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The TiSiCO-family monolayer X,YCO, (X = Ti, Zr, Hf; Y = Si, Ge) is a two-dimensional second-order
topological insulator with unique valley-layer coupling in equilibrium condition. In this work, based on the
four-band tight-binding (TB) model of monolayer Ti,SiCO, (ML-TiSiCO) and the Floquet theory, we study
the nonequilibrium properties of the ML-TiSiCO under a periodic field of laser and a gate-electric field. We
find the interaction between the time-periodic polarized light and the electric field can lead to a variety of
intriguing topological phase transitions. By driving the system with only circularly polarized light (CPL), a
photoinduced topological phase transition occurs from a second-order topological insulator to a Chern insulator
with a Chern number of C = %2, and the sign of the Chern number C is determined by the chirality of the
incident light. Further adding a perpendicular electric field, we find that the ML-TiSiCO exhibits a rich phase
diagram, consisting of Chern insulators with different Chern numbers and various topological semimetals. In
contrast, since the linearly polarized light (LPL) does not break time-reversal symmetry, the Chern number of
the system would not be changed under the irradiation of LPL. However, there still exist many topological
phases, including second-order topological insulator, topological semi-Dirac, Dirac, and valley-polarized Dirac
semimetals under the interaction between the LPL and the electric field. Our results not only enhance the
understanding of the fundamental properties of ML-TiSiCO but also broaden the potential applications of such

materials in optoelectronic devices.
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I. INTRODUCTION

Valleytronics is an emerging field that focuses on the
manipulation of the valley degree of freedom in materi-
als. Valleytronics materials are characterized by the presence
of multiple energy extremes in the low-energy region that
are connected by symmetry, giving rise to additional valley
degrees of freedom [1-10]. The flexibility and controlla-
bility of two-dimensional (2D) valleytronics materials have
promoted the development of basic research and device appli-
cations in the field of valleytronics [1-3,11-16]. In addition
to traditional graphene and transition metal chalcogenides
(TMDs), more 2D valleytronics materials with different phys-
ical properties have emerged recently, such as 2H-VSe,,
Nbslg, 2H-FeCl,, VSi;Ny4, Cr,Ses, TiBr,, GeSe, and so on
[15,17-24].

Among all these valleytronics materials, the TiSiCO-
family monolayers X,YCO, (X = Ti, Zr, Hf; Y = Si, Ge)
is outstanding due to its unique valley-layer coupling (VLC),
which allows direct and efficient control of the valley by gate-
electric field [25]. The monolayer Ti,SiCO, (ML-TiSiCO) is
characterized by two valleys located at high-symmetry points
(X and Y) in the Brillouin zone (BZ) [25]. Unlike graphene
and TMDs, the two valleys are located at time-reversal (7))
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invariant points and are connected by the spatial operators
S4; and Cy, 119, rather than 7. One unique feature of the ML-
TiSiCO is that the conduction (valence) bands of the system
in different valleys possess strong but opposite layer polar-
ization, leading to a special kind of VLC. With this VLC,
switchable valley polarization can be realized by applying a
gate-electric field, which is highly desirable for applications.
A dynamical generation of valley polarization also can be
achieved in the ML-TiSiCO, due to the valley-contrasting
linear dichroism [25]. Moreover, it has been predicted that
the ML-TiSiCO is a second-order topological insulator rather
than a trivial semiconductor [26]. Therefore, under the control
of optical and electrical fields, we can anticipate the emer-
gence of more novel properties in the ML-TiSiCO.

Optical pumping in quantum materials has emerged as a
promising approach for exploring novel properties of mat-
ter that are not present in equilibrium systems [27-29].
For instance, Floquet band engineering uses periodically
driven external fields to manipulate electric states, and even
to create different topological states [30-42]. Numerous
theoretical studies have proposed that employing periodic
monochromatic pumping on ultrafast timescales can lead to
nonequilibrium photon-modified phases with topologically
protected edge states [30,31,43—48]. The irradiation of off-
resonant circularly polarized light (CPL) induces the opening
of the band gap in graphene, leading to the emergence of chiral
edge states [30,31]. By irradiation of CPL at fixed electric
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field, silicene undergoes a topological transition from a topo-
logical insulator to a photoinduced quantum Hall insulator
or spin-polarized quantum Hall insulator [49]. Similarly, the
TMD heterobilayers driven by CPL can exhibit the valley
quantum spin Hall effect, which has usually been limited to
magnetic systems [50]. Various nonequilibrium topological
phases have been discovered in black phosphorus under ir-
radiation of polarized light [51-53]. Elliptic polarized fields
are likely to drive the black phosphorus into a quantum
anomalous Hall phase, while a semimetallic phase will be
induced by linearly polarized light (LPL) [54]. In particu-
lar, the nonequilibrium quantum transport properties can be
controlled by the periodic light field, offering the poten-
tial to optically control nonequilibrium quantum properties
[30,31]. The topological transport properties can be induced in
graphene driven by CPL, resulting in the quantum Hall effects
in this system [30]. In strained black phosphorus excited by
the incident light, the topological surface states also exhibit
nonequilibrium transport properties which are governed by
the chirality of CPL [51]. Further, some photoinduced topo-
logical states and phase transitions have been confirmed in
experiments [32,33,55].

In this work, based on a four-band tight-binding (TB)
model and the Floquet theory, we theoretically study the
topological phase transition of the ML-TiSiCO driven by the
periodic external field and electrostatic gate field. We find
that under the optical and electric fields, various topologi-
cal phases can be achieved in ML-TiSiCO, which offers an
appealing material platform to explore the photoinduced topo-
logical states and their optical-electric properties. Under the
irradiation of CPL with increasing intensity, the ML-TiSiCO
undergoes a transition from a second-order topological in-
sulator to a Chern insulator, accompanied by a change in
the Chern number from C =0 to C = £2. We also have
obtained two chiral edge states in the band structure of the
nanoribbon extended in the [100] direction. The chirality of
the edge states, as well as the sign of the Chern number of the
driven system, can be switched by the chirality of CPL. Fur-
ther, under CPL and perpendicular electric field E,, we have
obtained a rich topological phase diagram, which includes
Chern insulators with different Chern numbers C and multiple
kinds of topological semimetals. We also investigate the effect
of the interaction between LPL and the electric field on the
ML-TiSiCO. Since LPL keeps the time-reversal symmetry,
the Chern number of the system always remains C = 0 un-
der its irradiation. However, the system still undergoes many
topological phase transitions, transforming into multiple kinds
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FIG. 1. (a) Side view and (b) top view of the crystal structure
for ML-TiSiCO. The orange atoms represent the Ti atoms, and the
other atoms are represented by the gray atoms. (c) The corresponding
Brillouin zone. (d) The band structure for ML-TiSiCO without any
external field.

of topological semimetals, including topological semi-Dirac,
Dirac, and valley polarized Dirac semimetals. Furthermore,
the types and positions of these crossing points in the BZ can
be altered by controlling the direction and intensity of LPL
and electric field.

This paper is organized as follows. In Sec. II, based on
the four-band TB model and Floquet theory, we obtain the
effective Flouget Hamiltonian driven by the periodic off-
resonant light field. In Sec. III, we study the topological phase
transitions of the ML-TiSiCO under the irradiation of CPL
and LPL, as well as the presence of a gate electric field.
We demonstrate rich phase diagrams by adjusting CPL and
electric field. Conclusions are given in Sec. I'V.

II. THE EFFECTIVE FLOQUET HAMILTONIAN
OF ML-TiSiCO

As illustrated in Figs. 1(a) and 1(b), the ML-TiSiCO pos-
sesses five square-lattice atomic layers vertically stacked in
the sequence of O-Ti-Si/C-Ti-O. It belongs to layer group No.
59 (or space group No. 115) with D,,; point group symmetry.
Previous research has indicated that the low-energy states
of ML-TiSiCO are primarily contributed by the d orbitals
{d,, di, dfz, d?} of the Ti atoms in the top and bottom lay-
ers. Thus, the low-energy physics of the ML-TiSiCO can be
effectively described by the following four-band TB model

[56]:
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energies of the two orbits of the Ti atoms. ¢, = -0.729¢V,
ty = —0.866eV, ), =0.621eV, 1, =1.113eV, and 3 =

075141-2



PHOTOINDUCED TOPOLOGICAL PHASE TRANSITION ...

PHYSICAL REVIEW B 109, 075141 (2024)

0.677eV denote the hoppings between the Ti atoms in the
same layer, while #, =-0.355¢eV, 5 =0.127¢eV, and t; =
0.322 eV represent the hoppings between the Ti atoms in the
top and bottom layers. The band structure of ML-TiSiCO is
shown in Fig. 1(d) and the corresponding BZ is shown in
Fig. 1(c).

As shown in Fig. 1(d), for the undriven ML-TiSiCO, there
are two valleys at X (;r,0) and Y (0,7) points in the BZ. Due
to the strong VLC effect, applying a gate-electric field normal
to the plane of the system is a convenient and efficient method
to control the bands, as it can produce an opposite electrostatic
potential for the top and bottom atoms [25]. The main effect
of the gate electric field on the system can be captured by
introducing an on-site energy term [56],

10 0 0
01 0 0

He=Ulog o -1 o | ©)
00 0 -1

where U represents the electrostatic potential energy applied
to the Ti atoms, with opposite signs on the Ti atoms in the top
and bottom layers. The sign of U denotes the direction of the
perpendicular electric field.

Here, we consider the off-resonant periodic light to drive
the topological phase transition of ML-TiSiCO, which is also
widely used in the Floquet engineering of other 2D materials
[29,30]. The off-resonant light or high-frequency light can
effectively modify the electron band structures through virtual
photo absorption processes [27,30]. The frequency w of the
light should be much larger than the energy range of the
low-energy region about which we care. Here, we focus on
the low-energy physics of the system ranging from —1 eV to
1 eV, as shown below, and the frequency is set as w = 24eV
(>2eV).

For concreteness, we suppose that a light beam comes
in the z direction, with the vector potential A(f) =
[nA; sinwt, Ay cos(wt — ), 0]. This is a time-periodic light
field with @ =27 /T and A(t +T) = A(?). Since Aj—y/y =
eE;o~! with E; denoting the field strength, it is adjustable
in the experiment by simply tuning E;. The = 0 is for the
CPL and ¥ = 7 /2 for the LPL, while = 1 or -1 represents
the right- or left-handed CPL. In practical calculations, the
periodic driving field is introduced in the Hamiltonian by
using the minimal coupling substitution k — k — A(¢).

Since the driving frequency o is the biggest energy scale,
according to the Magnus expansion, the effective Hamiltonian
expanded up to 1/w reads [57-59]
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is a time-averaged Hamiltonian, which represents laser-
assisted processes, absorbing or emitting n photons. In our
calculation, the result has been converged for n = 1. Further-
more, we have added the band structures for n < 2 in Fig. 3,
which confirm that the terms for n > 2 can be neglected. In

the high-frequency approximation, we find that the forms of
H,(n =0, £1) are similar to H;,, with the distinction that
their hopping parameters have been modified. For the Hy, we
have

fiae = fy =D fix: fiy = 11y = Jo(Ay) fiy,
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and for the H,, we have

fix = Al =nh(A)fix

fiy = £y =@ i,
fr = f =G,
fi = f3 =GO f,

where J,,,(A;)(m = 0, 1) represents the zeroth or first Bessel

) A,
function and other parameters tan W. = % and
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Gy = n\/AT’Z' + AT% + %nAxAy sin 1. Furthermore, H_; and H;
are conjugate. The coupling between the incident light and the
electrons can be considered as the additional phase factor in
the hopping parameters. For the first term Hy, the effect of
CPL essentially involves the renormalization of the original
hopping parameters, with the hopping coefficients being mod-
ified by Bessel functions. Since Bessel functions usually yield
values less than or equal to 1, this renormalization process typ-
ically results in a decrease or even complete elimination of the
amplitudes of the original nearest-neighbor and next-nearest-
neighbor hoppings. By calculating the commutation relations
in AH, it becomes clear that the second term in the effective
Hamiltonian Eq. (4) introduces additional long-distance hop-
pings. Notice that these additional hopping parameters are all
complex numbers.

In contrast, under the irradiation of LPL, the second term in
the effective Hamiltonian Eq. (4) becomes zero, i.e., AH = 0.
This means that LPL will only renormalize the original hop-
ping parameters and not introduce additional hoppings.

III. PHASE TRANSITIONS

In the following, we investigate the topological phase tran-
sition of the ML-TiSiCO by applying a periodic field of laser
and a gate-electric field. By adjusting the chirality and in-
tensity of the incident light, as well as the magnitude and
direction of the electric field, we can obtain various topologi-
cal phases.

A. Topological phase transitions under CPL

We first investigate the influence of CPL on the ML-
TiSiCO. By applying the CPL, the driven system does not
have T and then we can use the Chern number to clarify the
topology of the system.The formula of the Chern number C
reads [60]

1
C=— dk,dk,<2,, 6
21 Xn:/BZ Y ( )
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FIG. 2. Topological phase diagram of ML-TiSiCO driven by the
CPL with high frequency w = 24 eV and perpendicular electric field.
n = 1, —1 represent the right-handed or left-handed polarized light,
respectively. The black and blue letters represent the topological
semimetal phase under the positive or negative gate-electric field,
respectively. The unit for A is A",

where €2, is the momentum-space Berry curvature for the n-th
band, expressed as

The summation is over all occupied bands in the first BZ
below the bulk energy gap, and v, is the velocity operator
along the x(y) direction.

By controlling the intensity A(¢) and chirality n of CPL,
as well as the magnitude and direction of the electric field
E,, we can obtain a rich phase diagram that includes various
topological phases, as shown in Fig. 2. In Fig. 2, the green,
yellow, and pink regions correspond to topological insulators
with Chern numbers of C = 0, and Chern insulators with
Chern numbers of C = 1 and C = %2, respectively. During
the transition between these topological phases with different
Chern numbers, the conduction and valence bands will cross,
resulting in different topological semimetals. The blue and
red lines in Fig. 2 are phase boundaries, which also repre-
sent the crossing points near the X and Y points in the BZ,
respectively. Additionally, the black and blue letters marked
in Fig. 2 represent the system under a positive (U > 0) and
negative (U < 0) perpendicular electric field, corresponding
to the band structures in Figs. 3 and 4, respectively.

We first focus on the topological phase transitions of ML-
TiSiCO with zero electric field (U = 0), while adjusting the
intensity of the right-handed CPL (n = 1). Because the CPL
incident along the z direction does not break the Sy, symmetry
of the system, the X and Y valleys always remain degenerate.
As the intensity of CPL increases, the band gaps of both the
X and Y valley simultaneously decrease until the conduction
and valence bands linearly cross, forming two Dirac points.
The two Dirac points are located at X and Y points, as shown
in the band structure in Fig. 3(a), where the positions of the
two Dirac points are marked in the BZ. This critical point is
labeled with the black letter “a” in Fig. 2. With increasing the

2Im[(n|ve|n’) (n'|vy|n)] intensity of CPL, the band gaps at both the X and Y valleys
= — Z (6w — €0)2 : ) will reopen, and during this process, band inversion occurs
Wn n n
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FIG. 3. The band structures of the semimetal phases for ML-TiSiCO under CPL and positive electric field (U > 0) with different intensities
correspond to the black letters marked in Fig. 2. The red and blue dots mark the positions of band crossing points in the BZ. The units for A
and U are A~" and eV, respectively. The band structures plotted by the black solid line and red dashed line are calculated by Eq. (4) with n = 1

and n < 2, respectively.
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FIG. 4. The band structures of the semimetal phases for ML-TiSiCO under CPL and negative electric field (U < 0) with different intensities
correspond to the blue letters marked in Fig. 2. The red and blue dots mark the positions of band crossing points in the BZ. The units for A and

U are A~" and eV, respectively.

in both valleys. Then, the system undergoes a topological
transition from a second-order topological insulator to a Chern
insulator, with the Chern number changing from C = 0 to
Cc=2

We fix the intensity of CPL as A = 0 and only adjust the
magnitude of the electric field. The perpendicular electric field
breaks the S;, symmetry, resulting in the X and Y valleys
no longer being equivalent. As the electric field magnitude
increases (U > 0), the band gap at the X valley gradually
decreases, while the band gap at the Y valley increases [56].
When the electric field continues to increase to a critical value
U = U,, the valence and conduction band will touch at X
valley and form a semi-Dirac point. When the electric field
U > U,, the semi-Dirac point splits into two Dirac points
located at the M-X path and both Dirac points reside around
the X valley [see the BZ in Fig. 3(b)]. Therefore, we can
obtain valley polarized topological Dirac semimetals, which
are shown in Fig. 3(b), corresponding to the black “b” labeled
in Fig. 2.

Next, with the electric field fixed at U < U,, we adjust the
intensity of the right-handed CPL(n = 1). We already know
that when the electric field U < U,, the system still exhibits a
global band gap, but the X valley and Y valley are no longer
being equivalent. The CPL will decrease the band gaps of both
the X and Y valleys, but it will first make the conduction and
valence bands touch at the X valley, forming a Dirac point.
The critical point is labeled with the black letter “c” in Fig. 2,
and the corresponding band structure is shown in Fig. 3(c). As
the intensity of CPL continues to increase, the band gap of the
X valley reopens, accompanied by a band inversion, while the
band gap in the Y valley remains greater than 0. The Chern
number changes from C = 0 to C = 1. With the increase in
the intensity of CPL, there will also be a band inversion

occurring in the Y valley, leading to changes in the Chern
number. During the band inversion process, the conduction
and valence bands will also touch at the Y wvalley, forming
a Dirac point. However, depending on the magnitude of the
electric field, there will be two distinct topological phase
transitions. When the electric field is very small and close to O,
the band inversion in the Y valley will make the Chern number
change from C =1 to C = 2. This critical point is labeled
with a black “d” in Fig. 2, and its band structure is illustrated
in Fig. 3(d). Just like the band structure in Fig. 3(e), when the
electric field is relatively strong, although the change of band
structure is similar to that of the small electric field, the Chern
number changes fromC = 1to C = 0.

Subsequently, with the electric field fixed at U > U,, we
continue to adjust the intensity of right-handed CPL (n = 1).
When the electric field U > U,, the band gap at the X valley
has already closed and the valley polarized Dirac points have
formed. Therefore, once the system is irradiated by CPL,
the band gap of the X valley will be directly opened, and
the Chern number becomes C = 1. As the intensity of CPL
continues to increase, the band gap of the Y valley gradually
decreases to zero, forming a crossing point which is shown
in Fig. 3(e). When the band gap of the Y valley opens, the
system’s Chern number changes from C = 1 to C = 0. As the
intensity of CPL increases, while the band gap of the Y valley
still opens, the conduction and valence bands will once again
linearly cross at the M-X path and form two Dirac points. The
band structure are shown in Fig. 3(f) and the position of the
crossing points are marked in the BZ. Both Dirac points reside
around the X valley, making this phase a valley-polarized
Dirac semimetal. Further increasing A, the CPL opens the
band gap of the two Dirac points and the system’s Chern
number changes from C = 0to C = —2.
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FIG. 5. Projected spectrum on the [010] direction of the ML-TiSiCO driven by CPL and gate electric field. The details of the edge states

are shown in the inset of the figures. The units for A and U are A~

If the chirality of incident light is reversed (n = —1), under
the left-handed CPL and perpendicular electric field, the band
structure will still undergo the aforementioned changes, but
the sign of the Chern number will be reversed. If the direction
of the electric field is reversed (U < 0), the changes in the
Chern number will be the same as the system under the posi-
tive electric field U > 0, but the band variations at the X and
Y valleys exhibit an opposite trend compared to the case of
U > 0. The band structures of topological semimetal phases
generated by the interaction of right-handed CPL (n = 1) and
a negative electric field (U < 0) are shown in Fig. 4, corre-
sponding to the blue letter labeled in Fig. 2.

The bulk-edge correspondence allows for a deep under-
standing of the changes in the Chern number, which is
associated with topological phase transitions. Under CPL and
perpendicular electric field, the ML-TiSiCO changes from
a second-order topological insulator to the Chern insulator
with different Chern numbers. Here, we investigate the band
structure of the nanoribbon of the ML-TiSiCO extended in the
[100] direction. Under the irradiation of CPL, as the intensity
of CPL increases, the band gap decreases. From Fig. 5(a), we
found that before the band inversion there will be an edge state
spanning the entire first BZ, which is protected by the 7w Zak
phase [26].

As the intensity of CPL increases, band inversion will oc-
cur at both the X and Y valleys, resulting in a Chern number of
C = 2. Consequently, two chiral edge states can be observed
in Fig. 5(c), where the insets show the details of the edge
states. If we change the chirality of the incident laser, i.e.,
switch to left-handed CPL, with the same intensity of light,
two nontrivial edge states will still appear, which is shown
in Fig. 5(e). However, their chirality will be opposite that of
the right-handed CPL irradiated system. This confirms that the
Chern number of the driven system is switched by the chirality
of the incident light.

! and eV, respectively.

The positive electric field (U > U,) will make the conduc-
tion and valence bands touch at the X valley, but it increases
the band gap in the Y valley, which can also be observed in
Fig. 5(b). When the direction of the electric field is reversed
(U < 0), the band structure changes in the X valley and Y
valley also exhibit opposite behaviors to the case of U > 0.
From the previous discussion, we know that after the band
gap is closed by the electric field U > U, the irradiation of
right-handed CPL ( = 1) will open the band gap and the
Chern number becomes C = 1. A chiral edge state appears
in the band of the nanoribbon extended in the [100] direction
as well. If we switch the incident light to left-handed CPL
(n = —1), the chirality of the edge states will become oppo-
site, corresponding to a reversal Chern number C = —1. For
the case of n = %1, the chiral edge state is shown in Figs. 5(d)
and 5(f).

B. Topological transitions under LPL

In this subsection, we study the effect of LPL on the
energy bands of ML-TiSiCO. The LPL does not break the
time-reversal symmetry of ML-TiSiCO, and thus, it does
not change the Chern number of the system. However, LPL
still significantly modulates the band structure and leads to
topological phase transitions. We consider the impact of LPL
propagating along the x, y, and z directions on the band
structure of ML-TiSiCO. The band structures are illustrated
in Fig. 6. Here, the black, blue, and red dots indicate the
positions of band crossing points in the BZ, and they are
associated with the bands plotted by the same color.

When the incident light propagates along the x or y direc-
tion, the Sy, symmetry of the system is broken, resulting in
the nonequivalence of the X and Y valleys. Consequently, the
response of both valleys to an external field is no longer the
same. When the incident light propagates in the x direction,
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FIG. 6. The band structures of ML-TiSiCO under LPL and gate electric field. The LPL is incident along the (a) x, (b) y, and (¢)—(f) z
direction. The black, red, and blue dots in the BZ represent the positions of the band crossing points, and they correspond to the band structures

with the same color. The units for A and U are A~" and eV, respectively.

with increasing the intensity of LPL, the energy of the X
valley rises, while the energy of the Y valley decreases, and the
local band gaps of both valleys reduce. The above changes in
the band structure are shown in Fig. 6(a). With the increase in
the intensity of LPL, the band gap of the Y valley first closes,
forming a semi-Dirac point, which is plotted by the blue line
in Fig. 6(a), and the positions of the crossing points are also
marked with blue dots in the BZ. Subsequently, the semi-
Dirac point splits into two Dirac points located at the M-Y
path, which is the valley polarized Dirac semimetal phase. As
depicted by the red line in Fig. 6(a), with the continued in-
crease in the intensity of LPL, the band gap at the X valley also
closes and a semi-Dirac point forms at the X point, while there
are still two Dirac points around the Y valley. The locations of
these crossing points are also indicated by red dots in the BZ.
The semi-Dirac point at the X valley will further split into
two Dirac points located at the M-X path, and the four Dirac
points near the two valleys will no longer be opened by LPL.
That is, the LPL incident along the x direction can induce a
phase transition from a topological insulator to a topological
semimetal. Furthermore, the position and type of the crossing
points can be controlled by the intensity of the incident LPL.
When LPL is incident along the y direction, as the intensity of
LPL increases, the energy of the X valley decreases while the
energy of the Y valley rises. Additionally, the other changes
in the bands of the X and Y valleys are opposite to the system
driven by the LPL along the x direction. Eventually, two Dirac
points will also form at both the M-X and M-Y paths. This
process is illustrated in Fig. 6(b).

When the LPL is incident along the z direction, the Sy,
symmetry of the system is not broken, and the X and Y
valleys remain degenerate. Therefore, with an increase in the
intensity of LPL, the band gaps of both the X and Y valleys
simultaneously decrease to zero, forming two Dirac points.

In Fig. 6(c), we found as the intensity of LPL increases,
the band gaps of the two Dirac points will open. During
this process, the Chern number remains unchanged, but the
system transitions from a topological insulator to a Dirac

semimetal.
When the LPL and electric field are both along the z

direction, the X and Y valleys are no longer equivalent.
When the electric field U > U,, the band gap at the X val-
ley closes and the valley polarized Dirac semimetal phase
forms, which is plotted by the black line in Fig. 6(d). The
Dirac points also can be opened by LPL, and the correspond-
ing band structures are plotted by the blue and red lines in
Fig. 6(d).

When the electric field 0 < U < U,, with the increase in
the intensity of LPL, the band gap of the X valley will first
decrease to zero. In Fig. 6(e), the conduction and valence
bands touch at the X point and form a Dirac point. The Dirac
point will be opened by the LPL with larger intensities.

Conversely, if the electric field direction is reversed (U <
0), there is a Dirac point formed in the Y valley, as shown
in Fig. 6(f). Therefore, under the control of LPL and electric
field, even though the Chern number of the system remains
unchanged, it can transition from a topological insulator to
a Dirac or semi-Dirac semimetal. Further, the positions and
types of the crossing points can be controlled by the direction
and intensity of LPL and electric field.

IV. CONCLUSIONS

In conclusion, based on the four-band TB Hamiltonian and
Floquet theory, we have systematically studied the topological
phase transitions of ML-TiSiCO under the periodic driving
polarized light and gate-electric field. Via the effective Floquet

075141-7



PU LIU, CHAOXI CUI, AND ZHI-MING YU

PHYSICAL REVIEW B 109, 075141 (2024)

Hamiltonian, we found the influence of CPL on the system is
equivalent to renormalizing the original hopping parameters
and introducing more neighboring hoppings. But LPL only
modulates the origin hopping parameters. Under the control of
CPL and perpendicular electric field, we obtained a rich phase
diagram that includes Chern insulators with different Chern
numbers and various topological semimetals. The Chern num-
ber of the Chern insulators and the position and type of the
crossing points of a topological semimetal can both be ad-
justed by the intensity of CPL and electric field. Furthermore,
we also observed chiral edge states in the band structure of
the nanoribbon extended in the [100] direction. The chirality
of the edge states and the Chern number of the driven system
can be switched by the chirality of the CPL.

The LPL does not break the time-reversal symmetry, which
means that under the driving of LPL, the Chern number of
the system remains unchanged. However, the system can still
transition from a second-order topological insulator to vari-
ous topological semimetals, including semi-Dirac, Dirac, and
valley polarized Dirac semimetals. The type of topological
semimetal and the position of its crossing points in BZ can
be manipulated by adjusting both the intensity and direction
of LPL and the electric field.
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