,6,7, 8. One can find the general
form of the effective Hamiltonian as

8 8
Hpyq = Sin‘fg - |:sin(|N(k)|T)cosm1 > 7T+ cos(IN(K)|T) sinmy Ty + sin(IN(K)|T) sin errﬂ}, (35)
k , .
J=1 Jj=2
with & = %cos’1 [cos(IN(K)|T)cosmy], r; = % In the high-frequency limit, i.e., 7 — 0 and m; — 0, neglecting the higher

order terms in 7" and m;, we find the effective Hamiltonian as

8

my
Hrig ~ Ho(K) + =T +mi ) _riTj. (36)

j=2
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FIG. 4. (a) The LDOS associated with the MZMs clearly exhibits
the emergence of the 1D Floquet MHMs in finite geometry. The
LDOS structure remains qualitatively invariant in the presence of
an in-plane Zeeman field. We choose the other parameter values as
ty=t, =1, =20, A, =1, =i, =10, my =55 m =-0.3, and
T = 0.393. (b) The Floquet quasienergy spectra is shown for the
3D FSOTSC in real space without the Zeeman field. There exist
eight MHM s (due to the finite size effect, these modes do not appear
exactly at zero energy) referring to the fact that this is a weak phase
where each hinge is occupied by two MZMs. The finite-size effect
is investigated in the inset I1 showing the gap as an exponentially
falling function of the system size in one real space direction as Ag ~
Bexp(—aL) with o = 0.127283 and B = 0.769069. With Zeeman
field B, = 0.4, we depict (inset 12) the emergence of four MHMs,
i.e., one MZM per hinge. The Zeeman field can thus transform a
weak FSOTSC to a strong FSOTSC phase.

In Eq. (36), terms associated with I'j; are the new terms
generated by the drive. Note that these new terms break TRS
T present in the static Hamiltonian, although Hryq continues
to preserve the antiunitary PHS C. Similar to the 2D case as
described by Eq. (6), here also the extra terms r;I";; break the
TRS of the model even when B, = B, = B, = 0. The Hamil-
tonian [Eq. (36)] shares similar characteristics as shown by the
2D Hamiltonian [Eq. (6)]. Here also the mass term is renor-
malized to my — (mo+ m;/T) and the topological phase
boundary becomes accordingly modified. The dynamical (ex-
plicit) breaking of TRS would lead to an interesting study as
far as the weak (strong) FSOTSC phases are concerned. As
noted in the static case, the in-plane Zeeman field B, or By
can lead to an interesting effect for the Floquet case also.

B. Floquet Majorana hinge mode

Here, we numerically diagonalize the Floquet operator
[Eq. (33)] in real space geometry to manifest the signature
of the 1D propagating MHMs along the z direction in the
LDOS spectrum. Like before, we consider two cases. When
the Zeeman field B = 0, we obtain eight eigenvalues close to
zero energy like the 2D case as shown in Fig. 4(b). However,
when we incorporate B, # 0 or B, # 0, we obtain four modes
near zero energy [see Fig. 4(b)I2]. Interestingly, the transverse
magnetic field B, does not give rise to these kinds of phe-
nomena. However, the finite-size effect is very prominent here
that we depict in the inset I1 of Fig. 4(b). The finite-size gap
A¢ vanishes exponentially with L: Ag ~ fexp(—aL). This
ensures the fact that MHMs are indeed zero-energy FSOTSC
states in 3D. We show the LDOS explicitly in Fig. 4(a) where
one can observe that a finite spectral weight is uniformly
distributed over the four hinges of the 3D cubic system.

C. Low energy surface theory

We here investigate the low-energy theory for the 3D case
to search for the existence of the hinge states, originated due
to the periodically kicked mass term, in the underlying static
Hamiltonian [Eq. (31)]. For simplicity we choose t, =1, =
t; =t and A, = A, = A, = A. We expand the high-frequency
effective Hamiltonian [Eq. (36)] around the I' = (0, 0, 0)
point and obtain

= (' + 28§+ 23§+ 23 )+ ks
A
2T+ 1Ty = o (K = k)Ts + %rl

+myAk Do + mydk, Uz + mydk, Ty

m A
12 (k2 — kf)rﬂ + B I'¢ + B,I'7 + B.T's,
37)
where m’ = (mg — 3t) and I'y; = —oysy, I'31 = —0ysy, [ag =
—o,s;, and I's; = —o,7,. We choose a surface perpendicular

to the xy plane, with a deviation from the yz plane by an angle
6. In order to cast the above equations in a convenient form
we translate to a rotated frame defined by k; = —sin6 k, +
cos® ky, ko =k, and k3 = cos 6 k, + sin0 k,. This rotation
transforms x, y, z — y, z, x for & = 0 while for 6 = 7 /2,
X, y, Z—> —X, z, ¥. We now consider OBC in the x3 direc-
tion and replace k3 — —id;. One can hence divide Eq. (37)
into two parts as

Hy, = (m — %832)0er — iLd3 0, (sx cos O + s, sin0)1;,
Hy, = Akjoy(—s, sin6 + 5,c0s 0)T, + Aky 0,5, T,
_A0) .,
> 83 T, + im 1030, (s, cos 6 + s, sin 0)
— mAkioy (=S, sin@ + s, cos ) — mAkyoys,
+w&\ 0. Ty + BySx + Bysy + B;s., (38)

where m = (m’ + %) and A(0) = A(sin? 0 — cos20). We
consider the following transformation for spins

Sy —sinf cos® 0\ (s
sy | = cosé sinfd 0] s3 (39)
S, 0 0 1/ \s

such that Eq. (38) acquires a compact form as we notice for
the 2D case. Here, 51, 57, and s3 are Pauli matrices. Therefore,
Eq. (38) can be rewritten as

Ho:(m—

Hp = Ak10yS1T; + Akroy$2T, —

! ;
5832)011': — l)\.83 0,837,

A@©) .,

83 T, + imA030y53

AO
—myrkioys) — miAkaoysy + "“T()ag 0.7,
+ By(—s1 sin @ + 53 cos6) + By(s; cos @ + s3sin6)
+ B.s5. (40)

We assume W to be the zero-energy solution of Hy with the
boundary condition W(x3 = 0) = W(x3 = co) = 0. We finally
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obtain the following wave function in the rotated frame as
W, = A e K19 sin(Kyx3) emtihen @, (41)

where K = 2, K, = V|22 — K2, and A = ‘%?K%) and
®, is the eight-component spinor satisfying 0,53 ®, = — .
P =loy=+1)®Is3=-1) Q. = +1),
P =loy=-1)®[s3 =+1) ® [z =+1),
Q3 =loy=4+1)Q[s3 =-1)®|r. = —1)
Py=loy=—1®Is3=4+1)®|r; =—1)

’

. (42)

The matrix element of H, in the rotated frame within the
above basis reads

o0
Hyp' = / dxz Wl (x3)H,Ws(x3). (43)
0

Therefore, we obtain the Hamiltonian for the surface in the
rotated frame to be

HS = )kys3t, — Masyt, +M(6)s) — BO)T,.  (44)

Here, M(0) = A(0)|7| and B(6) = (B, cos 6 + By sin6). The
transverse magnetic field B, does not appear in the surface
Hamiltonian referring to the fact that the in-plane magnetic
field plays an important role in determining the nature of the
FSOTSC phase. Interestingly, A(6) = —A(0 + 7/2) result-
ing in M (6) to change its sign between two adjacent surfaces
under C, rotation around the z axis. Consequently, one can get
hinge mode in the junction between the xz and yz plane. This
sign change of the mass term is shown in Fig. 4(a). We can
explicitly write down the surface Hamiltonian for the yz (xz)
surface by putting 6 = 0 (3) as

Y — — — @ —
H> = )\kyS3‘L'y )\.kZS3‘L'x A : S Bxfz,

m
H' = — sy, — MhosyTe + A 7‘s1 — By, (45)

Let us now discuss the above surface Hamiltonian at length.
As compared to the edge Hamiltonian for edge a with &, only,
the surface Hamiltonian for the ab surface consists of k, and
kp. In the absence of magnetic field, AI’,—”lsl acts as a mass
in the Nambu space spanned by s37,,. This mass changes
its sign between two adjacent surfaces, namely yz and xz.
Both the blocks participate actively here as the mass term
uniformly appears in both of them. Thus two MZMs per hinge
are observed. On the other hand, in the presence of any of the
in-plane Zeeman field, mass terms become different in the two
blocks. This leads to a situation where one block can be made
active keeping the other block inactive. As a result, one MZM
per hinge can be observed. This behavior again resembles that
of the 2D case. Therefore, the dynamical and explicit breaking
of TRS imprints their signatures unanimously for 3D as well.

D. Hinge mode solution

Having obtained the low energy surface Hamiltonian, the
hinge Hamiltonian can be estimated by considering the PBC
(OBC) along (perpendicular to) the hinge direction. We thus
divide H5" into two parts as

HY = —i)dis37, + M(8)s — B(O)z,,
HY = —Mkys3T,. (46)

Here the superconducting order parameter and Zeeman field
are treated in the unperturbed Hamiltonian HOS. We solve HOS
exactly and expand H; in the basis of Hj. For B =0, we
obtain the Hamiltonian for the hinge mode (after replacing
ky — k;) as

HYEe — k. 47)
This manifests a propagating mode along the z direction.
Therefore, it is clear that dynamical breaking of TRS leads
to two solutions of MHMs with 7, = £1. Contrastingly for
B, # 0 or B, # 0, we obtain the solution as

HYinee — )k T, (48)

which only hosts a single MHM as the hinge Hamiltonian is
described by 1. Similar to the 2D case, here also the explicit
breaking of TRS can lead to a situation different from the
dynamical breaking of TRS by the periodic kick drive. Hence,
one expects that without (with) magnetic field there exist two
MHMs (one MHM) per hinge along the z direction as shown
in the inset 12 of Fig. 4(b).

E. Floquet Wannier spectrum

To calculate FWS using Eq. (28), we write down the
Hamiltonian [Eq. (31)] in slab geometry, i.e., we consider
OBC in one direction while the other two directions continue
to satisfy PBC. For an x-directed slab (OBC along the x direc-
tion; PBC along the y and z direction), we can calculate vz(x)’qu
(v}(,x)’qu) as a function of k, (k.). Since we obtain propagating

1D hinge mode in the z direction only, the spectrum of """

and v ag a function of k, exhibits gapless nature, while
all other FWS remain gapped. We illustrate the representative
plots for FWS in Figs. 5(a) and 5(b). Focussing only at the
k; = 0 point, we show FWS as a function of the state index
at k, = 0 in Figs. 5(c) and 5(d). In the absence of the in-plane
Zeeman field, i.e., for weak FSOTSC phase, we obtain four
eigenvalues at 0.5 corresponding to the two MHMs per hinge
[see Fig. 5(c)]. In contrast, when we turn on the in-plane
Zeeman field B,, i.e., for strong FSOTSC, we obtain two
eigenvalues at 0.5 [see Fig. 5(d)] corroborating one MHM
per hinge. We also calculate the FQM to further distinguish
between the weak and strong FSOTSC. To proceed, we write
the Floquet operator U(T') [Eq. (33)] in rod geometry (con-
sidering PBC along the z direction, OBC along the x and y
direction). We then implement Eq. (30) to calculate the FQM
() as a function of k.. We find that Q" = 0.5 (0) atk, = 0
for the strong (weak) phase [87].

IV. ROBUSTNESS OF HIGHER ORDER MAJORANA
MODES AGAINST DISORDER

Having investigated the topological classification of the
FSOTSC phases, we now focus on the robustness of these
phases in the presence of finite disorder. We first concentrate
on the 2D case. Instead of choosing m; to be constant, we
consider m; to be randomly distributed in between [—%-, &
in an uncorrelated manner. Here, W is the strength of the
disorder. Note that, the disorder being random, we have taken

the average over 500 disorder configurations in our numerical
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FIG. 5. (a) We depict the FWS v*Fl4 ag a function of k, in the
slab geometry with OBC along the x direction and PBC along the
v, z directions. (b) We work in the same geometry as mentioned in
panel (a) but show v(*F4 as a function of k. Since the hinge mode
propagates along the z direction, we obtain gapless FWS for v("-F14,
(c) We show the FWS v(”F4 as a function of state number at k, = 0
for B, = 0. In the inset one can clearly observe four eigenvalues at
0.5 refer to the weak FSOTSC phase. (d) We repeat (c) but with the
in-plane Zeeman field B, # 0. We obtain two eigenvalues at 0.5 as
shown in the inset refer to strong FSOTSC phase. The values of all
the parameters remain the same as in Fig. 4.

calculation. We analyze our results for two values of disorder
strengths, W = 0.1 and 0.4, while hopping and spin-orbit
coupling strength is fixed to unity. We first study the effect of
disorder on the weak phase hosting eight MCMs. For weak
disorder strength, W = 0.1, one does not observe any per-
ceptible difference from the clean case [see Fig. 6(a)]. To be
precise, the spectral weight of MCMs is uniformly distributed
among all four corners of the square lattice, i.e., the localiza-
tion length remains almost unaltered in the presence of weak
disorder, while for W = 0.4, we notice that the spectral weight
of some corner modes in LDOS becomes higher compared
to others as shown in Fig. 6(b). This nonuniform distribu-
tion of spectral weight among the corners thus suggests that
the strong disorder can substantially modify the localization
properties of these MCMs. However, it is noteworthy that
even strong disorder cannot lift the Majorana modes from
the zero energy as depicted in the inset of Figs. 6(a) and
6(b). This results in the fact that FWS continues to exhibit
similar behavior as compared to the clean case [see Figs. 7(a)
and 7(b)]. Therefore, weak FSOTSC phase can preserve its
signature in the presence of moderate disorder.

We also investigate the effect of moderate disorder in the
strong FSOTSC phase hosting four MZMs at the corners in
the presence of explicit TRS breaking Zeeman field. Since the
disorder does not break any further symmetry (except trans-
lational), we find that the effect of the disorder remains the
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FIG. 6. (a) LDOS, associated with zero quasienergy states w,, =
0, in finite geometry is demonstrated for B, = 0 and the inset shows
the Floquet quasienergy spectrum for the same for the disorder
strength W = 0.1. (b) We repeat (a) with the disorder strength W =
0.4. (c),(d) We repeat (a) and (b) with B, = 0.3, respectively. One
can clearly observe that the localization properties become modified
as the disorder strength increases substantially, otherwise for small
disorder, they remain the same as the clean case. The value of all
other parameters remains the same as in Fig. 2.

same as the earlier case with B, = 0. The uniform (nonuni-
form) distribution of spectral weight of MZMs is observed for
W = 0.1 (0.4) as depicted in Figs. 6(c) and 6(d). These MCMs
are localized at zero energy always [see the inset of Figs. 6(c)
and 6(d)]. As a result, their topological protection remains
unaltered as noticed in the clean case. We find quantized FWS
for weak as well as moderate disorder strength [see the inset of

- . 0.7
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FIG. 7. (a) FWS is depicted for the case B, = 0 when the dis-
order strength is chosen to be W = 0.1, while the same for the
case B, = 0.3 is shown in the inset. (b) FWS is demonstrated with
the disorder strength W = 0.4 for B, = 0 and B, # 0 (inset). One
can obtain an indication that upon increasing the disorder strength
substantially, the FWS might deviate from the quantized value 0.5.
However, for our chosen disorder strength (W < t,,t,, A,, A,) the
invariant behaves in a robust manner referring to the fact that these
FSOTSC phases are stable against moderate disorder. The value of
all the other parameters remains the same as chosen in Fig. 2.
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Figs. 7(a) and 7(b)]. It is important to mention that the FQM is
also quantized at a value 0.5, for such strength of the disorder
with B, # 0. This investigation with moderate disorder thus
clearly suggests that both weak and strong FSOTSC phases
are robust against moderate disorder. Having investigated the
effect of disorder and protection of topological properties in
2D, we believe the same line of argument would also hold for
3D.

V. SUMMARY AND CONCLUSIONS

To summarize, in this paper, we provide a dynamical
prescription to generate the FSOTSC phase starting from a
2D/3D TI in close proximity to an unconventional d-wave
superconductor. We periodically kick the mass term to gen-
erate MZMs at the corners and hinges in 2D square and
3D cubic lattice geometry, respectively. Our aim here is to
investigate the effect of TRS breaking magnetic field on these
Floquet SOTSC phases as the initial (effective) Hamiltonian,
describing the static (driven) system which preserves (breaks)
the dynamical TRS. In 2D, we first consider our model in
the presence of periodically kicked mass term when Zeeman
field B, = 0. Here, we find the FSOTSC phase harboring eight
MZMs, i.e., two MZMs per corner. In order to characterize
this FSOTSC phase, we compute two topological invariants,
namely FWS and FQM. We find that this phase corresponds to
four FWS quantized at 0.5 while FQM vanishes; we identify
this FSOTSC phase as the weak one. Upon introduction of
an explicit TRS breaking Zeeman field B, # 0, we find four
MZMs, i.e., one MZM per corner. We here obtain two quan-
tized FWS at 0.5 and quantized FQM referring to the strong
nature of the phase. We analytically support our numerical
findings, as obtained by diagonalizing the Floquet operator
in OBC, with the help of effective low-energy edge theory
and MCMs solutions. The low-energy theory can successfully
predict the nature of the SOTSC phase whether it is strong or
weak in terms of the spinor states of MZMs. We further intro-
duce moderate disorder in the driving amplitude to study the
stability of the FSOTSC phase against disorder. We find that
the FSOTSC is stable against the moderate strength of disor-
der. However, the localization property of the MZMs depends
on the disorder strength. We also generalize our theory based

on the 3D model and identify the weak (strong) FSOTSC
phase via FWS hosting MHMs. In this case, we derive the low
energy surface theory and analytical solutions of the MHMs
therein. The effect of the disorder remains similar to in the 2D
case.

As far as experimental feasibility of our setup is concerned,
d-wave superconductivity in TT can be induced via the prox-
imity effect (e.g., Bi;SrpCaCu,0g.5) [88] with an induced
gap amplitude A ~ 15 meV [88]. It has been theoretically
[89] and experimentally [90] demonstrated that the topolog-
ical properties of (Bi,Sb),Tes thin films can be tuned by the
quantum confinement, i.e., varying the number of quintuple
layers. It is indeed possible to tune the mass term in the un-
derlying static model which might pave the way to realize the
dynamical manipulation of the mass term in the proximized
topological superconductor. In recent times, experimental ad-
vancements on the pump-probe techniques [53,75,76] have
enabled one to observe Floquet topological insulators [75] and
anomalous Hall effect in graphene [91]. Therefore, we believe
that the signature of MCMs and MHMs may be possible to
achieve via pump-probe-based time-resolved transport [e.g.,
local scanning tunneling microscope (STM)] measurements
[92-94] for an in-plane magnetic field B, ~ 7-8 T, amplitude
of the drive m; ~ 100 meV, and period T ~ 2 fs.

At last, we would like to comment on robustness of these
Floquet MZMs in HOTSC phases under periodic driving as
far as heating and dissipation are concerned. Based on the
recent theoretical and experimental investigations on quantum
many-body systems [95,96], the heating is suppressed in the
prethermal window where our findings can be tested with dis-
sipationless MZMs associated with the periodic steady state.
We work in the high frequency regime away from the reso-
nance points. This further enables us to minimize the heating
effect [97]. We therefore believe that our theoretical findings
do not suffer from heating issue and dissipation.
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