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Topological Dirac semimetals are a parent state from which other exotic topological phases of matter, such as Weyl
semimetals and topological insulators, can emerge. In this study, we investigate a Dirac semimetal possessing sixfold
rotational symmetry and hosting higher-order topological hinge Fermi arc states, which is irradiated by circularly polarized
light. Our findings reveal that circularly polarized light splits each Dirac node into a pair of Weyl nodes due to the breaking
of time-reversal symmetry, resulting in the realization of the Weyl semimetal phase. This Weyl semimetal phase exhibits
rich boundary states, including two-dimensional surface Fermi arc states and hinge Fermi arc states confined to six hinges.
Furthermore, by adjusting the incident direction of the circularly polarized light, we can control the degree of tilt of the
resulting Weyl cones, enabling the realization of different types of Weyl semimetals.

Keywords: Dirac semimetals, Weyl semimetals, periodic driving, higher-order topology

PACS: 78.40.Kc, 03.65.Vf

1. Introduction

The study of topological semimetals!'-?! is a crucial area
of modern condensed matter physics, primarily driven by the
possibility of observing phenomena akin to those from the
realm of relativistic physics within these materials. The novel
macroscopic quantum phenomena they exhibit are not only of
fundamental interest, but may hold potential for technological
applications. Among diverse topological semimetals, three-
dimensional (3D) topological Dirac semimetals (DSMs),?4!
the 3D analogy of graphene, hold particular significance due to
their distinctive feature of exhibiting linear dispersion around
band crossing points. This characteristic, reminiscent of 3D
massless Dirac fermions, arises from the presence of doubly
degenerate bands that touch at specific points in momentum
space. Besides time-reversal symmetry (TRS) and inversion
symmetries, the stability of Dirac nodes in topological DSMs
also requires additional crystalline symmetries, like rotational
symmetries. -]

Despite possessing topological invariants, the lack of a
conventional bulk—boundary correspondence in topological
DSMs sparked debate over their classification as a genuine
topological phase of matter.[’°! However, topological DSMs
do serve as a parent phase for engineering other intriguing
topological phases of matter, such as Weyl semimetal (WSM)
or topological insulators. Recently, certain topological DSMs
have been found to exhibit higher-order topological bulk-hinge

correspondence. These topological DSMs demonstrate 1D
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hinge Fermi arc states that terminate on the projection of Dirac
nodes, which are dubbed higher-order DSMs. [10-15]

Floquet engineering!!%~'®! has emerged as a powerful
tool for realizing novel topological phases in quantum mate-
rials. It involves using time-periodic perturbations, such as
light, to tailor band structures and topology of the quantum
materials.['°8!] The periodic driving enables accessing non-
equilibrium states that are difficult to obtain in static systems.
A seminal example is illuminating graphene with circularly
polarized light (CPL) to induce quantum Hall states.**! The
light effectively produces complex next-nearest neighbor hop-
ping amplitudes, leading to the Haldane model of quantum
anomalous Hall effect.?®! A recent experiment reported the
evidence of nearly quantized Hall conductance associated with
the photoinduced Floquet quantum anomalous Hall state in
graphene. (8%

As the 3D analogy of graphene, CPL has been shown
to create the Floquet WSM in topological DSMs by break-
ing TRS.[4447:30.591 Moreover, a Floquet WSM state accom-
modating both surface Fermi arcs and higher-order hinge
Fermi arcs can emerge in a fourfold rotational (C4) symmet-
ric topological DSM, related to the experimentally confirmed
DSM material CdsAs,, under the irradiation of CPL.["8 Six-
fold rotational (Cg) symmetric DSMs are another prototyp-
ical topological DSM. The first experimental verified topo-
logical DSM Na;Bil®*! belongs to Cs symmetric topological
DSM. Recently, NazBi is also predicted to host higher-order
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hinge Fermi arc states,!'>!315] thus serving as a Cs symmetric
higher-order DSM candidate. The study of the Floquet topo-
logical phases in Cg symmetric higher-order DSMs is desirable
as it will provide an opportunity for the realization of control-
lable higher-order WSM 3481 in solid materials.

In this work, we study the Floquet physics in Cg sym-
metric higher-order DSM illuminated by off-resonant CPL.
Within the framework of the Floquet theory, we derive an ef-
fective static Hamiltonian for the periodically driven DSM.
Based on the effective Hamiltonian, we demonstrate that each
of the pair of Dirac nodes evolves into a pair of Weyl nodes
due to the breaking of time-reversal symmetry, giving rise to
a Floquet WSM. The projections of each pair of Weyl nodes
in the surface Brillouin zone are connected by a surface Fermi
arc. Meanwhile, six hinge Fermi arcs reside on the hinges of a
Ce symmetric rod, connecting the projections of two adjacent
Weyl nodes from different pairs. Moreover, for the CPL along
the x and y directions, the tilting of the resulting Weyl cones
can be controlled by adjusting the amplitude of light, which
can give rise to a Floquet type-Il WSM in a parent type-I DSM.

2. Undriven DSM model and Floquet theory

In this section, we introduce a four-band tight-binding
model on a hexagonal lattice to describe the Cs symmet-
ric DSMs and provide a brief review of the Floquet the-
ory. The basis vectors of the hexagonal lattice can be writ-
ten as a; = (1,0,0), ar = (f% ?,0), a3 = (0,0,1). Con-
sequently, the momentum space is parameterized by k; = k,,

ky = f%kx + ?ky. The Hamiltonian in momentum space is
given by [7.12]
5
H=¢gy(k)Ij+ )Y &k, €]
i=1
with

&y(k) = mo+2my [cosk; + cosky + cos (k1 + k7))
+2m cosk;,

(k) = A[—2sink; +sink; —sin (k; +k2)],

& (k) = V3A[sinky +sin (k; 4 k2)],

&(k) = Mp+2Ms[cosk; + cosky + cos (ki +k2)]

+2M| cosk;,
e1(k) = vysink,[2cosk) —cosky — cos (ki + k2 )],
&(k) = ﬂysinkz[coskg—cos (k1 +k2)], )

where the I" matrices are defined as Iy = 79 ® 0y, I; = 73 ® G;,
with i = 1,2,3, I; = 17 ® 0y, Is = T» ® 6y. Here t; and Cj,
with i, j = 1,2 and 3, are the Pauli matrices representing the
spin and orbital degrees of freedom, respectively, while oy and
Tp are 2 X 2 identity matrices. The parameters mg, My, m;, mo,
M, M, A, v represent the onsite potential, mass term, and

amplitudes of various hopping processes, respectively. The y
terms are responsible for producing the higher-order topology
of DSMs. This four-band tight-binding model preserves in-
version symmetry Z = 7,0z, TRS T = i70,/C (K is the com-
plex conjugate operator), and crystalline symmetries such as
Coy = i7,0y and Cg, = ie%™/0 @ e~ 19:7/6,

(b0).637r A

0.257

Fig. 1. Electronic structures and topological boundary states of the undriven
DSM. (a) The schematic illustration of two bulk Dirac cones on the kj—k.
plane of the DSM. (b) The surface local density of states (LDOS) with the
semi-infinite boundary along the x direction when E = 0. The two red dots
are the projections of the two bulk Dirac points. The red ring is the sur-
face Fermi ring. (c) The surface band structure versus k; for kK, = 0. The
purple solid lines show the gapless surface state between two Dirac points.
(d) The energy spectrum with open boundary conditions (OBCs) along the
x and y directions. The solid purple lines show gapless surface states. The
HOFA is marked by the solid red line between the projections of the bulk
Dirac points. (e) The distribution of LDOS of HOFA of k; = 0.027 on the
x—y plane. (f) The schematic illustration of distribution of HOFA in the real
space. The model parameters are chosen as My =4, M} = —2.5, M, = —1,
A=1,7v=5my=-04,m =-0.1,m =0.05.

The bulk energy spectrum of the model is given by

E = g(k) £ (/¥;€?. The DSM model exhibits two Dirac
points along the k, axis, as illustrated in Fig 1(a), located at
— 0 cp 20 EMo—moE6My—6
Ky = (0,0,k7,) with k. = W.
Fig. 1(b), this DSM features a closed Fermi ring, formed by

As shown in

a Dirac cone, in the surface Brillouin region due to its bulk
topology characterized by a 2D Z, invariant. The spectrum of
the Dirac cone is plotted in Fig. 1(c), revealing that the sur-
face Dirac cone is located at k, = 0. To unveil the higher-
order topology of the DSM, Fig. 1(d) plots the spectrum of
this model in a hexagonal rod geometry, showing the exis-
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tence of higher-order Fermi arc (HOFA) states terminating on
the Dirac point. Figure 1(e) depicts the density distribution
of these HOFA states for a given k,, where corner states exist
on the hexagonal disk in the x—y plane. As k, varies, the cor-
ner states extend to form HOFA states running along the hinge
between two adjacent side planes, as illustrated in Fig. 1(f).

We apply a monochromatic CPL field with periodic time
dependence and homogeneous spatial dependence to drive the
DSM. The CPL can be described by a time-dependent vec-
tor potential A(7) = A(t+T) with a time period T = 27/ w,
where @ is the frequency of light. The vector potential
A(7) usually takes the form [A,sin(®wT + ¢;),A,sin(®wT +
¢),A;sin(@wt + ¢3)], where Ay, A,, and A, represent the
amplitudes of the potential vector along the x, y, and z di-
rections, respectively, and ¢;, ¢, and @3 are the initial
phases. Alternatively, the vector potential can be expressed
as A(t) = A(0,nsinoT,cos 07),A(N sin®7,0,cos @T) or
A(nsinwt,cos 0t,0) with 7 = £1 labeling the handedness,
representing CPL propagating along the x, y, and z directions,
respectively. In this paper, we mainly introduce the case of
CPL propagating along the z, x and y directions. In the pres-
ence of CPL, the hopping integrals of electrons between lattice
sites r; and 7 gain a phase factor, which can be characterized
by the Peierls substitution

P — Fe! A i) 3)

As a result, the Hamiltonian becomes time-periodic, H(T) =
H(t+T). The Floquet theorem allows us to map the time-
dependent Schrodinger equation id;|¥ (7)) = H(7)|¥(7)) to
a static one. The solutions to the Schrodinger equation
take the form |¥(t)) = e ~'¢%|®(7)), where € is the Floquet
quasienergy and |®(7)) = |®(7+7T)) is the Floquet eigenvec-
tor. By performing a Fourier expansion H(7) =Y, e "'"®*H,,
and |®(1)) = Y, e "?%|@™) for the Hamiltonian and the
Floquet eigenvector, the time-dependent Schrodinger equation
is mapped to an infinite-dimensional eigenvalue equation in
the extended Hilbert space!?’]

Z(Hn—m_mw61nn>|¢gz> = €a|q)(’;t1>’ 4)

m
where Hy_pn = + i drel*meTH (). Throughout, we con-
centrate on situations where electron transitions facilitated by
photon absorption or emission are highly unlikely. Such cir-
cumstances occur when working with high-frequency light. In
the case of high frequency and off-resonant irradiation, we can
obtain an effective static Floquet Hamiltonian as!®7-88]

[H,H_]

-2
o o), )

Hesr = Hy +

where the commutator [H;, H_] captures the leading order
correction due to the periodic driving.

3. DSM under CPL propagating along the z-
direction

In the presence of CPL propagating along the z direction,
we derive an effective Floquet Hamiltonian by using Eq. (5),
which reads

5 5
H =Y HiIi+ Y, Hylij, ©)
i=1 i,j=1

where I7; = [I;,I;]/(2i), and the precise expressions of H; and
Hfj are given in Appendix A. The CPL breaks TRS while pre-
serving inversion symmetry and the two-fold rotational sym-
metry C,,. Each Dirac point splits into a pair of Weyl points
[see Fig 2(a)] due to the breaking of TRS, resulting in a Flo-
quet WSM with two pairs of Weyl nodes. To unveil the topo-
logical surface states, we plot the spectral function in the sur-
face Brillouin zone on the ky—k, plane with a semi-infinite
boundary along the x direction in Fig. 2(b). We observe the
emergence of surface Fermi arcs terminating at the projections
of each pair of Weyl nodes. Concurrently, the closed Fermi
ring of the DSM is inherited by the Floquet WSM, existing
between the two pairs of Weyl nodes. Moreover, the Floquet
WSM exhibits HOFA states, which connect the projections of
two adjacent Weyl nodes from two different pairs. This is il-
lustrated by the band structure drawing with OBC along both x
and y directions, and a periodic condition along the z-direction,
as shown in Fig. 2(c). Figure 2(d) shows the 2D spatial distri-
bution of the hinge Fermi arc state at a specific k; slice. Evi-
dently, these hinge Fermi arcs are located on the six hinges of
the hexagonal disk.

(a) (b)
0.1 0.637

Fig. 2. The electronic structure of the Floquet WSM induced by the CPL
propagating along the z-direction. (a) The bulk spectrum near the pair of
Weyl points. The red dots denote the pair of Weyl points. (b) The spectral
function of surface Fermi arcs and the surface Fermi ring states on the kp—k_
plane when E = —0.035. The four red dots are the two pairs of Weyl points.
(c) The energy spectrum as a function of &, for the OBC along both the x and
y directions. The red lines indicate hinge Fermi arc states between two ad-
jacent Weyl nodes from different pairs. The purple lines are gapless surface
states. (d) The LDOS of the hinge Fermi arc state of k; = 0.027 on the x—y
plane. The parameters are chosen as My =4, M| = -2.5,M, = —1,A=1,y=
S,mp=—0.4,m =—0.1,my =0.05,A=0.5, o =8.
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Fig. 3. Undriven type-II DSM and Floquet type-II WSM induced by CPL
propagating along the z direction. (a) The bulk Dirac cone of the type-II DSM
with |m;|/|M;| = 1.6. The red dot marks the Dirac point. The yellow and blue
triangles represent the electron pocket and hole pocket, respectively. (b) The
Dirac cone splits to a pair of Weyl cones of the type-Il WSM for A = 0.5, and
o = 8. (c) and (d) The spectral function on the k,—k; plane of type-II DSM
and WSM with the OBC along the x axis when £ = 3.1 and E = 2.38. The
additional red curves near Weyl points are the surface Fermi arcs. (e) and (f)
The energy spectrum versus k; with the OBCs along the x and y directions.
The solid red lines represent the hinge Fermi arc states. The parameters are
chosenas My =4, My =25, m =—4,M,=—1,A=1,y=5,my=—04,
my = 0.05.

We now explore the tilting of Dirac cones in the influ-
ence of CPL, which is governed by the ratio of |m;| and |M|.
The type-1 DSM is characterized by |m;/M;| < 1, while the
type-II DSM has |m;/M;| > 1 and exhibits over-tilted Dirac
cones. Furthermore, a critical state exists between the type-I
and type-Il DSMs when |m; /M;| = 1. Figures 3(a) and 3(b) il-
lustrate the over-tilted Dirac node transition to the Weyl nodes
by CPL, respectively. We find that CPL along the z-direction
does not alter the tilting degree of Dirac cone, resulting in Flo-
quet WSMs retaining the same type as their parent DSMs. Ad-
ditionally, we compare the surface states of the parent type-II
DSM with those of the Floquet type-II WSM in Figs. 3(c) and
3(d). Unlike the Floquet type-I WSM, which has a point like
Fermi surface, the tilting of Weyl cones in the type-II case
leads to the coexistence of electron and hole pockets that meet
at the Weyl nodes. The closed Fermi ring in the type-I case
evolves into four segments of Fermi arcs. Meanwhile, the sur-
face Fermi arcs emerge in between the Weyl nodes within the

same pair in the Floquet WSM (see the dark red lines at the

edges of the Fermi surfaces in Fig. 3(d)). Furthermore, the
Floquet type-II WSM also hosts the hinge Fermi arc states as
the type-II DSM, although they are deeply embedded within
the bulk states, as shown in Figs. 3(e) and 3(f). Note that the
hinge Fermi arcs in the Floquet WSM connect the two Weyl
nodes, whereas in the DSM they connect the two Dirac cones.

To better understand the results derived from the discrete
lattice model, we turn to the continuous low-energy model un-
der periodic driving. The low-energy continuous DSM Hamil-
tonian in the vicinity of the Dirac point Ky = (0,0,k2,) can
be expressed as

3

H(q) = [(mo+6my) — §m2(%2c +CI§) —2m1q.K;

—mq (_2 +43)K2] + 31(_%611 + %}B)

3
+[(Mo+6Ms) — SMa(+63 +43) — 2M1g:Ky
2 3 2, 2
—M\(—2+q2) Ko I3 + Z}’(—qx +qy)Ki14
3
+ 5109k 15, )

where g = k — K|, is the wave vector measured from the Dirac
nodes, K| = sinkg and K, = cos k?. In the following results,
we set k? = 1 /2 for simplicity. The energy dispersion to the
leading order is

T(q) = _zmlqza
Ulq) = —\[33A> — Ma(mo + 6M2)] (g2 + ) +4M3g2, (8)

where T (q) represents the tilting energy, while U(q) describes
the splitting of the Dirac cone. When the energy U is pre-
dominant, the node is classified as type I. Conversely, when
the energy T surpasses U, the node becomes type II. In the
present case, the Dirac cone is tilted along the z direction.
Therefore, the type of Dirac point can be determined by the
ratio [T (q)/U(q). IT(q)/U(q)| = T(¢:)/U (q:)| = Im1 /M.
When the ratio is less than 1, it corresponds to a type I Dirac
cone, reaching a critical state when it equals 1. Once the ratio
exceeds 1, it manifests a type II Dirac cone. The introduc-
tion of a periodic driving field in the continuous Hamiltonian
is achieved through the minimal coupling ¢ — q — A. In the
high-frequency regime,®’! the undriven Hamiltonian experi-
ences a correction

Azezn
ho
% [(q7 — g3) T35 + 24xqyI34] + glyKl
X [gx(—Tis +1T24) — qy(I35 +I14))

- %[mmMst +12A%T751

9yM,
2

AH*(q) = {9AM;(q:I23 +qy113) — K

+37°nKi* (g3 + ;) 0s]}- )
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The correction split each Dirac cone into two Weyl nodes
along the g, direction at qg = (0,0, QZ1 ’2)

12 3PAN(£6A7 — Mrho)
Q"=

mo + 6M;
AMiho 2M, '
Note that the correction has no effect on the tilting of Weyl

(10)

cone.

4. DSM under CPL propagating in the x-
direction

In the presence of CPL propagating along the x direction,

we can also obtain an effective Hamiltonian
5

=Y H T+ Z (11)
i=1 i,j=1

The precise expressions of H;' and H;; are provided in the
Appendix B. The situation when CPL propagates along the x
direction is analogous to the case of CPL propagating along
the z direction, where the original hopping terms are renormal-
ized, and next-nearest-neighbor hopping terms are induced.
Additionally, it also gives rise to more distant hopping terms
on the y—z plane. The photoinduced Weyl nodes emerge on the
k1—k; plane in the reciprocal space, with one of the Weyl nodes
depicted in Fig. 4(a). In this scenario, the Floquet WSM also
exhibits a surface Fermi ring surrounding an electron Fermi
pocket, around the I point, as illustrated in Figs. 4(b) and 4(c),

Fig. 4. The electronic structure of the Floquet WSM induced by the CPL
propagating along the x-direction. (a) The bulk spectrum around one of the
Weyl cones of the Floquet WSM. The red dot denotes the Weyl point. The
yellow and blue triangles represent the conduction band and valence band.
(b) The surface band structure versus k; at k, = 0. The purple solid lines
show the gapless surface state between the two adjacent Weyl points. (c) The
spectral function on the kj—k; plane with the semi-infinite boundary along
the y direction when E = 0.1. (d) The band spectrum for the hinge states
with OBC along both the x and y directions. The red lines indicate hinge
Fermi arc states between two adjacent Weyl nodes from different pairs. The
purple lines are gapless surface states. The parameters are chosen as My = 4,
M1 = 72.5, M2 = 71, A= 1, Y= 5, my = 70.4, mp = 70.1, my = 0‘05,
A=05 0=06.

as well as surface Fermi arc states terminating at the projec-
tions of the Weyl nodes in the surface Brillouin zone, as shown
in Fig. 4(c). Furthermore, the Floquet WSM also manifests
hinge Fermi arc states, which can be observed in the band
structure calculated with OBC along both x and y directions
and periodic boundary condition along z-direction [Fig. 4(d)].

Of particular significance, the CPL propagating along the
x-direction profoundly impacts the tilting of the Dirac cone,
enabling the transformation of a parent type-I DSM into a
Floquet type-II WSM by modulating the amplitude of CPL.
To elucidate this phenomenon, we start with a type-I DSM
in which the ratio |m/M;| governing the tilt of Dirac cone
is close to unity. Figure 5(a) represents the tilted Dirac cone
in a type-1 DSM, whereas Fig. 5(b) depicts one of the over-
tilted Weyl cones induced by the CPL. The surface states of
the photoinduced type-II WSM are shown in Fig. 5(c). Fig-
ure 5(d) plots the hinge Fermi arc states deeply embedded in
the bulk states. To comprehend the underlying mechanism by
which the CPL propagating along the x-direction, rather than
the z-direction, induces a type-1I WSM from a type-1 DSM, we
examine the low-energy continuous DSM Hamiltonian under
periodic driving. The CPL propagating along the x-direction
introduces a correction to the undriven DSM Hamiltonian,

which is given by
3e?A*M,
A (q) = ———[-2An(g:82+81)[3

+11(qx81(q282 + 81)3s + ¢y81(9:82 + g1)134)]
2A2M M 2A2 2A2

(e 1 3Mye L+ 3ye
2 4 8

82 g]I'Z;,

12)

where ¢ = k — K is the wave vector measured from the
Dirac nodes, and g; = sink? and g» = cosk?. In our cal-
culations, kg is fixed at 7/2. This correction leads to each
Dirac point being separated into a pair of Weyl nodes located
at ¢° = (££0Q.,0,4+0.), where £ and Q, depend on the am-
plitude and frequency of CPL. The tilting energy in this case
is given by T(q) = 2m1q, +3EQ,myq,. To characterize the
tilting degree of the Weyl cones, We perform a rotation to the
tilting direction ¢’ = R[6, = tan~' (—2M, /(3£ Q.M>))]q, re-
sulting in T'(¢g) being proportional to ¢_. Now the tilting ratio
reads

’ ‘ 1+ (EQ.Am)?
; ~ I VU +E2Q2AMAM)? + ga2’

13)

where Am = my/m;, AM = M, /M, and g4 is determined by
the amplitude of CPL A and the model parameters A, 7y, my.
Evidently, the CPL propagating along the x-direction not only
splits the Dirac nodes into pairs of Weyl nodes, but also renor-
malizes the tilting ratio. For an initial tilting ratio |m; /M, | < 1,
a Floquet type-II WSM can be realized by adjusting the ampli-
tude of CPL propagating along the x-direction. We also study
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the DSM under the CPL propagating along the y-direction, the
results are quite similar to the case of CPL propagating along
the x-direction.

(a) (b)

2

Fig. 5. Tilting effect in the presence of CPL propagating along x direction.
(a) The bulk band structure near one of the Dirac nodes in a type-I DSM.
The red point marks the Dirac point. The yellow and purple triangles repre-
sent the conduction band and valence band, respectively. (b) The bulk band
structure near one of the photoinduced Weyl nodes in the type-1I WSM. The
red point is one of the Weyl points. The amplitude of the applied light is
A =0.9. (c) The spectral function on the kj—k; plane of the type-Il WSM
with the OBC along the x axis when E = 1.68. The red dots are projections
of four Weyl points. (d) The hinge spectrum of the type-Il WSM with the
OBC along the x and y axis. The solid red lines represent the hinge Fermi arc
state. The parameters are chosen as My =4, M} = -2.5, M, = -1, A =1,
y=5myg=—-04,m =-2.1,m =0.05A=09, 0 =6.

5. Discussion and conclusion

In this work, we have investigated the Cs symmetric DSM
under off-resonant CPL with distinct propagation directions.
In the framework of Floquet theory, we unveiled the emer-
gence of Floquet WSMs boasting diverse boundary states, in-
cluding surface Fermi arcs and hinge Fermi arc states. It is im-
portant to note that the y terms in the original Dirac semimetal
Hamiltonian play a crucial role in determining the higher-
order topology, and consequently, the emergence of HOFA
states. In the absence of these terms, the Dirac semimetal
exhibits only helical surface Fermi arc states. Under CPL, a
Floquet Weyl semimetal also emerges; however, chiral hinge
Fermi arc states are absent. Notably, we demonstrated the con-
trollable modulation of photoinduced Weyl cones by adjust-
ing both the incident direction and amplitude of CPL. These
findings not only shed light on the intricate interplay between
light-induced effects and material symmetry but also pave the
way for engineering Floquet WSMs endowed with higher-
order topological characteristics. Thus, our work presents
a promising avenue towards harnessing tailored topological
states in condensed matter systems through Floquet engineer-
ing techniques.

Appendix A: The effective Floquet Hamiltonian
for CPL propagating along the z-direction

Within the context of circularly polarized light propagat-
ing along the z-axis, we can derive an effective static Floquet
Hamiltonian in the high-frequency regime

eff_ZHF+Z 117

i,j=1

(AD)

with the components of H; and H;; being given by

H = mo+2mj cosk; + 2myJo(A)[cosks + cosky + cosk],
= AJo(A)[sinky + sinks — 2sink; ],
H; = V/3AJo(A)[— sinks +sinka),
H3 = Mo+ 2M cosk; +2M»Jo(A)[cos k3 cosky 4 cos ki),
1
H; = 2ysinkZJo(L){ cosk| — E[coskg +c0sk2]},
= V/3ysink,Jo(A)[cos ks — cosks],

2J1(A)?

Hi, = L37L2[cosk1 + cosk, — cosky
—cosky3 — cosks — cosk,],

2J1(A)?

Hiy=— 16(0 ) V3MyA [3sinks + 2sinky
—3sinky — 3sink,3 — sinkyy],
2J1(A)?

H, = 1( ) V3Aysink.[—2sink,3
—25inkn2+sinkn1],

2J1(A)?

Hig=— J 16(0 ) 3Aysink,[— sink,s + sinks
+ sink,p + sink, — sink;],

2 1

H§3 = Jl( ) ———6M,; 7L{ —sink; + 5[* sink,3
— sinks + sinkyy — sink;] },

2J1(A)?

Hy=— I(E) ) 3Aysink,[—sink; + sink,;
+ sinks — sinkyp + sinks],
2J

H3s = 1( )’ S\fﬁ.ymnk sink,1,

2J

Hj =— ]( i = 3\/3M,ysink,

[cos kn3 — coskz — coskyy + cosky],
2J1(A)?

Hjs = 1(4) 3Myysink;[cosk,s — cosks + coskn

—|—2czosk 1 —cosky —2cosk],

2J1(A
Hjs = I 372s1n k;[cosk,3 — cosks + cosk,

—cos k,,l —cosky + cosk], (A2)

where J;(A) is the Bessel function of the I-th order, [ = 0, 1,
Ii; = [I,I;]/(21). For simplicity, we introduce the notations
kny = ko — k3, kpo = k1 — k3, ky3 = k2 —ky, and k3 = —ky — k.
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Appendix B: Light-driven DSM in the x-  Floquet's theorem, which reads
direction 5 5
= Y HIT+ Y HI, (B1)
In the presence of CPL propagating along the x direction, =1 L=l

we also obtain an effective Floquet Hamiltonian according to ~ with the components of H; and Hl?‘j being expressed as

A A
b =mo+2m1Jo(A) cosk; +2my [Jo (2) cosksz +Jy <2> cosky —|—J0(A)cosk1} ,

A
HY = AJy <2> [sinky + sinks] — 2AJp(A) sinky,
A . .
H; = AV3Jo (2> [— sinks + sink),

A A
H3 = Mo +2M1Jo(A) cosk, +2M; [Jo <2> cosks +Jy (2> cosky +Jo(A) coskl} ;

5A 5A
> sink; coskz — YJo <\€) sink; cosky,

H} = 2yJo(V/2A) sink, cosk; — )/J()( >

5A
HE =/3y) <\[2> sink;[— cosks + cos ks,

= —8AM,J (A)*[sin (k — k;) —sin (k; +k;)] — 4AM;J; (g)h (A) [sin (kp — k) + sin (ks — k;) — sin (k + k)
—sin (k3 +k;)],

5A
14 =217 (A) (\€> sin @ [cos (—kn3 — k;) + cos (—k3 — k;) + cos (kyp — k;) +cos (—ka — k;) + cos (—k,3 + k)

A A 1
+cos(—ks +k;) +cos (kyy + k;) + cos (—ka + k)] + 24 <2>J1 <\/2§) sin @ [cos (kn1 — k) + 5 cos (2ky — k)

1 1
+cos(—ky —k;)+ 5 cos (2k3 — k) +2cos (k;) + 5 cos (2ky + k) +cos (kn1 +k;) +cos (—ki +k;)

1 A
+5 cos (2k3 + kz)} + 2V 2901 (A)J1 (V2A)[—cos (2ky — k;) — 2cosk, — cos (2k; + k)] + V24 7], <2)J1 (V24)
X [—cos (—kn3 — k;) — cos (—kz — k;) — cos (kyo — k;) — cos (—ky — k;) — cos (—kn3 + k;) — cos (—k3 + k)
—cos (knp +k;) —cos (—kz + k)],
N V5AN
o= 2V3A (A 5 )sing [—cos (—ky3 — k;) — cos (—kz — k;) +cos (ko — k;) +cos (—ky — k;)

A S5A
—c0s (ki — ky + k) — cos (—k3 + k) +c0s (kna + k;) 4 cos (—ka +k;)] — V3A Y <2>Jl (\g) sin@
X [cos (2ky — k;) + cos (2ks — k;) — cos (2kp + k;) + cos (2k3 + k)],

A
Hé% = —4\[32.M1]1 <2> J1 (A) [sin (k2 - kz) —sin (k3 - kz) —sin (kz + kz) + sin (k3 + kz)],

A
H}, = —V6AYJ <2>J1 (V2A) [cos (—ky3 — k) +cos (—k3 — k) — cos (kny — k.) — cos (—ky — k.) + cos (—kn3 + k)

A A
+cos (—ks +k;) — cos (kyy + k;) — cos (—kz + k. )] + Aysin @J) <2>Jl (\/2§> V/3[cos (2ky — k.) — cos (2kz — k)

+cos (2ky + k;) — cos (2ks + k)],

A 5A 1 1
s = 6AYJ) <2>]1 <\€> sin@ [—2 cos (2ky — k;) +cos (ky1 — k;) +cos(—k; —k;) — 5 cos (2k3 — k;) —2coskz

1 1
—> cos (2ky + k;) +cos (kn1 +k;) +cos (—k) +k;) — 508 (2k3 +kz)] ,

H3y = —2V2yMJ, (A)Jy (V2A)[2sink; — sin (k| — 2k;) + sin (2k; — k;) + sin (2k; + k;) — sin (k; + 2k;)]
067801-7
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His = 2V/3yMaJy (A)J, <

5A
—2yMyJ (A Jl(\g
5A
+29MoJ ) (A *fT
54
+2yMyJ, (A)J) <\/;

) cos @[2sinky + 2sinks — sin (kp — 2k;) — sin (k3 — 2k;) — sin (kp 4 2k;) — sin (k3 + 2k;)]
) sin (—ky3 — k;) + sin (—k3 — k;) +sin (—ky3 + k;) + sin (—k3 + k;)] sin @

) sin (kn2 — k;) + sin (—kz — k) + sin (k2 + k;) +sin (—kz + k)] sin @

—2(V2yMaJ, <I;‘>J](\fA) [sin (—kpn3 — k;) — sin (—k3 — k) + sin (kpo — k;) — sin (—ka — k;) + sin (—ky3 + k)

—sin (—ks +k;) +sin (kp + kz) —sin(—ky + kz)] + 2yMrJy <

—sin (2k3 —k;) +sin (2ky + k;) —

V54
2

A A
2)11 (‘f) [sin (2ks — k;) — 2sin (—k; — k)
2sin (—ky +k;) — sin (2k3 + k;)) sin @],

> sin @ [—sin (—ky3 —k;) — sin (—k3 — k;) +sin (k» — k;) + sin (—ky — k)

A 5A
—sin (—k,3 4 k;) — sin (—kz + k;) 4 sin (knz + k;) 4 sin (—ka + k)] 4+ 2V/3yM>J, (2) Ji (i) sin @

X [sin (2ky — k;) — 2sin (k, — k;) — sin (2k3

—k;) +sin (2ky +k;) —

2sin (k1 +k;) — sin (2k3 + k)]

S5A
+2v/3cos M, 11 (A)J, <\[2> [2sinky — 2sink3 — sin (ko — 2k;) + sin (k3 — 2k;) — sin (ko + 2k;)

+sin (ks +2k.)],

2
s =7 <\€5A> V3sin2¢cos (kny — 2k.) — cos (kn1 +2k.)] + V6y2 T, (V2A) ],

—cos (—kz —

—cos (—ky + 2k;)]sin @ + V67T, (V2A)

+cos (—ky — 2k;) — cos (—ky3 + 2k;) + cos (—k3 + 2k;) + cos (kna + 2k;) — cos (—ka + 2k;)] -
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