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Light-induced above-room-temperature
Chern insulators in group-IV Xenes
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Floquet engineering provides a versatile platform for realizing and manipulating diverse exotic
topological phases inaccessible in equilibrium. Under the irradiation of circularly or elliptically
polarized light, the sizable spin-orbit couplings in group-IV Xene materials (e.g., silicene, germanene,
stanene) lead to topological phase transitions (TPT) from quantum spin Hall (QSH) to quantum
anomalous Hall (QAH) states, governed by spin-degeneracy broken with band closing and reopening
process in one of the spin components. Fascinatingly, a large gapped (=35 meV) QAH effect with a
Chern number C = + 2 can be introduced under a wide range of laser parameters, lifting limitations of
conventional atomic building blocks to achieve long-range magnetism and enabling Chern-insulating
behaviors above room temperature. A complex phase diagram for such TPTs is predicted. This work
addresses transitions between two-dimensional QSH and QAH states via Floquet engineering, which
will stimulate experimental realization of above-room-temperature QAH in group-IV Xenes.

Floquet engineering of band structures under the irradiation of per-
iodic light imports a prominent approach to achieving abundant
novel topological phenomena'™"®. The ability to continuously tune
photon energy and laser intensity without inducing sample damage
enables versatile manipulation of band structures, offering a pro-
mising platform for both theoretical investigations and experimental
explorations. This method finds extensive use in modulating band
topology. Examples include varying the type of semimetal phases in
bulk black phosphorus® and in ferromagnetic (FM) MnBi,Te,’,
opening the gapless Dirac cone in the surface state of three-
dimensional topological insulators (TI)’, offering and manipulating
effective mass terms in two-dimensional Chern insulators®,
modulating concrete Chern numbers in monolayer magnets™",
inducing anomalous Hall effect into graphene as demonstrated
experimentally'’, and beyond. Noteworthily, most of the above tun-
ability is unavailable in topological materials in the ground state,
manifesting Floquet engineering as a bright employment in freely
pursuing novel topological characters.

Quantum anomalous Hall (QAH) effect is not an exception,
which is expected to be manipulated by Floquet engineering””’. As
one of the most profound manifestations of band topology that can be
directly verified via transport measurement, the QAH effect attracts
numerous attentions in recent years’’. Characterized by dis-
sipationless spin-polarized edge states robust to impurity-related
disturbances, the QAH state provides a multifunctional research
platform for axion insulators, Majorana fermions, topological

quantum computation, and topological magnetoelectric effects* .

Great efforts have been spent to increase its working temperatures,
i.e., by enhancing the magnetic critical temperatures™******7** and
by enlarging the Chern-insulating gaps*. Despite significant
efforts, the zero-field QAH conductance has only been experimen-
tally realized at the highest temperature up to 1.4 K* in the intrinsic
magnetic topological insulator MnBi, Te,*******7>**=** highlighting
the challenges in achieving higher-temperature operation. In the
meantime, optimizing the global gaps in materials manifests a com-
plicated designing dilemma due to the non-monotonic evolving
performance of magnetic Zeeman splitting""*. As discussed earlier,
the non-equilibrium states excited by the periodic laser fields provide
a powerful approach to achieve high-temperature QAH states,
especially in those non-magnetic insulating materials without the
limitation for intrinsic long-range magnetism. Floquet engineering of
topological properties has been broadly investigated and discussed
theoretically™'>"'"****, yet its advancement in realistic materials
remains in a much slower pace’.

In this work, we systematically investigate the group-IV Xenes
including silicene, germanene, and stanene, as prototypical two-
dimensional (2D) materials to achieve topological phase transitions
(TPT) between quantum spin Hall (QSH) and QAH states using circularly
polarized light (CPL) or elliptically polarized light (EPL), via band closing-
reopening process in one of the spin components. By fine-tuning laser
parameters, the strength of spin-orbit coupling (SOC) governs the phase-
transition conditions. For silicene and germanene, an exceptionally large
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global gap (=35 meV) with the Chern number C = +2 is easily achieved at a
moderate laser intensity and a wide range of optical parameters. These
effects are manifested by the zero-order bands reshaped by interacting with
replica bands. Moreover, reversing the chirality of the light induces the
reversal of Chern numbers. Our findings not only predict QSH-QAH phase
transitions in the most widely studied two-dimensional (2D) group-IV Xene
films*™', but also provide a highly feasible and practical strategy for
achieving above-room-temperature QAH states in experiment.

Results

Theoretical models and derivations

Crystallized as a hexagonal structure, group-IV (carbon-group) Xene pos-
sesses the simplest 2D structure but plentiful novel physics adjacent to their
K(K") valleys. Distinct from graphene that manifests a semi-metallic char-
acter, the sizable SOC strength in silicene, germanene, and stanene, plays a
vital role in determining the electronic band gap at the K(K”) valley, ren-
dering a QSH state (Z, = 1), among all of which the time reversal symmetry
T maintains. In the concept of Floquet engineering, the incidence of a
polarized laser pulse may break time reversal symmetry T and govern
the TPTs.

We first consider right-handed CPL (R-CPL) with the direction of
incidence perpendicular to the film. We set the vector potential of laser field
A = Ay(cos wt, isin wt, 0), where w is the frequency of the light, t stands for
the time. The ground state of the Dirac cone without including spin degree
of freedom (i.e, two-band model) can be described as:
Hgouna(k) = hve(k,o, + k,0,), where A, vr and oy, denote the reduced
Planck constant, Fermi velocity, and Pauli matrices, respectively. The
photon absorption and emission processes create multiple replica bands
with infinite orders, and the Peierls substitution (k — k + %, c is the
velocity of light) involves laser field in the Hamiltonian. Only picking up the
band-orders of — 1,0 and 1, by setting A = “% and ignoring the second-
order interactions, the Floquet-Bloch theory pr0v1des the six-band Hamil-
tonian as:

Hoo(k)+ho "o, 0.,
H=| Zo  Hyk Lo |- O
0,x;, r’A o_ Ho,o(k) -

Then, this Hamiltonian can either be solved straightforwardly by diag-
onalization or be analyzed approximately by Magnus expansion

(Hg(k) = Hy (k) + Bt &H0u®) (1)) 11 the latter, the folding
process into the two-band Hamﬂtonlan of zero-order bands results in:

~2
k) = Hoo®) + o @
hw

The second term in the right-hand side of Eq. (2) is the effective mass
term induced by CPL, with # as +1 (— 1) for R-CPL (L-CPL). Further
derivations provide the induced Chern number as +1 or — 1 under the
irradiation of R-CPL or L-CPL, respectively. The amplitude (A,) and
photon energy (E = hw) co- contrlbute to the final effective mass term (and
thus the valley gap size): i h ® Detailed theoretical derivations related to
above results are shown in Supplementary Note 1. For computational
process, we implement ten-order expansion of zero-order bands into the
tight-binding Hamiltonian obtained from maximally localized Wannier
function®*, with more details expounded in Methods.

Considering the presence of sizable SOC effects, each band splits into
two spin-resolved ones, thereby expanding the two-band model described in
Eq. (2) into a more complex four-band model. Hence, in the QAH regime,
the Chern number correspondingly doubles to either +2 or — 2. The valley-
gap opening induced by SOC shifts the onset of QAH states to a finite value
of Ao, and the enhanced effective mass term initially compensates the gap
under QSH regime, undergoes a TPT into a Chern-insulating state following

aband gap closure, and subsequently exhibits a quadratic increase in the gap
relative to Ao. Figure 1 illustrates this QSH-QAH phase transition irradiated
by R-CPL [red incident arrow depicted in Fig. 1b] and L-CPL [blue incident
arrow depicted in Fig. 1c], one of chiral edge state reversing its chirality and
aligning parallel to the other.

Light-induced QSH-QAH Transition on Silicene

In the following, we mainly focus on the light-induced modifications of
zero-order bands. First, for silicene, its weak SOC strength sustains a valley
gap (1.4 meV) at ground state, requiring relatively weak laser-intensity to
realize QAH states. Notably, the local density of state (LDOS) patterns
projected onto the Y edge serve as the most direct method for edge state
characterization and topological phase verification. Figure 2 displays the
outcomes for silicene irradiated by R-CPL with SOC. Similarly, we also
present the results without considering the spin degree of freedom in
Supplementary Fig. 1.

As shown in Supplementary Fig. 1a—d, by projecting the 2D bulk states
along with edge states onto the Y edge under the irradiation of R-CPL with
hw = 1.0 eV, a graphene-like behavior is observed. This indicates a topo-
logical phase transition (TPT) from a semimetallic state (at 0 V/c) toa Chern
insulator (at finite laser amplitude), where the Chern number is +1 in the
latter phase. Adding back spin degree of freedom with SOC initiates almost
no reformation into the aforementioned physical phenomena, except that
the gapless point for TPT is shifted to 20 V/c [Fig. 2c]. In the QAH regime,
the weak SOC strength of Si makes the two chiral edge states almost
degenerate, with their distinction only becoming apparent in the further
zoom-in local density of states (LDOS) pattern shown in the middle of
Fig. 2d. AHC curves also verify the Chern number as +2 (o, &+
[Fig. 2e], maintaining exceptional large global gaps under moderate laser
amplitudes. With the photon energy fixed to 1.0 eV, quantum AHC plateau
grows beyond 100 meV when A, rises above 162 V/c. Markedly, the global
gap of the whole system is distinctly determined by the energy gap at K(K")
valleys at moderate laser amplitudes [see Fig. 2a].

Spin-resolved band structures of silicene (Supplementary Fig. 2)
indicate that the illumination of CPL lifts the spin degeneracy, with the two
valley gaps being determined by only one of the spin components. Ger-
manene and stanene behaves similarly (Supplementary Fig. 3), amplifying
the spin splitting as the laser intensity or SOC effect enhances. For silicene,
within the QAH regime, an almost negligible valley-polarized nature is
observed (Supplementary Fig. 4). This behavior is consistent with the
characteristic that chiral edge states connect the valence band at the K valley
to the conduction band at the K’ valley [Fig. 2a]. Enhancing the laser
amplitude to even a large regime (300-600 V/c) ruins the global gap of
silicene, stemming from the band overlapping around the I'" point (Sup-
plementary Fig. 5). Moreover, replacing R-CPL by L-CPL results in sym-
metric response characteristics while inducing a sign reversal of the Chern
number to — 2 in the QAH phase (Supplementary Figs. 6 and 7). In contrast,
linearly polarized light (LPL) fails to import effective mass term into the
model after band renormalization (Supplementary Figs. 8 and 9).

Optical Phase Diagrams for Beyond-room-temperature Chern
Insulators

Without the requirement of magnetization, the valley gaps (0 - 200 V/c)
solely govern the working temperatures of the light-induced QAH state,
with the inter-band mixing at other momentum effectively prevented.
Figure 3 presents a comprehensive evolution of Chern numbers and valley
gaps as a function of photon energy (Aw), laser amplitude (A,), the eccen-
tricity of polarized light (¢) and the incident angle (6) in silicene. The
following analysis further establishes the equivalent relationship among the
K’ valley gap, K valley gap and the global gap at moderate laser amplitudes.
Hereinafter, we will refer to the evolution of K’ valley gaps as representative
of both the valley and global gaps in the phase diagrams illustrated in
Fig. 3e-h. Initially, selecting 4w successively from 1.0 eV to 5.0 eV, we
sequentially outline K’ valley gap developments in Fig. 3a and observe the
zoom-in region of small-gap regime (0-10 meV) in Fig. 3b. All five
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Fig. 1 | Illustrations of QSH-QAH phase transi-
tions within Xenes under the irradiation of CPL.
a Top view of monolayer Xenes with two opposite
chirality of edge states, in which the red and blue
square loops with opposite arrows stand for the
chiral edge states with positive and negative chir-
ality, respectively. b and c are corresponding to the
conditions under the irradiation of R-CPL and
L-CPL separately. In each subfigure, the large light-
red and light-blue arrows located in the top-left

(a)

corner stand for the incidence of R-CPL and L-CPL.

The gray balls stand for Si, Ge, or Sn atoms.

Ground State

Irradiation of L-CPL

characteristic curves demonstrate a consistent trend of an initial gap
decrease, a gapless region, and a subsequent gap increase. Significantly, the
increase in iw retards the critical threshold for the emergence of QAH state.
In the QAH regime, the K’ valley gap increases approximately quadratically
with the laser amplitude, which corresponds to the effective mass term
described in Eq. (2). Negligible difference can be observed between the two
valley gaps [Fig. 3c], confirming the indistinguishable valley-degeneracy
lifting induced by both the SOC effect and light illumination.

However, the evolution of energy gaps contributed by the two spin
components exhibits an opposite trend: “spin 1” undergoes a band closing-
reopening process, while “spin 2” monotonically increases without band
closure [Fig. 3d]. The band of “spin 1” reverses its chirality after the band
closure, resulting in a change of the Chern number from 0 to +2, consistent
with the illustration in Fig. 1.

The presence of spatial inversion symmetry prohibits the breaking of
valley degeneracy, which in turn limits the potential emergence of other
Chern numbers. By choosing a vdW-layered substrate, spatial inversion
symmetry is eliminated and the topological features are preserved (see
Supplementary Figs. 10 and 11). For instance, silicene grown on monolayer
Sb,Se; has the potential to create Chern numbers of + 1 within a narrow
range of light intensity. Furthermore, the illumination of multi-frequency
light does not introduce additional Chern numbers, maintaining an
immediate transition from 0 to + 2, as illustrated in Supplementary Fig. 12.

To provide a more comprehensive view of the entire diagram, Fig. 3e
illustrates the distribution of K’ valley gaps as a function of Zw (along the x
axis) and A, (along the y axis). The top-left region colored by maroon
corresponds to gaps exceeding 35 meV, which is associated with an elec-
tronic excitation temperature of 2406 K. Remarkably, for the lowest value of
hw (0.2 eV), selecting a laser amplitude up to 200 V/c avoids any overlap
with band states located at other momenta. Consequently, replacing this
distribution with the global gap maintains its overall shape. These findings
underscore the persistence of QAH states beyond room temperature across
a broad range of laser field parameters.

Decreasing the laser vector potential to a regime below 50 V/c and the
energy gap into 0-5 meV range, as encapsulated by a yellow frame in Fig. 3e,
azoom-in gap distribution is depicted in Fig. 3f. The gap values exceeding 5
meV also concentrate in the top left region. Meanwhile, a distinct blue zone,
representing gaps near zero, appears around the white dashed curve indi-
cated in Fig. 3f. This illustrates the evolution of the TPT point in relation to
the photon energy, which follows a square-root relationship, aligning well
with theoretical predictions [see Supplementary Fig. 13a]. It is intuitive to
conclude that the left-top (right-bottom) part divided from the white dashed
curve represents the Chern insulating (trivial insulating) phases with “C=
+27 ("C=0").

The eccentricity and the incident angle of the light are also critical
factors. For right-handed EPL, its eccentricity is characterized by e,
offering the effective mass term as AM’ = +/1 — €2AM, in which AM is
induced under the perpendicular irradiation of R-CPL. If ¢ is approa-
ched to 1 (0), AM’ is approximated to 0 (AM), relating to the irradiation
of LPL (R-CPL). Thus, the TPT points adhere to the relationship
Arpy o 57—, with the contour distributions illustrated in Fig. 3g, by
substituting the photon energy with the square of the eccentricity (¢?).
The TPT curve fits well with theoretical models [Supplementary Fig.
13b]. Analogously, varying the incident angle (6) provides the effective
mass term: AM' = cos O0AM and the T_PT point as: Appr & ﬁ, with
the contour distribution revealed in Fig. 3h. In like manner, tile evo-
lution of the TPTs aligns well with theoretical predictions [Supple-
mentary Fig. 13c]. Notably, when the light is incident parallel to the
sample (0 = 90°), no effective mass term is introduced, resulting in a
completely fixed band structure. The parallel component of A adversely
affects the phase modulation characteristics induced by light-matter
interactions.

Similar behaviors of germanene and stanene
Exhibiting similar structures and electronic properties, Floquet engineering
of germanene and stanene also demonstrates analogous behaviors. The
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Fig. 2 | QSH-QAH phase transition induced by the irradiation of R-CPL in
silicene by including the SOC effect. a shows the whole Brillouin-zone LDOS
patterns of silicene under the irradiation of R-CPL with the laser-amplitude of 200
V/c. The two white horizontal dashed lines denote the bottom of the conduction
band and the top of the valence band of the 2D bulk phase, with the gap indicated as
147 meV. b-d denote zoom-in LDOS patterns around the K(K") valleys with the
laser amplitude varying as 0 V/c, 20 V/c, and 36 V/c sequentially, with the zoom-in
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zones encapsulated by yellow frames in subfigure a. In the center of d, the further
zoom-in pattern exhibits the detailed nature of the edge state, corresponding to the
yellow-dashed frame zone within the K’ valley gap. The white vertical line separates
LDOS patterns near the two valleys in each subfigure. The colors that from blue,
white to red stand for the enhancement of LDOS values, while the red curves are edge
states. e measures the AHC evolutions along with the energy level and the laser
amplitude.
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Fig. 3 | Comprehensive analysis of silicene-based TPTs and valley gap evolutions
based on various conditions of incident light. a K’ valley gap evolutions with
various photon energies under the irradiation of R-CPL. b The zoom-in part of

a within the black dashed frame shown in (a). ¢ The comparison between K’ (blue
curve) and K (red curve) valley gaps evolving with the laser amplitude, depicted at 1w
=1.0eVand 2.0 eV.d The comparison of K’ valley gaps contributed by two separate
spins (purple and olive curves) as a function of laser amplitude, depicted at iw = 1.0
eVand 2.0 eV. e Contour distributions of K’ valley gap by varying the photon energy
(along x axis) and the laser amplitude (along y axis) under the incident of R-CPL. The
colors from blue, green, yellow to red, the K’ valley gap increases, with the maroon

20 3.0 4.0 50 0 20 40 60 80 90
ho (eV) Incident angle (6)

region stands for the K’ valley gap above 35 meV. fexhibits the low-amplitude region
of e (within the yellow frame, < 50 V/c), in which the maroon region is related to the
gap above 5 meV. The white dashed curve sitting in the center of the blue zone
displays the QSH-QAH phase-transition boundary. The right-bottom (left-top) part
divided by this boundary is denoted with “C = 0” ("C = 4 2"). g Similar contour
distributions of K’ valley gap under the irradiation of right-handed EPL with various
eccentricities (shown as €’, along x axis). The maroon region stands for the gap above
5 meV. h Similar contour distributions of K’ valley gap under the irradiation of
R-CPL with various incident angles (6, long x axis). The maroon region stands for the
gap above 5 meV.

enhancement of SOC strength in germanene and stanene makes the two
chiral edge states significantly more distinguishable [Fig. 4a and f] compared
to those in silicene. Markedly, the TPT points shift to higher laser amplitude
as either the SOC strength or the photon energy increases. For stanene, the
TPT point exceeds 300 V/c when the photon energy rises above 1.0 eV
[Fig. 4b and g]. Akin to silicene, in germanene and stanene, the valley
degeneracy lifting is minimal; however, the spin degeneracy is quickly
broken, with the gap difference increasing as the laser intensity or SOC
strength increases [Fig. 4c, d, h and i]. Germanene also exhibits remarkable
characteristics as a large gapped Chern insulator, as indicated in the maroon
zone (235 meV) of Fig. 4e, also characterized by Chern number as +2
[Fig. 4a and Supplementary Fig. 14]. It's I-point gap declines unhurriedly,

same to that of silicene (Supplementary Fig. 15). Unfortunately, for stanene,
the valence band at I point intrudes into the global gap before the TPT point
is reached, undermining its potential for large gapped QAH state (Supple-
mentary Fig. 16). The phase diagram displayed in Fig. 4j characterizes the
evolution of QSH-QAH TPT points for stanene as a function of photon
energy, but entirely obscured within metallic phase (gray-color zone)
invaded by I'-based valence states.

Moreover, employing HSE06 functional” instead of PBE* verifies the
robustness of all the aforementioned Floquet engineered topological phases,
but with a larger ground-state gap of silicene (2.02 meV) and germanene
(32.5 meV), and accordingly, a higher laser intensity of TPT point, con-
cretely shown in Supplementary Figs. 17, 18.
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varying the photon energy (along x axis) and the laser amplitude (along y axis). The
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as the QSH-QAH phase-transition boundary. f-j are similar to a-e, but for the
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the metallic phase.
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Discussion

According to previous relative explorations, six cycles of periodic light
facilitate Floquet engineering of bands*”. We select the highest light fre-
quency and intensity (hw = 4.0 eV, Ay = 200 V/c) from the phase diagram,
which supports Chern insulating gaps exceeding 35 meV. Multiplying by six
periods, the fluence amounts to approximately 0.013 J/cm? which is
significantly lower than the bond-damaging threshold of Si or Ge
(0.050 J/cm®)™. Consequently, we expect that our optical parameters can
avoid significant laser damage of the sample.

In this work, silicene and germanene exhibit remarkable potential for
exceptional large-gapped (=35meV), above room-temperature QAH states via
Floquet engineering by CPL, manifesting the superiority compared to the
previous building-blocks grown on magnetic substrates® . The irradiation of
CPL or EPL, coupled with the SOC effect, induces a QSH-QAH TPT in
silicene, germanene, and stanene, driven by the chirality-reversing within one
of the spin components. Furthermore, an increase in eccentricity and incident
angle negatively impacts the tunability described above, resulting in a retard-
ment of TPT points toward a higher laser amplitude regime, and then, totally
undermines the governability when the eccentricity achieves 1 (becoming LPL)
or the incident angle arrives at 90° (parallel to the sample). Free from the
constraints of complex traditional building blocks, Floquet engineering of the
aforementioned group-IV Xenes offers the most practical and accessible
pathway towards QAH-related novel quantum physics in the future.

Methods

Ground state computational details

Ground states of silicene, germanene and stanene were obtained via utilizing
first-principle computational methods implemented by Vienna ab initio
simulation (VASP)®, which is assisted by constructing a tight-binding
Hamiltonian (TBH). For mesh grids of k points, 11 x 11 x 1 was adopted in
relaxation and self-consistence computations of silicene, germanene and
stanene. Among the above three group-IV Xenes, we adopted the criterion
of structural optimization: Hellmann-Feynman force on each atom being
smaller than 0.001 eV/A. Similarly, for the electron energy convergence
criterion, 1.0 x 1077 eV was selected among relaxation, self-consistence and
band structure computations. We mainly employed Perdew-Burke-
Ernzerhof (PBE) functional to extract their ground states™, and prepared
Heyd-Scuseria-Ernzerhof (HSE)06-functional-based”” ground states to
check the robustness of the outcomes mentioned in this work. For all four
aforementioned systems, we added a vacuum layer of at least 15 A to mimic
two-dimensional behaviors®. Due to the monolayer structural nature, no
van der Waals (vdW) correction was imposed. For the structural relaxation
step, no SOC effect was involved; meanwhile, for self-consistence and band
computation steps, the SOC effect was implemented.

Adding optical fields

In order to acquire the excited states illuminated by periodic optical fields,
firstly, we applied Wannier90 package to build TBH of all the aforementioned
three group-IV Xenes based on maximally localized Wannier function™ ™.
After obtaining ground-state TBHs, we implement our group-made code to
execute Fourier transform into the reciprocal-lattice-based Hamiltonian,
carrying out Peierls substitution: k — k + %, then made inverse Fourier
transform to real-space-based Hamiltonian. We chose the value of equally
divided points as 101 among one cycle for major investigations, and 51 for fast
positioning of topological phase transition (TPT) points. In the code, we
incorporated perturbations from higher-order side bands into the zero-order
bands through a Magnus expansion approach*”>” up to ten orders:

) k), H,, (k
(0~ 00<k>+ZM )

After obtaining the Floquet engineered TBH, finally we adopted
Green’s function method via WannierTools package” to observe the
topological feature of edge-states, Berry curvature distributions, anomalous
Hall conductance (AHC) and Chern numbers.

Data availability

The data that support the findings of this work are available from the
manuscript's main text and Supplementary Information. The additional
data is available from the corresponding author upon reasonable request.
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