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Fig. 1. The schematic of the research framework of Floquet
Engineering. The deep blue region denotes driven system
including bosonic and fermionic system. The red region de-
notes the nonequilibrium states such as Dirac and Weyl se-
mimetals, Majorana Fermions, topologically nontrivial in-
terface states etc. And the green regions denotes the poten-
tial applications of Floquet engineering in ultrafast spin-
tronics, valleytronics, transient superconductivity, Skyrmi-
ons etc. The pictures are adapted from Refs. [31, 39, 62, 68,
70, 71].
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Fig. 2. (a) Floquet system driven by a periodic external field can be created by imposing circularly polarized laser on a linear Dirac
conel™. (b) Energy band structure and energy band replica in Floquet systems(™!l. (¢) Schematic diagram of the origin of the energy
side band of the Floquet system. Each framework represents one subspace from the Hamiltonian of the static system. The light field
make the original eigenstates of different subspace coupled together through the process of absorbing and emitting virtual photons,
corresponding to the off-diagonal element like H4,, n = 1. Other higher-order off-diagonal elements (n > 1) correspond to multi-
photon processes. (d) Floquet-Bloch band structures of topologically nontrivial surface states on Bi,Se; measured by Tr-ARPES/®.
The magnitude of color bar denotes the intensity of photoemission signals. The red arrows denote the gap-opening regions.
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Fig. 3. (a) Laser irradiated honeycomb lattice have virtual photon absorption and emission processes. These effects lead to next-
nearest-neighbor hoppings similar as that in Haldane model ™. (b) Band structures of laser irradiated graphene nanoribbon!*?. The
red lines in this panel denote the chiral edge states, which move along opposite directions of graphene nanoribbon edges (inset).
(c) Photonic analog of laser irradiated honeycomb latticel®?. (d) The anomalous Hall conductance in laser irradiated graphene meas-
ured by pump-probe method®. The sub-linear relationship between nearly quantized conductance and laser fluence has been ob-
served. (e) Floquet band structure with different laser fluencel. If increasing the laser fluence, the anticrossing gap in Floquet sys-
tem is also enlarged. The last panel shows the calculated conductance at different Fermi levels with laser fluence 0.23 mJ/cm?.
These results indicate that the gap in Floquet system is topological nontrivial.
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Fig. 4. Light field driven electronic phase transition of three-dimensional Dirac semimetal NagBi: (a) atomic structures of NayBil'?];
(b) band structures of NagBi near Dirac points measured by ARPES, The location of Dirac points and its linear dispersion are
presented as well®. (c) when the circularly polarized light is applied along to the z axis of NayBi, the Dirac cone will inherently
split into two Weyl cones with opposite chiralities along k, direction”; (d) schematics of the circularly polarized pump and probe

laser irradiated along the z axis and y axis of NazBil’"l; (e) varying delay time during the laser pulses leads to dancing Floquet-Weyl

points calculated by TDDFT¥7.
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Fig. 5. Photon dressed states in two-dimensional systems with massive Dirac fermions: (a) Phase diagram of silicene by using effect-
ive Hamiltonian considering both electrical field and light field??. (b) Sketch of silicene in the single Dirac cone statel??. The K val-
ley exhibits a parabolic dispersion while the K’ valley remains the linear dispersion. (c¢) Schematics of the valley-selective OSE in
WS, (d) Schematics of the Bloch-Siegert shift in WS,. (e), (f) Valley-specific Floquet topological phase in WS,/'7. The band in-
version and hybridization of Floquet sidebands is tuned by A and the chiral edge state is formed due to OSE.
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Fig. 6. Floquet-Dirac fermions and topological phase transition in compressed black phosphorus. (a) Atomic structure with 3.72%
compressive strain along z direction. (b) Bulk first Brillouin zone and projected (100) surface. Here, the topological nodal ring ap-
pears in the I-Z-W plane. (¢) Topological phase transition driven by laser with varying laser amplitude and incident angle of y-z
plane 6 under a fixed photon energy 0.5 eVI®. (d) —(f) Floquet-Dirac band structure under different laser parameter!6%:
(d) Ao =50V/c; (e) Ap=263V/c; (f) Ap =300V/c.c is the speed of light. (g) Construction of high Chern number Weyl
points in nodal ring under incident light!'25.
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Fig. 7. Floquet states induced by coherent phonons driven by periodic light field: (a) Circularly chiral phonons generated from the

8l (b) calculated Tr-ARPES of
134,

degenerate LO and TO phonons (with phase difference n/2) of Ey, vibration mode of graphenel!
phonon-driven graphene fits well with TDDFT simulations*¥; (c) atomic structures and interlayer vibration mode Ay of ZrTey
(d) band structure of monolayer MoS, under equilibrium!*l, the blue box marks the lowest conduction band near K valley; (e) rela-
tionship between the spin inclination angle and the up/ down spin splitting Ae with respect to the displacement Ad, along the phon-
on mode E', the inset shows the E' vibrational model*”; (f) spin-Floquet eigenstates of MoS, at K and K' valleys induced by the

right circularly polarized phonon!*l.
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
Fundamentals and frontiers

Nonequilibrium states in quantum materials
under time-period driving”
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Abstract

The topology of quantum materials is the frontier research in condensed matter physics. In contrast with
the conventional classification of materials by using the local symmetry breaking criterion, the states of
quantum systems are classified according to the topology of wave functions. The potential applications of
topological states may lead the traditional microelectronics to break through and accelerate the significant
improvement in topological electronics. Most of the recent studies focus on the topological states of quantum
systems under equilibrium conditions without external perturbations. The topological states of quantum systems
far from the equilibrium under time-periodic driving have attracted wide attention. Here we first introduce the
framework of Floquet engineering under the frame of the Floquet theorem. The nonequilibrium topological
states of massless and massive Dirac fermions are discussed including the mechanism of phase transition. Light
field driven electronic transition term in the quantum material gains extra time-dependent phase. Thereby the
manipulation of effective transition term of the electron is realized to regulate the non-equilibrium topological
states. We also mention how the photoinduced coherent phonon affects the nonequilibrium topological states of
quantum systems from the perspective of atom manufacturing. Furthermore, research outlook on the
nonequilibrium topological states is given. This review provides some clues to the design of physical properties

and transport behaviors of quantum materials out of equilibrium.

Keywords: quantum materials, time-periodic driving, first-principles calculations, Floquet states
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