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12.2 Matteo Mitrano

1 Introduction

This chapter is devoted to the use of the light-matter interaction to coherently engineer many-
body states in quantum materials. Ultrashort optical fields have enabled advances in the manip-
ulation of quantum states in solids and in the discovery of emergent phenomena out of equilib-
rium [1–5]. Light now stands alongside doping, gating, strain, and pressure as a tuning knob
for material properties, and is increasingly used as a tool to synthesize novel states of matter.
The field of photoinduced phase transitions has been shaped by the recognition that light can do
more than heat a material or incoherently excite quasiparticles. In systems governed by a subtle
balance of competing electronic interactions, optical excitation can trigger colossal cooperative
responses. Early demonstrations established the central idea that prompt photoexcitations can
nucleate macroscopic changes of electronic and structural order [6]. Driven by advances in tun-
able laser sources, the field has moved from the study of melting, thermalization, and structural
responses [7] toward the implementation of coherent control protocols in which tailored opti-
cal fields are used to modify Hamiltonians, coherently manipulate ordered states, and access
nonequilibrium states without direct equilibrium analogs.
In the following, we focus primarily on experiments aimed at controlling material properties.
There is a vast literature in which nonequilibrium techniques are used to perturb solids and
study near-equilibrium properties. Our primary interest is instead in emergent phenomena and
functionalities induced by light in strongly interacting electron systems [5, 8], although we
will occasionally discuss systems better described as weakly interacting electron ensembles.
Experiments involving optical dressing in cavities will be discussed only in the outlook, as this
exciting and rapidly developing direction lies beyond the scope of this chapter.
To keep the chapter focused, we discuss only selected key experimental achievements, together
with high-level aspects of the theory, and refer the reader to the literature where appropriate.

2 Experimental techniques

Progress in the light control of quantum materials is closely tied to the development of new
laser sources and experimental probes. Most light-control experiments rely on a pump-probe
protocol: an intense optical field, the pump, drives a material out of equilibrium and toward a
desired quantum state, while a delayed and typically weaker pulse, the probe, interrogates the
properties of the transient state. The measurement is repeated stroboscopically when the system
relaxes back to equilibrium between successive pump pulses, or performed in single-shot mode
when materials undergo irreversible transitions.
Early experiments relied on a comparatively limited set of optical excitation conditions. The
development of ultrafast light sources that reliably generate intense pulses from the terahertz to
the extreme ultraviolet, with tunable pulse duration, polarization, bandwidth, and repetition rate
[9–13], has opened a much more selective approach to driving quantum materials. Optical fields
can now be matched to specific electronic transitions, coupled directly to collective modes, or
tuned into transparency regions to minimize incoherent excitation processes. It is this selectivity
that turns light from an external perturbation into a control field.
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Fig. 1: Overview of experimental techniques used to study optically driven quantum materials.
The upper central panel shows the spectral regions and timescales of ultrafast pulses commonly
used to drive materials out of equilibrium. The surrounding panels show time-resolved probes
with complementary spatial, energy, and momentum resolution. Reprinted figure with permis-
sion from Ref. [4]. Copyright (2022) by the American Physical Society.

These developments have occurred in tandem with a gradual expansion of the experimental
probe toolkit. This section introduces several experimental techniques that will facilitate the
discussion in the rest of the chapter (Fig. 1). The first, and most widely used, is time-resolved
optical spectroscopy. Since part of the laser output is used to generate the pump pulse, another
fraction can often be used to interrogate the time-dependent optical properties of the mate-
rial [14]. This broad family of experiments encompasses many techniques and observables,
ranging from transient absorption and reflectivity measurements to track the redistribution of
spectral weight that accompanies a change of electronic state [15–19] to polarization-rotation
experiments measuring the magnetization in magnetic systems [20]. Extending time-resolved
optical experiments from the visible into the terahertz (THz) range gives the most direct ac-
cess to the low-energy electrodynamics of correlated systems, charge-density-wave states, and
superconductors [21], where the relevant gaps and collective modes reside. Second- and third-
harmonic polarimetry, in turn, is sensitive to the local symmetry of the lattice [22, 23] and has
been used to probe ordered states in and out of equilibrium [24–26].

A second major experimental tool is time- and angle-resolved photoemission spectroscopy
(trARPES) [27]. In this technique, ultrafast XUV photons (generated either by cascaded up-
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conversion of the fundamental laser wavelength or by high-harmonic generation) impinge on a
material and trigger electron emission through the photoelectric effect. Detection of the emit-
ted electrons provides momentum- and energy-resolved access to the single-particle spectral
function. This technique is essential for tracking band structure changes in optically-driven ma-
terials and detecting nonthermal regimes far from equilibrium [28]. It has been used to study
decoherence [29], the coupling of electrons to other degrees of freedom [30], and the dynamics
of gaps and quasiparticles in high-temperature superconductors [31] and charge-density-wave
states [32, 33]. Remarkably, trARPES has also provided some of the clearest visualizations of
Floquet-Bloch states to date [34–37]. Finally, momentum microscopes are enabling photoemis-
sion studies of two-dimensional materials and devices over multiple Brillouin zones.
A third major class of experimental methods are time-resolved x-ray and electron scattering.
The development of femtosecond x-ray sources, particularly x-ray free-electron lasers (XFELs)
[38], together with ultrafast electron sources operating from the keV to MeV range [39], has
enabled scattering experiments in which the probe wavelength is comparable to interatomic
distances. Time-resolved x-ray and electron diffraction provide direct access to structural dy-
namics [40, 41] and are especially sensitive to phase transitions in which electronic degrees of
freedom are coupled to lattice distortions [42–47]. In parallel, resonant x-ray techniques have
extended this approach beyond structural probes. By tuning the photon energy to elemental ab-
sorption edges, time-resolved x-ray absorption (trXAS) and resonant inelastic x-ray scattering
(trRIXS) can selectively track charge, spin, orbital, and lattice degrees of freedom in optically
driven materials [48, 49]. With the introduction of high-resolution spectrometers at XFELs,
trRIXS is becoming an increasingly effective discovery tool for novel states of matter.
Finally, the increasing relevance of two-dimensional materials, heterostructures, and devices
has motivated the development of local and device-integrated time-resolved probes. Time-
resolved scanning tunneling microscopy (STM) accesses ultrafast tunneling dynamics with
atomic-scale spatial sensitivity [50, 51], while time-resolved scanning near-field optical mi-
croscopy (trSNOM) probes transient optical constants with nanometer resolution [52]. These
techniques are especially valuable when photoinduced states are spatially inhomogeneous, con-
fined to surfaces or interfaces, or embedded in mesoscopic structures. In parallel, ultrafast
transport measurements have emerged as a complementary route to nonequilibrium dynamics,
providing direct access to transient photoconductivity, photocurrents, and light-induced changes
in device response [53]. These local methods are decisive when the photoinduced state is spa-
tially inhomogeneous, and together with the optical, photoemission, and scattering probes above
they form the toolkit used throughout this chapter.

3 Photoinduced insulator-to-metal transitions

Photoinduced insulator-to-metal transitions are a natural starting point for understanding non-
equilibrium phenomena in correlated solids [54, 55]. The equilibrium state is characterized by
a single, well-defined quantity, the charge gap, and decades of equilibrium work provide a firm
benchmark for experiments far from equilibrium. We first introduce Mott-Hubbard and charge-
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transfer insulators, and then examine the incoherent and coherent pathways by which light turns
an insulator into a metal.
Every photoinduced transition shares a common sequence of events: light couples to a fast
subsystem, usually the electrons, which in turn drives the slow variables that define a phase,
such as a lattice distortion, an order parameter, or a magnetization [6]. What separates the two
pathways is whether this drive preserves phase information or merely deposits energy into the
target. In an incoherent process the absorbed energy dephases among the fast carriers faster
than the slow variables can respond. The excitation then acts as a sudden reshaping of the
free-energy landscape, and the material reaches a new state through relaxation, dissipation, and
nucleation. A coherent process instead channels energy into a specific collective coordinate,
driving it with a well-defined phase and with damping slower than its period, so that the system
evolves along a controlled, often oscillatory, trajectory rather than by relaxation. The distinction
is properly defined with respect to the slow variables, since an incoherent electronic excitation
can itself set a lattice mode ringing coherently. Because they inject little entropy, coherent
excitation processes are more selective, energy-efficient and tunable, and they make light a
genuine control field rather than a source of heat.

3.1 Mott-Hubbard and charge-transfer insulators

The physics of strongly correlated materials is governed by the competition between electronic
delocalization and Coulomb-driven localization [56, 57]. When electron-electron interactions
become comparable to the kinetic energy, the motion of each carrier is no longer independent
and becomes constrained by the configuration of the other valence electrons. A minimal Hamil-
tonian capturing this competition is the extended Hubbard model,

H = −t
∑
iσ

(
c†iσci+1σ +H.c.

)
+ U

∑
i

ni↑ni↓ + V1
∑
i

nini+1 + V2
∑
i

nini+2 + · · · , (1)

where c†iσ and ciσ create and annihilate an electron with spin σ on lattice site i, niσ = c†iσciσ, and
ni = ni↑+ni↓. The hopping amplitude t sets the kinetic energy scale, while U describes the on-
site Coulomb repulsion between two electrons occupying the same site. The terms V1, V2, . . .
account for longer-range Coulomb interactions between electrons on nearest-neighbor, next-
nearest-neighbor, and more distant sites. The corresponding electronic bandwidth is W = 2zt,
where z is the number of nearest neighbors.
When only the on-site Coulomb interaction is retained, the resulting simple Hubbard model
is governed primarily by two parameters, the number of electrons per site (filling), and the
interaction ratio U/W (Mottness). The essential physics of the half-filled Hubbard model is
already contained in its two exactly solvable limits. For U = 0 the model reduces to a tight-
binding band which, being half filled, describes a metal. In the opposite atomic limit t = 0

every site is singly occupied, intersite transport is blocked by the Coulomb penalty U, and the
ground state is a Mott insulator (see Fig. 2). Tuning U/W between these limits drives a metal-
to-insulator transition. The spectrum splits into a lower and an upper Hubbard band separated by
a charge gap of order U, which measures the energy cost of creating an empty site (holon) and a
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Fig. 2: Correlated electron dynamics in a square lattice at half filling. When the on-site
Coulomb repulsion U is larger than the electron bandwidth W, the electrons localize and form
a Mott insulating state. In the opposite limit (U < W ), they transition into a metallic state.

doubly occupied one (doublon). Spin degrees of freedom introduce an additional energy scale.
Virtual hopping onto a neighboring occupied site and back lowers the energy of antiparallel
spins, generating an antiferromagnetic superexchange J = 4t2/U. Charge and spin are thus
controlled by two widely separated scales, U ≫ J.
In real materials the gap is not always set by the Hubbard U. Following Zaanen, Sawatzky, and
Allen [58], one distinguishes Mott-Hubbard insulators, where the gap separates the lower and
upper Hubbard bands (∼ U ), from charge-transfer insulators, where the lowest charge excitation
moves an electron from a filled ligand band onto the correlated site, so that the gap is set by
the charge-transfer energy ∆ < U. Most transition-metal oxides of interest, including cuprates
and nickelates, belong to the charge-transfer class, a distinction that is relevant for determining
which excitations are addressed by the optical pump.

3.2 Incoherent excitation processes and photodoping

The simplest incoherent process for inducing an insulator-to-metal transition with light is the
injection of mobile charge carriers across the gap. In a half-filled Mott insulator, photons with
energies comparable to or larger than the on-site interaction U can delocalize charges between
neighboring sites, creating holon-doublon pairs and thereby driving a transient insulator-to-
metal transition. Although this mechanism (often referred to as photodoping) resembles chemi-
cal doping in the introduction of mobile charges, photoinduced metallic states may host multiple
types of carriers, nonthermal distributions, and emergent dynamic phenomena.
A compelling example is the one-dimensional Mott insulator (BEDT-TTF)-F2TCNQ. This
molecular solid hosts chains of BEDT-TTF molecules and is characterized by weak electron-
lattice coupling and the absence of a Peierls distortion. Okamoto et al. investigated its response
by pumping along the BEDT-TTF chains with 1.55 eV photons [59], well above the 700 meV
Mott gap, and probing the optical response over the 0.08-2.5 eV range (Fig. 3). Immediately
after photoexcitation, the reflectivity associated with the Mott gap is depleted, while the low-
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Fig. 3: Photoinduced insulator-to-metal transition in (BEDT-TTF)-F2TCNQ. a Sketch of
photodoping of a Mott insulator. The pump excites electrons from the lower Hubbard band
at EF − U/2 (EF , Fermi energy) into the upper Hubbard band at EF + U/2. b Transient re-
flectivity changes ∆R = R(t)−Req along the a-axis after photoexcitation with 1.55 eV photons
with 0.095 photons/ET molecule and 0.003 photons/ET molecule excitation densities. Adapted
with permission from Ref. [59]. Copyright (2007) by the American Physical Society.

energy reflectivity below roughly 200 meV increases, signaling gap melting and transient met-
allization. The transient reflectivity change ∆R(t) follows a double-exponential relaxation and
recovers within approximately 2 ps. Subsequent experiments showed that holon-doublon pairs
exhibit quantum interference between bound and unbound states at early times [60], and that
their relaxation times depend sensitively on the degree of electronic correlation [61]. This ex-
ample illustrates a largely electronic route to transient metallization, in which the insulating
state is destabilized by photocarrier injection without evidence for a structural phase transition.
Similar organics also support the reverse process. In metallic α-(BEDT-TTF)2I3, a 1.5-cycle
near-infrared pump pulse (7 fs, 9.3 MV cm−1, 0.6–0.95 eV) has been shown to drive a transient
metal-to-insulator transition, tracked by broadband reflectivity resolved in energy and delay
[62]. The field lowers the hopping t by roughly 10% through dynamical localization, opening
a gap associated with charge order. Photoinduced metallization has also been observed in other
charge-transfer insulators, including two-dimensional copper oxides [63, 64].
While the discussion so far has emphasized electronic dynamics, lattice degrees of freedom can
play several important roles as relaxation channels for holon-doublon pairs, as drivers of pola-
ronic resonances, or as cooperative variables in the photoinduced response. In some materials,
electronic and structural degrees of freedom are so strongly intertwined that the photoinduced
insulator-to-metal transition is accompanied by a proper structural phase transition. A paradig-
matic case is that of vanadium dioxide, VO2.
At equilibrium, VO2 exhibits a sharp insulator-to-metal transition accompanied by a struc-
tural change from a low-temperature monoclinic phase (M1), characterized by dimerized V–V
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chains, to a high-temperature rutile phase (R), with undimerized V–V bonds [65]. Ultrafast
optical pulses can similarly switch VO2 from an insulating to a metallic state, and this pho-
toinduced transition is accompanied by a monoclinic-to-rutile structural transition. A series of
pump-probe experiments using 1.55 eV excitation have examined the relative roles of electronic
and lattice degrees of freedom in this process [66,42,67,68,45]. Beyond identifying the primary
driver of metallization, an important question is whether the accompanying structural transition
is coherent or incoherent.
In a solid-solid transition where the crystal symmetry increases with temperature, as in the
M1-to-R transition of VO2, the structural response can occur either through a displacive or
order-disorder mechanism. The VO2 transition has long been interpreted as displacive, corre-
sponding to a soft phonon mode of the high-symmetry metallic phase, based on symmetry ar-
guments, diffraction measurements, and lattice-dynamics simulations. In this picture, the atoms
collectively rearrange their positions along one or a few coherent vibrational coordinates that
connect the low- and high-symmetry structures. Recent total x-ray scattering measurements,
however, revealed diffuse scattering that is not expected for a purely displacive transition, but
is characteristic of an order-disorder process [45]. These results indicate that the photoinduced
insulator-to-metal transition in VO2 is incoherent not only in its electronic dynamics, but also
in the accompanying structural response.

3.3 Coherent control of the lattice and nonlinear phononics

We now turn to coherent pathways and discuss examples in which light is used to drive the
lattice directly, rather than to inject carriers across the gap. Ultrashort pulses can coherently
excite phonons through displacive excitation of modes whose equilibrium position shifts upon
photoexcitation, or through impulsive stimulated Raman scattering [69,70]. These mechanisms,
however, either rely on the excitation of electronic states or reach only a restricted set of Raman
modes, and therefore offer limited tunability.
The development of intense, tunable sources in the mid-infrared and THz range has opened
new excitation mechanisms, including the resonant driving of infrared-active vibrations to am-
plitudes large enough that lattice anharmonicity becomes essential (see Fig. 4a).
This connection is especially important in correlated oxides, where the crystal structure directly
shapes electronic behavior. In ABO3 perovskites, the transition-metal ion is coordinated by
an oxygen octahedron, and even small rotations or tilts of these octahedra can reshape the
electronic ground state. In manganites, for example, rotations of the MnO6 octahedra modify
the Mn–O–Mn bond angles, controlling the orbital overlap along the bonds and thereby the
one-electron bandwidth W as well as the sign and magnitude of the exchange interactions.
Hopping is maximal for a straight 180◦ bond and decreases as the bond bends. A vibration that
periodically distorts these bonds therefore provides, in the language of the previous sections, a
direct handle on U/W, and hence on the balance between insulating and metallic behavior.
This mechanism underlies the first vibrationally driven insulator-to-metal transition, reported
by Rini et al. in the magnetoresistive manganite Pr0.7Ca0.3MnO3 [72]. At low temperature, this



Light Control of Many-Body Phases 12.9

Fig. 4: Nonlinear phononics and photoinduced insulator-to-metal transitions. (a) Nonlinear
phononic response for an anharmonic coupling Vanh ∝ Q2

IRQR, coherently driven infrared
phonon amplitude (top), induced lattice force (middle), and resulting structural distortion along
the Raman coordinate (bottom), together with a schematic distortion of a TMO6 octahedron. (b)
Transient resistivity increase in resonantly excited Pr0.7Ca0.3MnO3 (top), and comparison of its
equilibrium vibrational spectrum and resonant transient reflectivity response (bottom). Panels
adapted with permission from Ref. [71]. Copyright (2021) by Springer Nature Limited. Data
reproduced with permission from Ref. [72]. Copyright (2007) by Springer Nature Limited.

compound is a charge- and orbital-ordered insulator. Resonant excitation of an infrared-active
Mn–O stretching mode at 71 meV (17 THz) modulates the Mn–O–Mn bond angle, transiently
broadening the electronic bandwidth and collapsing the gap. The resistivity drops by five orders
of magnitude into a metastable metallic state (Fig. 4b). Unlike photodoping, no carriers are
promoted across the gap and the lattice becomes the tuning knob of the electronic transition.
Driving a lattice mode to large amplitude is a general strategy whose systematic formulation
is known as nonlinear phononics [73, 74, 71]. The essential physics can be captured by two
anharmonically-coupled oscillators. An intense mid-infrared field resonantly drives an infrared-
active mode QIR through its Born effective charge Z∗, while the lowest-order lattice anhar-
monicity, Vanh = g Q2

IRQR, couples this motion to a Raman-active mode QR

Q̈IR + γIRQ̇IR +
(
ω2
IR + 2g QR

)
QIR = Z∗E(t), (2)

Q̈R + γRQ̇R + ω2
RQR = −g Q2

IR. (3)

Because the driven infrared mode oscillates about zero, it does not by itself produce a net struc-
tural distortion. The quadratic term Q2

IR, however, generates a rectified force on QR, displacing
it toward a new quasi-equilibrium position and producing a coherent structural distortion along
a selected Raman coordinate. This construction extends well beyond pairs of phonons, and in
recent years it has been shown that the driven mode can couple anharmonically to magnetiza-
tion, exchange and hopping integrals, or macroscopic strain, providing a symmetry-selective
route to control both structural and electronic degrees of freedom (Table 1).



12.10 Matteo Mitrano

Table 1: Nonlinear phononic processes and their effect on the structural and functional prop-
erties of a material, after Ref. [71]. Qdriven, resonantly driven mode; Qc, coupled phonon;
M, magnetization; Si, local spin on site i; U, on-site Coulomb repulsion; t, hopping integral;
ε, macroscopic strain.

Nonlinearity Effect
Q2

driven ·Qc , Qdriven,1 ·Qdriven,2 ·Qc Quasi-static lattice distortion(
Qdriven×Qdriven

)
· M, Q2

driven Si ·Sj Change of magnetism
Q2

driven · U, Q2
driven · t Change of electronic structure

Q2
driven · ε Strain

Q4
driven , Q

2
driven ·Q2

c , . . . Phonon amplification, phonon squeezing

The reach of this approach extends beyond bulk excitation. A clear demonstration is provided
by epitaxial thin films of the antiferromagnetic insulator NdNiO3, whose metal-to-insulator
transition is governed, as in the manganites, by the Ni–O–Ni bond angle and hence by the
bandwidth [75]. In this experiment, a 33 nm film was grown on a LaAlO3 substrate, and a
150 fs mid-infrared pulse was tuned not to a vibration of the film, but to the ∼15 µm (∼80 meV)
Al–O stretching mode of the substrate. Below the transition temperature, the driven substrate
mode launches a lattice distortion that propagates across the interface and strains the nickelate,
thus launching an insulator-to-metal transition. Spectral weight is transferred from high to
low energy, and the quasi-dc conductivity of the film increases by five orders of magnitude
within 3 ps. The metallic state is long-lived, with a lifetime exceeding 1 ns, while an estimated
heating below 5 K rules out a thermal origin. The decisive evidence that the substrate is the
active element is that the photosusceptibility of the transition follows the infrared absorption
of LaAlO3, rather than that of NdNiO3. The heterostructure itself therefore becomes a design
parameter, as changes in the substrate can be exploited to shift both resonance and magnitude
of the response.

4 Light control of ordered states

In the previous section, we discussed transitions described by a single scalar quantity, the charge
gap. We now turn to phenomena involving symmetry breaking and described by an order pa-
rameter, a quantity that vanishes in the symmetric state and acquires well-defined magnitude
and phase once the symmetry is lowered. At equilibrium, lowering the temperature deforms the
free energy until the symmetric minimum gives way to equivalent broken-symmetry minima.
The system selects one of them, and transitions into a new ordered phase (Fig. 5a). Charge-
density waves, antiferromagnets, and ferroelectrics are all manifestations of this physics, differ-
ing in the symmetry that is broken and in the microscopic nature of the order parameter.
Light can similarly manipulate ordered states in quantum materials. Intense pulses can drive the
nonthermal melting of ordered phases, but can also, more interestingly, induce order far from
equilibrium by coherently driving a quantum coordinate of the material (Fig. 5b). The frontier
of the field lies in realizing nontrivial ordered states, possibly without equilibrium counterparts,
and making them metastable after the excitation has decayed. In the following, we discuss
examples of light control of ordered phases, such as charge order, magnetism, and ferroic orders.
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Fig. 5: Symmetry breaking and its control with light. (a) At equilibrium, order emerges through
spontaneous symmetry breaking. Lowering the temperature reshapes the free energy, creat-
ing equivalent broken-symmetry minima into which the system evolves from the high-symmetry
configuration. (b) Pump pulses can reshape the free energy landscape in time and induce more
ordered states. The evolving depth and position of the minima track the order parameter dy-
namics, with the goal of steering the system toward nontrivial, possibly metastable states.

4.1 Charge-ordered phases

Charge-ordered phases form when valence electrons spontaneously self-organize into a spa-
tially modulated state with a well-defined periodicity, often accompanied by a commensurate
or incommensurate distortion of the lattice [76]. The order parameter is the complex amplitude
η = |η|eiϕ of the density modulation, and its magnitude measures the strength of the order,
while its phase ϕ fixes the position of the wave relative to the lattice. Such order parameter
structure generally supports two characteristic collective excitations: amplitude, or amplitudon,
fluctuations that modulate |η|, and phase, or phason, fluctuations of the modulation.
Charge-ordered states can be broadly grouped into two classes. In one, the order is driven
by a structural Peierls-type instability, namely a periodic lattice distortion opens a gap at the
Fermi surface, electronic and lattice modulations are locked together, and the amplitude mode
can be identified, to a good approximation, with a lattice phonon. In the other, the modulation
is primarily electronic, driven by Coulomb interactions and the kinetic frustration of charge
carriers, with lattice distortions only playing a minor role. This distinction determines whether
light excitation of the charge-ordered phase results in coherent lattice motion and structural
rearrangements, or dynamics of the sole electronic subsystem. In practice, assigning a charge-
ordered phase to one of these limits is often nontrivial [77], and the relative roles of electronic
and lattice degrees of freedom remain widely debated. The classification used here should
therefore be understood as an organizing principle rather than a sharp boundary.
Because charge order modulates the density on microscopic, often atomic, length scales, it is
most directly accessed with momentum-resolved probes. trARPES tracks the opening and clos-
ing of the charge-order gap and the reconstruction of the single-particle spectral function, while
time-resolved x-ray and electron scattering measure the superlattice reflections that directly fin-
gerprint the modulation, giving access to its amplitude, periodicity, and correlation length.
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As a first example, we return to charge- and orbital-ordered manganites, where charge order is
intertwined with orbital and magnetic degrees of freedom. In Pr1−xCaxMnO3, localization of
the Mn 3d electrons produces a coupled charge-orbital superlattice modulation, accompanied by
a Jahn-Teller distortion of the MnO6 octahedra. Beaud et al. used femtosecond x-ray diffraction
to track the photoinduced melting of this order [43]. Although the structural transition involves
many electronic and vibrational coordinates, they found that the photoinduced charge order
melting is captured by a single time-dependent order parameter governed by the electronic
excitation. Owing to the coupling to the lattice, photoexcitation also induces a strong coherent
oscillation at ∼ 2.45 THz around the equilibrium positions of the higher-symmetry lattice.
The structural response is similarly strong in the quasi-1D Peierls insulator K0.3MoO3, the blue
bronze, where the coherent oscillations represent the amplitude mode itself. Here the charge-
density wave is a textbook periodic lattice distortion that opens a gap on a nested Fermi surface
below Tc = 183 K. Huber et al. tracked the structural dynamics across the photoinduced charge-
density-wave-to-metal transition with femtosecond x-ray diffraction [78]. At low excitation
they followed coherent oscillations of the

(
1, (4−qb), 0.5

)
superlattice peak with a 1.7 THz

frequency along the amplitude-mode coordinate, while above the melting threshold the periodic
lattice distortion first collapsed and then transiently recovered according to the properties of
the high-symmetry phase rather than those of the low-temperature phase. A photoemission
study by Liu et al. resolved the same dynamics in the electronic structure, observing a 1.7 THz
modulation of the bonding band as the signature of the amplitude mode, together with coherent
phasons generated by the parametric amplification of phase fluctuations [79].
Similar cooperative responses of electronic and structural degrees of freedom are observed in
layered transition-metal dichalcogenides. In these materials, the electronic modulation is ac-
companied by a commensurate structural supermodulation, with a wavelength that depends on
the compound. In 1T-TiSe2, Rohwer et al. used extreme-ultraviolet photoemission to image
the band dispersion at large momenta and found that long-range charge order collapses within
∼20 fs, much faster than lattice motion, a speed attributed to transient screening of the elec-
tronic interaction by photogenerated carriers [32]. In the related compound 1T-TaS2, a two-
dimensional Mott insulator with commensurate charge order, Petersen et al. showed that the
charge order, identified by the splitting of occupied subbands at the Brillouin-zone boundary,
melts before the lattice responds [33]. Together, these results challenge a purely structural,
Fermi-surface-nesting picture and point to a leading electronic role. Photoexcited 1T-TaS2 can
also enter a hidden metallic state with metastable character [80], making it one of the clearest
examples of a light-induced quantum state inaccessible by equilibrium means.
In cuprate superconductors, charge order is largely electronic and tied to the formation of al-
ternating stripes of holes and electrons in the CuO2 planes [82, 83]. It is widely regarded as
competing with superconductivity. In La2−xBaxCuO4 at x = 1/8 doping, this competition is
the sharpest, as static stripe order suppresses bulk superconductivity, and possibly gives rise
to a modulated phase known as pair density wave [84]. Early resonant x-ray scattering ex-
periments showed a pump-induced suppression of the stripes under resonant vibrational exci-
tation [85]. Mitrano et al. used time-resolved resonant soft x-ray scattering (elastic and in-



Light Control of Many-Body Phases 12.13

Fig. 6: Ultrafast charge order melting in a cuprate superconductor. a. Reciprocal space map
of structural, charge order (CO) and spin order (SO) peaks in La2−xBaxCuO4. The blue area
represents the maximum momentum transfer achievable at the Cu L-edge (931 eV). b. Time-
resolved resonant inelastic x-ray scattering (trRIXS) spectra at the Cu L-edge of photoexcited
La1.875Ba0.125CuO4 at QCO = (0.236, 0, 1.5) r.l.u. for variable pump-probe time delay. c. tr-
RIXS spectra for a selection of time delays showing a prompt melting of the CO, whereas higher
energy features of the inelastic spectrum, e.g., d-d excitations/Cu2+ emission and charge trans-
fer (CT) excitations, remain unaffected. Error bars represent Poisson counting uncertainties.
Adapted from Ref. [81] under CC BY-NC 4.0.

elastic) at a free-electron laser to measure the charge-order dynamics in this material after a
1.55 eV pump [81, 86]. The superlattice reflection was suppressed by up to 75% and recovered
through a purely exponential relaxation, at odds with the coherent amplitude-mode oscillations
observed in the Peierls systems discussed above (Fig. 6). The relaxation rate was found to be
strongly momentum dependent and consistent with the presence of low-energy diffusive modes.
At the lowest energies, the recovery obeys dynamic scaling laws governed by the annihila-
tion of topological defects in the charge-order pattern. The competition between charge order
and superconductivity has also been leveraged to observe the opposite effect, as quenching su-
perconductivity with high-energy photons can enhance charge-order correlations. Wandel and
co-workers demonstrated this effect in YBa2Cu3O6+x using time-resolved resonant soft x-ray
scattering [87]. After an infrared pulse quenched superconductivity, the charge-order correla-
tion length nearly doubled within roughly 1 ps in a nonthermal response. This enhancement
was naturally understood as the annealing of charge-order topological defects, such as discom-
mensurations, that are stabilized by superconductivity at equilibrium. Once the condensate is
removed, the charge order becomes more coherent. In the language of Fig. 5a, removing one
order deepens the free-energy minimum of the other.

Finally, optical excitation can stabilize charge-ordered states absent at equilibrium. LaTe3 hosts
a unidirectional charge-density wave along the c axis, while the nearly equivalent perpendicular
a axis remains disordered due to a small structural anisotropy. Using ultrafast electron diffrac-
tion, Kogar et al. showed that photoexcitation weakens the equilibrium c-axis modulation and
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Fig. 7: Light-induced charge-density wave in LaTe3. (a)–(b) Ultrafast electron diffraction pat-
terns before and 1.8 ps after photoexcitation with an 80 fs, 800 nm pulse. Dashed lines mark the
regions where charge-order superlattice peaks appear. (c) Equilibrium c-axis satellites (blue)
are suppressed while new a-axis satellites (red) emerge. Diffuse scattering is circled in green.
(d) Integrated satellite intensities along the two axes as a function of time delay. The light-
induced a-axis order grows as the c-axis order is quenched, and both recover on a common
timescale of ∼1.7 ps, revealing their mutual competition. Courtesy of Dr. A. Kogar [47].

transiently nucleates a new charge-density wave along the a axis (Fig. 7) [47]. The induced
order rises within about 1 ps and decays as the original order recovers. Their nearly identical
relaxation times show that the two orders draw on a common reservoir of charge carriers and
are locked in direct competition. The transient a-axis wave is a genuine nonequilibrium state
without counterparts in the equilibrium phase diagram, establishing light-induced excitation as
a route to otherwise inaccessible states, a theme we return to in the discussion of hidden orders.

4.2 Magnetism

Magnetism is one of the most traditional arenas for the optical control of ordered states, and
provides a clear example of how light-control strategies have evolved from controlling macro-
scopic properties (e.g., magnetization) to microscopic interactions (e.g., magnetic superex-
change). Following the observation of ultrafast demagnetization in ferromagnetic nickel [88],
ultrafast lasers enabled the detection and control of ferromagnetic and antiferromagnetic reso-
nances [89,90], all-optical magnetic switching [91,92], and correlated spin dynamics across dif-
ferent magnetic sublattices [93]. These phenomena mostly involve changes in the macroscopic
magnetization and arise from a combination of laser-induced heating, effective opto-magnetic
fields, and optical perturbations of the magnetic anisotropy [20]. In this class of experiments,
light acts on the spins through the electronic and optical response of the material, while the
lattice enters mainly as a heat bath or passive degree of freedom.
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With the advent of intense mid-infrared and THz sources, resonant protocols such as nonlinear
phononics opened a new route to coherent magnetic control. In this case, coherently driven
phonons, rather than photoexcited electrons, act on the spins, and the key nonlinearity is the
coupling between the lattice and magnetic order, as summarized in Table 1. The lattice excita-
tion strategy depends on the material, and rare-earth orthoferrites RFeO3 have served as a model
platform for these experiments. As canted antiferromagnets, their Dzyaloshinskii–Moriya in-
teraction produces a small, magneto-optically readable net moment, while their proximity to
anisotropy-driven spin-reorientation transitions amplifies weak perturbations of both THz spin
resonances and rare-earth–iron f -d exchange. Magnetic states are often read out with time-
resolved polarization rotation or birefringence measurements or with x-ray measurements.

In DyFeO3, resonant excitation of an infrared-active Bu phonon transiently renormalizes the
magnetic superexchange due to a rectified distortion along an Ag mode coordinate and coher-
ently steers the spin-reorientation transition, demonstrating direct control of the interaction J,
rather than of the magnetization alone [94]. In ErFeO3, driving two near-degenerateBu phonons
with a controlled relative phase generates circular ionic motion, which mimics an effective mag-
netic field along the rotation axis and launches coherent spin precession [95]. Together with
other experiments beyond the scope of this review, these results helped establish the field of
magnetophononics, where lattice anharmonicity provides a symmetry-selective handle on mag-
netic interactions, and motivated theoretical descriptions of the effective fields, orbital moments,
and exchange modulations carried by driven phonons [96,97]. In rare-earth halides, recent the-
oretical [98] and experimental [99] work has shown that coherent chiral phonons, driven by
circularly polarized terahertz pulses, can polarize the paramagnetic spins of cerium fluoride
in a manner analogous to a quasi-static magnetic field of order 1 T. In CoF2, three-phonon
mixing processes of the form QIR,1QIR,2QR distort the crystal field and decompensate the two
spin sublattices, polarizing the antiferromagnet like a static piezomagnetic strain, but without
changing the volume, and generating a ferrimagnetic moment of 0.2 µB per unit cell [100].

More recent advances have pushed these ideas from transient modulation toward magnetic states
that outlive the coherent drive, connecting magnetophononics to the broader theme of light-
induced metastable order. In the titanate YTiO3, a ferromagnet whose order is suppressed by
orbital fluctuations, Disa et al. showed that resonant excitation of a 9 THz oxygen rotation
mode with B2u symmetry enhances and stabilizes ferromagnetism, saturating the moment at
low temperature and shifting the onset of order from Tc = 27 K to above 80 K [101]. Here,
the driven phonon does not simply perturb the magnetization, but creates a more ordered state,
the magnetic analog of the light-induced orders discussed for charge degrees of freedom. Such
states can also be remarkably long lived. In the van der Waals antiferromagnet FePS3, THz
pulses tuned to a phonon and a magnon induce a metastable magnetization that persists for more
than two milliseconds, with a robustness that increases as the Néel transition is approached and
order-parameter fluctuations diverge [102]. In this case, proximity to criticality, rather than a
structural or thermal bottleneck, stabilizes the state, a mechanism we will encounter again when
discussing hidden and metastable orders.
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4.3 Ferroic orders

Ferroic orders form another broad class of ordered states with fundamental and technological
relevance, and light provides an effective tuning knob for many of them. Although many types
of ferroic order exist, here we focus on three classes: ferroelectrics, multiferroics, and ferroax-
ial systems [57]. A ferroelectric is a material with a nonzero electric polarization that can be
switched between equivalent directions by an applied electric field. A multiferroic hosts two or
more ferroic orders, most commonly ferroelectricity and magnetism, coupled through the mag-
netoelectric interaction, which enables electric-field control of magnetism. Finally, ferroaxial
systems are characterized by a rotational texture that can host vortices of electric dipoles. Fer-
roaxial order breaks neither spatial inversion nor time-reversal symmetry, and is considered a
promising platform for nonvolatile data storage.

Some of the most compelling examples of optical control of ferroelectrics build directly on
nonlinear phononics. In LiNbO3, Mankowsky et al. demonstrated transient reversal of the fer-
roelectric polarization not by driving the soft polar mode directly, but by resonantly exciting a
high-frequency auxiliary phonon that, through anharmonic coupling, displaces the ions along
the polar coordinate [103]. The reversal could be induced in both directions, a prerequisite
for switching, but remained short lived because depolarizing fields rapidly restored the original
state after the drive. Overcoming this volatility requires a host whose polar order is intrinsically
close to an instability, and SrTiO3 is a paradigmatic example of such a system. Although its
physics is rich and largely beyond the scope of this chapter, SrTiO3 is a quantum paraelectric
and lies on the disordered side of a quantum phase transition between paraelectric and ferro-
electric states (Fig. 8a), where zero-point fluctuations of the polar mode suppress long-range
order down to zero temperature. This proximity to a quantum critical point makes the polar
order exceptionally susceptible to external perturbations.

Ultrafast experiments exploited this susceptibility directly. Nova et al. used mid-infrared pulses
to drive the lattice of SrTiO3 and reported an emergent metastable ferroelectric state, identified
by an optical second-harmonic signal that indicates broken inversion symmetry and builds up
over many pump cycles [25]. The likely mechanism behind these observations is a rectified,
long-lived strain generated by the nonlinear drive, which biases the soft mode toward the polar
minimum and is stabilized by the softness of the lattice near the transition. In parallel, Li and co-
workers used an intense THz field tuned to the soft mode itself to drive the ions directly toward
their ferroelectric positions, inducing a transient hidden ferroelectric phase [105]. Together,
these indirect nonlinear phononic and direct soft-mode routes established SrTiO3 as a testbed
for light-induced ferroelectricity.

Disentangling the structural origin of these states requires structural probes such as time-resolved
x-ray scattering. Using femtosecond x-ray diffuse scattering, Fechner et al. showed that reso-
nant excitation of the 17 THz Ti–O stretching mode quenches lattice fluctuations and tips the
balance between the polar instability and the competing antiferrodistortive oxygen rotations that
frustrate ferroelectricity in equilibrium [106]. This picture was later refined by measurements
resolving how the drive dynamically suppresses these rotations [107]. A complementary ques-
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Fig. 8: Phase diagram and low-energy modes of SrTiO3. a. Phase diagram showing the
nearby ferroelectric (blue) and polar acoustic (orange) phases around the quantum paraelec-
tric regime. The tuning parameter here is the flexoelectric coupling strength. b. Dispersion
of transverse phonon modes. When lowering temperature, the TO branch softens and the TA
branch deviates from linear dispersion developing a kink at finite wavevector k∗, indicative of
an instability. These excitations are polar and modulate the polarization spatially with a wave-
length ∼ 2π/k∗. c. Magnitude of the Fourier transform of time-domain x-ray scattering data at
20 K. Adapted with permission from Ref. [104]. Copyright (2025) by Springer Nature Limited.

tion is whether the “failed” ferroelectric transition in SrTiO3 is frustrated only by fluctuations
of the uniform soft mode, or also by polar correlations at finite wavevector. To address this,
Orenstein et al. combined single-cycle THz excitation, resonant with the soft modes of SrTiO3,
with femtosecond hard x-ray diffuse scattering around the (3, 3, 3) Bragg peak [104]. A crucial
element of this experiment was the ability to reverse the polarity of the THz field. The diffuse
scattering signal at finite momentum reversed with the field, demonstrating that the observed
acoustic-like oscillations carried polar character and therefore broke local inversion symmetry.
Fourier-transform inelastic x-ray scattering then reconstructed the dispersion and spatial tex-
ture of these modes (Fig. 8b-c), revealing nanometer-scale polarization density waves, namely
mesoscopic modulations of the polarization that intensify near the quantum critical point. These
experiments underscore the power of x-rays to make the structural degrees of freedom underly-
ing the ferroelectric transition directly observable.

Ultrafast experiments on multiferroics are extensive, and we use here one representative exam-
ple of light control. In the spin-spiral multiferroic TbMnO3, magnetoelectric coupling produces
electromagnons, spin excitations that are active to the electric field of light rather than only
to its magnetic field. Below 27 K, TbMnO3 develops an incommensurate cycloidal spin or-
der that also generates a ferroelectric polarization, making it a natural platform to test whether
an optical electric field can act directly on magnetic order. Kubacka et al. drove the strongest
electromagnon with an intense few-cycle THz pulse centered at 1.8 THz, with the electric field
oriented along the crystallographic direction that activates this mode [108]. They then followed
the magnetic response using femtosecond resonant soft x-ray diffraction at the Mn L2 edge,
measuring the intensity of the (0, q, 0) cycloidal magnetic reflection. The diffracted intensity
oscillated at the electromagnon frequency, reversed sign when the THz electric field was in-
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verted, and was strongly suppressed outside the multiferroic phase. These observations showed
that the electric-field channel opened by magnetoelectric coupling can coherently rotate the spin
cycloid, providing a route to magnetic control on sub-picosecond timescales.
Recent experiments extend these control protocols to ferroaxial order. In ferroaxial systems, the
order parameter is an axial vector associated with a rotational distortion, so switched domains
need not be driven back by a restoring stray field. In RbFe(MoO4)2, Zeng et al. engineered the
conjugate field to this axial order using circularly polarized THz pulses resonant with a doubly
degenerate infrared-active phonon [109]. The driven phonon displacement and the THz electric
field rotate together, and their cross product acts as an effective axial field whose sign is set
by the light helicity. Probed by circular-dichroic second-harmonic generation, a single pulse
switched the ferroaxial domain, while a pulse of opposite helicity switched it back. Remark-
ably, the switched state persisted for many hours, demonstrating photoinduced, nonvolatile, and
rewritable ferroaxial switching.

5 Floquet engineering

We now turn to a conceptually distinct regime, in which the optical field coherently dresses
the electronic states for as long as it is present. When a nonresonant field oscillates faster
than the electrons can follow, it does not primarily deposit energy, but instead renormalizes
the Hamiltonian itself, shifting and reshaping bands much as the ac Stark effect splits atomic
levels [110]. Floquet engineering provides the natural language for this physics. It recasts a
time-periodic problem in terms of an effective, time-independent Hamiltonian, turning coherent
optical dressing into a quasistationary band-structure problem and making light a direct handle
on the electronic Hamiltonians and topology of quantum materials [111, 112].
Following Ref. [4], the essential idea is captured by a periodically driven atomic chain (Fig. 9a).
Consider noninteracting spinless fermions on a one-dimensional lattice,

H = −t0
∑
n

(
c†ncn+1 +H.c.

)
=

∑
k

ε(k)c†kck, ε(k) = −2t0 cos(ka), (4)

with hopping t0, lattice constant a, and a cosine band of width 4t0. A longitudinal field E(t) =

E0 sin(ωt) enters through the Peierls substitution t0 → th(t) = t0e
ieaA(t)/ℏ, where A(t) =

(E0/ω) cos(ωt) is the vector potential. When the drive is fast compared with the electronic
timescales, the rapid phase oscillations average out, giving the time-averaged hopping

teff =
〈
th(t)

〉
= t0J0(F ), F =

aeE0

ℏω
, (5)

where J0 is the zeroth-order Bessel function and F is the dimensionless drive strength. Since
|J0(F )| < 1, the effective hopping is reduced. This process results in the emergence of dynam-
ical localization [113], as the band narrows, carriers localize, and transport is fully suppressed
at the zeros of J0. Equivalently, in momentum space the field shakes the dispersion through the
minimal coupling k → k−eA(t)/ℏ, so that the period-averaged band is flatter than its equi-
librium counterpart (Fig. 9a). In correlated systems, the same construction can renormalize
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Fig. 9: Floquet engineering of a band structure. (a) Dynamical localization in a driven atomic
chain. In real time, the optical field periodically modulates the hopping and shakes the elec-
tronic band in momentum space. When time-averaged, this motion reduces the bandwidth and
leads to a smaller effective hopping amplitude, teff = t0J0(F ). (b) Floquet representation of
a periodically driven system. The time-dependent Hamiltonian is mapped onto replicas of the
equilibrium band structure separated by integer multiples of the drive frequency ω. Reprinted
figure with permission from Ref. [4]. Copyright (2022) by the American Physical Society.

superexchange and other electronic interactions, providing a coherent route to control strongly
correlated phases [114].
This time-averaged description of coherent dressing allows the driven material to be viewed
in terms of a reconstructed band structure in the presence of the electromagnetic field. For a
Hamiltonian with period T = 2π/ω, the Floquet theorem [115] allows one to write the solutions
of the Schrödinger equation as |Ψl(t)⟩ = e−iεlt/ℏ|Φl(t)⟩, where |Φl(t)⟩ are T -periodic states and
εl are quasienergies, the temporal analog of crystal momentum in Bloch’s theorem. Expanding
the Hamiltonian in Fourier harmonics, Hn = (1/T )

∫ T

0
dt einωtH(t), maps the time-dependent

problem onto a static eigenvalue problem in an extended space

H =



. . . ...
...

...

· · · H0+ℏω H−1 H−2 · · ·
· · · H1 H0 H−1 · · ·
· · · H2 H1 H0−ℏω · · ·

...
...

... . . .


, (6)

given by an infinite ladder of replicas of the time-averaged Hamiltonian H0, H1, H2, shifted by
integer multiples of ℏω and coupled by harmonics of the drive. In a solid, these replicas form
Floquet-Bloch bands, periodic in both momentum and energy and separated by the photon
energy ℏω (Fig. 9b). In the high-frequency limit, only H0 remains and one recovers the dressed
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band of Eq. (5). At finite frequency, however, the sidebands hybridize. The higher-order terms,
to leading order Heff ≃ H0 + [H−1, H1]/ℏω [116], open gaps and can imprint properties with
no equilibrium analog, including nontrivial band topology [117–119].
Applying this elegant picture to ultrafast solid-state spectroscopy is demanding. Reaching
F ∼ 1 requires large fields, typically 107–108 Vm−1, which confines experiments to short, low-
frequency pulses and places coherent dressing in direct competition with heating and decoher-
ence. Nevertheless, over the past decade, experimental advances have enabled the observation
of Floquet states in a range of solid-state platforms, which we review below.

5.1 Control of band structure and functional responses

The observation of Floquet-engineered states in solids has been driven by a set of theoretical
predictions. As an example, Oka and Aoki predicted that a circularly polarized field could open
a gap at the Dirac point and induce a photoinduced dc Hall current [117], while Lindner, Refael,
and Galitski showed that periodic driving could turn a trivial semiconductor quantum well into
a Floquet topological insulator hosting helical edge states [118]. These proposals established
that optical fields could be used to actively manipulate the band topology.
Resolving coherent band-structure dressing requires a momentum-resolved probe, and trARPES
quickly became the technique of choice for these experiments. In a landmark work, Wang et
al. excited the topological surface states of Bi2Se3 with mid-infrared pulses (≈120 meV) and
used trARPES to image the emergence of Floquet-Bloch replicas of the Dirac cone [34]. These
replicas only appeared upon hybridization between the light-field and the electrons at overlap
with the pump and were separated by the photon energy, as discussed in the previous section.
Further, they developed gaps at crossing points between bands of different Floquet order, thus
providing direct evidence that light could coherently reconstruct the band structures.
The interpretation of these spectra, however, requires some care, as addressed in subsequent
work by Mahmood et al. [35]. Floquet-Bloch states are dressed states of the Bloch electrons
inside the crystal, as they inherit the properties of the equilibrium bands of a material and
disperse as replicas of those bands. Volkov states, by contrast, are dressed states of the outgoing
photoelectron in vacuum. They are also referred to as laser-assisted photoemission (LAPE),
and their sidebands are tied to the free-electron final state rather than to the band structure of
the material. Since both effects generate replicas spaced by ℏω, and since the two channels can
interfere at the surface, distinguishing them is essential. This can be achieved by eliminating
the out-of-plane electric field of the pump. By tuning the pump polarization and exploiting the
different momentum dependence of the two couplings, Mahmood et al. showed that the Volkov
contribution can be suppressed, allowing the genuine Floquet-Bloch response to be isolated.
How rapidly this dressing is established was addressed by Ito et al., who used subcycle trARPES
to follow the topological surface state of Bi2Te3 under a strong, phase-stable mid-infrared
drive [36]. The pump was an in-plane, s-polarized field centered at 25 THz (ℏΩ ≃ 0.1 eV),
with a surface field of ∼ 0.8 MV cm−1, while the probe was a 17 fs ultraviolet beam. They first
observed a pump-induced intraband current that appeared as an asymmetry of the Dirac cone,
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roughly one half-cycle before the field maximum. Then, Floquet-Bloch sidebands emerged
within a single optical cycle and gained strong weight near the field crest. Thus, in a suffi-
ciently coherent band, Floquet dressing can form on the timescale of one optical period, linking
band-structure engineering directly to the intraband acceleration and interband transitions in
solids. Floquet dressing was demonstrated at nearly the same time in a semiconductor, where
Zhou et al. hybridized the valence band of black phosphorus with the n = −1 replica of the
conduction band, opening a dynamical gap that decayed within ∼ 130 fs [120].
Graphene, the system for which Floquet topological gaps were first predicted, has also been
driven into Floquet-engineered states with mid-infrared light. In a picosecond transport exper-
iment, McIver et al. drove monolayer graphene with circularly polarized mid-infrared pulses
(46 THz, 191 meV) and sampled the transverse current on-chip with a laser-triggered pho-
toconductive switch, observing a light-induced anomalous Hall effect [53]. The gate depen-
dence revealed a ∼ 60 meV conductance plateau around the Dirac point, where a Haldane-like
Floquet gap is expected, with an anomalous Hall conductance approaching 1.8 e2/h. Direct
spectroscopic evidence arrived only recently, because graphene poses additional constraints for
trARPES experiments: its Dirac cone lies at the K point, requiring high-harmonic probe pho-
tons, while Volkov sidebands and fast scattering can obscure weak Floquet replicas. Two back-
to-back recent trARPES studies overcame these obstacles and successfully reported evidence
for Floquet replicas in graphene (Fig. 10). Choi et al. used a 5 µm (246 meV) mid-infrared drive
and a 26.4 eV probe to resolve replica Dirac cones in monolayer epitaxial graphene. By rotating
the pump polarization, they showed that the replicas arise from the scattering between Floquet-
Bloch and Volkov states [121]. Merboldt et al. reached the same conclusion with time-resolved
momentum microscopy, using a 0.65 eV infrared drive and a 26.5 eV extreme-ultraviolet probe.
The momentum asymmetry of the sidebands, together with calculations including ultrafast
dephasing, showed that Floquet sidebands survive even when scattering broadens the light-
induced gaps [122]. Similar experiments have also yielded Floquet-engineered states and gap
opening beyond Dirac semimetals. Bielinski et al. used helicity-dependent, circularly polarized
mid-infrared driving and trARPES to control the Dirac mass gap of the topological antiferro-
magnet MnBi2Te4, with opposite pump helicities producing different gaps [37].
Because Floquet engineering reshapes electronic structure, it also appears in optical and func-
tional responses. A clear example is that of valleytronics in monolayer transition-metal dichalco-
genides. Sie et al. used intense circularly polarized light tuned below the gap of monolayer
WS2 and transient exciton reflectance to resolve a valley-selective optical (ac) Stark shift up to
18 meV [123], and later isolated the much smaller Bloch-Siegert shift [124]. Valley-selective cir-
cular dichroism was key to separate the two contributions, providing a textbook example of Flo-
quet dressing in an effective two-level system. These experiments showed that the co-rotating
field component produces the optical Stark shift, whereas the usually neglected counter-rotating
component produces the Bloch-Siegert shift.
The examples discussed so far largely involve weakly interacting band electrons. A comple-
mentary limit appears when the field dresses localized single-ion multiplets. Shan et al. drove
the magnetic insulator MnPS3 far off resonance from the on-site Mn d-d transition, using fields
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Fig. 10: Floquet engineering of electronic bands in graphene. (a) Energy- and in-plane-
momentum-resolved sketch of the graphene bands near the K point in equilibrium (black)
and under periodic driving (red). Coherent dressing produces sidebands of the main Dirac
band, spaced by the drive photon energy ℏΩ, and energy gaps ∆E that open where sidebands
of different photon order cross and hybridize. (b) Experimental geometry of the pump probe
experiment. (c) Resulting Floquet and Volkov states, as well as their quantum interference.
Reprinted from Ref. [122], licensed under a Creative Commons Attribution 4.0 International
License. Copyright (2025) by the authors.

of order 109 Vm−1, and observed coherent on-off switching of the second-harmonic efficiency
within 100 fs, with an on-off ratio exceeding ten and no measurable dissipation [125]. This re-
sponse corresponds to a giant Floquet renormalization of the optical nonlinearity. In a different
experiment, Zhang et al. used off-resonant linearly polarized light and time-resolved second-
harmonic generation to induce an electronic polarization in antiferromagnetic Cr2O3 [26]. These
studies broaden Floquet engineering from the reshaping of itinerant bands to the control of
atomic-like states and single-ion responses.

5.2 Towards quantum control of correlated states

When periodic driving addresses only a few isolated electronic levels, Floquet engineering be-
comes a form of quantum control. This limit has a long history in weakly interacting sys-
tems, where ultrafast optical fields have produced coherent Rabi rotations, picosecond popula-
tion control, and complete state manipulation in atoms, semiconductor excitons, and quantum
dots [126–129]. Extending this control to strongly correlated electrons is a central frontier [4,5],
both because these systems host the most dramatic nonequilibrium responses and because pe-
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riodic driving is predicted to renormalize interactions and stabilize exotic electronic phases.
The key challenge is to identify correlated states that can be coherently addressed and read out
before dissipation and decoherence destroy the coherent Floquet dressing.
Hubbard excitons in one-dimensional Mott insulators are a compelling platform for demonstrat-
ing Floquet engineering of many-body states. Unlike conventional electron-hole excitons, they
are bound holon-doublon pairs stabilized by Coulomb repulsion [130,131]. Together with spin-
charge separation, this binding leads to nearly degenerate even- and odd-parity states. They
therefore realize a many-body, two-level system with strong, well-characterized linear and non-
linear optical responses [132, 133]. Their few-level structure gives direct access to the coherent
evolution of the many-body wavefunction, which is otherwise difficult to isolate from band
renormalization and symmetry breaking in more complex correlated materials.
Driving the excitons with an intense, nonresonant mid-infrared field E⃗MIR(t) = E⃗0

MIR cos(Ωt)

couples the bright odd state |u⟩ and the dark even state |g⟩ through Ĥint(t) = µ⃗ug ·E⃗MIR |u⟩⟨g|+
h.c. The optical Stark and Bloch-Siegert shifts, the usual fingerprints of Floquet driving, carry
opposite signs and nearly cancel for a degenerate pair [123–125], so that the dominant effect is
a coherent mixing of the two parities within the optical cycle. The Floquet states retain their
quasienergy but acquire a time-dependent composition,

|u(t)⟩ = eiEexct/ℏ
[
cos ϑ(t)

2
|u⟩+ eiφ(t) sin ϑ(t)

2
|g⟩

]
(7)

|g(t)⟩ = eiEexct/ℏ
[
cos ϑ(t)

2
|g⟩ − e−iφ(t) sin ϑ(t)

2
|u⟩

]
(8)

which describes a coherent rotation of the many-body wavefunction on a Bloch sphere spanned
by the even and odd excitons, with polar and azimuthal angles ϑ(t) and φ(t) evolving at twice
the drive frequency. Cycle-averaged, this rotation redistributes spectral weight into Floquet
sidebands at Eexc ± 2nΩ for |u(t)⟩ and Eexc ± (2n+1)Ω for |g(t)⟩. Although the drive is far
off-resonance, at strong fields the coupling g = µ⃗ug · E⃗MIR becomes comparable to Ω, so the
Rabi frequency locks to the drive frequency and g sets only the amplitude of the rotation. This
ultrastrong-coupling regime, made possible jointly by the near-degeneracy of the excitons and
the large field, departs from conventional resonant two-level driving and from the quantum-dot
experiments above, where the coupling is smaller than both level splitting and drive frequency.
Baykusheva et al. implemented this protocol in the chain cuprate Sr2CuO3 [134]. Here, Hub-
bard excitons form two near-degenerate levels around 1.72 eV. A mid-infrared pump at 0.12 eV
(28 THz), far below the 1.8 eV Mott gap, dresses the exciton, while a near-infrared probe gener-
ates resonant third-harmonic emission at the exciton energy. Because |g⟩ is dark, rotation toward
the even state suppresses the third-harmonic yield by up to 70% at 1.8 MV cm−1 (Fig. 11). The
polarization and field dependences follow the J0 Bessel form expected for Floquet dressing,
and probe detuning reveals a genuine sub-gap Floquet sideband in χ(3), showing that coherence
survives several drive cycles. At higher fields, the wavefunction undergoes continuous oscil-
latory rotations, reaching an instantaneous angle of π/2 at 1.7 MV cm−1. This uniaxial π/2
rotation is the minimal building block of programmable quantum control sequences based on
pulse shaping techniques and opens the route to Ramsey interferometry, dynamical decoupling,
and ultimately full SU(2) control of correlated many-body wavefunctions [135–137].
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Fig. 11: Quantum control of Hubbard excitons in Sr2CuO3. (a) Sketch of the mid-infrared
pump (ℏΩ= 0.12 eV) third-harmonic emission (THG) probe experiment. (b) Normalized THG
spectra of a 0.59 eV probe at equilibrium (purple) and at zero delay after a 1.8 MV cm−1

pump (orange). (c) THG intensity as a function of probe (top) and pump (bottom) polariza-
tion angle. The suppression vanishes for a pump polarized normal to the chains and follows the
1− J0(A1 cos θ)

4 dependence (solid line) expected for Floquet dressing. (d) Time-resolved dif-
ferential THG ∆I3ω/I3ω for EMIR = 1.8 MV cm−1. The Bloch spheres mark the instantaneous
rotation angle ϑ at selected delays. Reprinted with permission from Ref. [134]. Copyright
(2026) by Springer Nature Limited.

5.3 Electronic metastability via coherent dressing

The Floquet-engineered states discussed so far exist only while the drive is present. Because
the dressed bands and gaps arise from hybridization with the photon field, they decay once
pump coherence dissipates, and the renormalized Hamiltonian returns to its equilibrium form.
This short lifetime is the main obstacle to converting Floquet-engineered states into persistent,
functional states of matter. One alternative route is to use longer drives, but this requires careful
control of energy dissipation to avoid runaway heating. Another is to use dressing not as an end
in itself, but as a transient gate. While present, the field can lift a symmetry that otherwise for-
bids a quantum process, allowing the system to cross a barrier into a configuration that survives
after the drive is gone. Once the symmetry is restored, the reverse pathway is again blocked,
leaving the system trapped in a long-lived metastable state.
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Fig. 12: Electronic metastability in Sr14Cu24O41. a. Each plaquette on the ladder features O 2p
(grey) and Cu 3d (blue) orbitals constituting a Zhang-Rice singlet. At equilibrium, holes mostly
reside on the chains and the approximate D4h symmetry makes the hopping contributions to the
apical chain oxygen alternate in sign and cancel, resulting in vanishing hopping tap between
chains and ladders. b. However, this symmetry is broken when the Hamiltonian is dressed by
an intense in-plane pump field Epump (time delay = 0), resulting in a nonzero tap. The transient
activation of the symmetry-forbidden hopping tap leads to a chain-to-ladder hole transfer. c.
Once the field is removed, tap vanishes, trapping the transferred holes in the ladder. d. Time-
dependent charge-order diffraction intensity at L= 0.20. For an in-plane pump (Epump ∥ a,
filled circles) the charge order is suppressed within the pulse and remains so up to nanosecond
delays, whereas an out-of-plane pump (Epump ∥ b, open circles) produces no suppression,
as expected for the symmetry-activated mechanism. Adapted with permission from Ref. [49].
Copyright (2025) by Springer Nature Limited.

A recent realization of this idea was demonstrated in the optically driven cuprate ladder [49].
The cuprate material Sr14Cu24O41 is a self-doped charge-transfer insulator consisting of two
nearly decoupled subsystems: hole-rich chains that act as charge reservoirs, and two-leg lad-
ders that host charge order below 250 K. Padma et al. excited single crystals with intense
near-infrared pulses (1.55 eV, just below the charge-transfer gap, up to 7.7 MV cm−1) polar-
ized in the ladder plane, and tracked the response with time-resolved THz reflectivity, trXRD,
trXAS, and trRIXS. From the charge-ordered state, the 100-fs pump induces a nonequilibrium
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electronic state that persists for tens of nanoseconds, far beyond the pulse duration (Fig. 12d).
trXAS reveals a transfer of roughly 3% holes per Cu from chains to ladders, trXRD shows the
concomitant suppression of charge-order correlations, and the low-energy response develops
emergent collective modes [138]. Together, these probes identify a metastable state stabilized
by the transient activation of an otherwise forbidden chain-to-ladder hopping channel.
Why this channel is closed at equilibrium, and how light opens it, follows from a transparent
symmetry argument (Fig. 12a-c). The doped holes in the ladder occupy Zhang-Rice singlets
built from the Cu 3dx2−y2 orbital and the surrounding in-plane O 2p orbitals. The relevant
ligand combination is the symmetric superposition

ψp(r;R) =
1

2

[
ψpx(r;R− a0

2
x̂)−ψpx(r;R+ a0

2
x̂)+ψpy(r;R− a0

2
ŷ)−ψpy(r;R+ a0

2
ŷ)
]
, (9)

which, like the 3dx2−y2 orbital it accompanies, is antisymmetric under a quarter rotation about
the Cu–apical-oxygen axis,

R̂
(
π
2

)
ψp(r;R) = −ψp(r;R), (10)

whereas the apical-oxygen 2pz orbital that bridges the ladder to the chain is invariant under this
symmetry operation. The hopping integral between the ladder state and the apical oxygen is
then a sum of four rotated contributions whose alternating signs cancel exactly,

tppz =
1

4

[∫
ψ∗
2pz Hψp dr

3 −
∫
ψ∗
2pz Hψp dr

3 +

∫
ψ∗
2pz Hψp dr

3 −
∫
ψ∗
2pz Hψp dr

3

]
= 0,

(11)

so the chains and ladders are decoupled by symmetry. An intense in-plane field can lift this
symmetry and produce a transient tunneling matrix element. Introducing the field through the
minimal coupling

H(A) = H(A=0)− e

2mec

∑
j

[
iℏ∇j ·A(rj) + h.c.

]
+O(A2), (12)

and incorporating it as a Peierls phase on the hopping, t(ri, rj)→t(ri, rj) exp
(
ie
ℏc

∫ rj
ri
A(r)·dr

)
,

unbalances the four contributions according to their orientation relative to the field. The cancel-
lation is now incomplete, and the apical hopping becomes finite,

tppz =
1

2

(
tpp+tpp−tppe−i

eA0a0
2ℏc −tppei

eA0a0
2ℏc

)
= tpp

[
1− cos

(eA0a0
2ℏc

)]
≃ 1

2

(
eA0a0
2ℏc

)2

tpp ∝ A2
0,

(13)

scaling as the square of the field amplitude. Averaging over the drive period recovers the steady-
state effective hopping that characterizes the coherently-dressed ladder,

t(eff)ppz =
Ω

2π

∫ 2π/Ω

0

tpp

[
1− cos

(
ea0A0 cos(Ωτ)

2ℏc

)]
dτ =

[
1−J0

(
ea0A0

2ℏc

)]
tpp, (14)

where J0 is the zeroth-order Bessel function. In the weak-field limit, this activated hopping also
grows as A2

0. It acts as a transient gate: while the pulse is present, holes flow from the chains
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into the lower-density ladders; once coherence is lost, symmetry is restored, tppz → 0, and the
transferred holes are trapped. The same symmetry argument applies to the Cu orbital matrix
elements, as discussed in Ref. [49]. The observed E2 scaling and the absence of a response for
out-of-plane polarization are therefore direct fingerprints of symmetry-activated charge transfer.

Metastable photoinduced states are otherwise rare, and typically rely on material-specific coop-
erative effects, often involving the lattice, that trap the system behind a structural barrier. The
significance of this experiment is that it isolates a purely electronic, symmetry-based route to
metastability without structural transitions. Coherent optical dressing transiently switches on
a forbidden term in the Hamiltonian, redistributes charge, and then leaves the system trapped
once the symmetry is restored. This establishes transient Hamiltonian engineering as a gen-
eral design principle for metastable quantum states, applicable wherever symmetry separates a
material into weakly coupled sectors.

6 Light-induced superconductivity

As seen in the previous sections, coherent control can drive materials into ordered states. A
major challenge is whether light can also engineer macroscopic quantum coherence and pro-
duce superconducting responses with enhanced or emergent properties at temperatures far above
those accessible in equilibrium. This section reviews the experimental evidence for light-
induced superconductivity, and the theoretical scenarios proposed to explain it.

6.1 Experimental reports of light-induced superconductivity

The relationship between light and superconductivity is often antagonistic. Superconducting
condensates are among the most fragile electronic ground states, and eV photons have been
shown to readily destroy them by breaking Cooper pairs, populating the gap with hot quasi-
particles, and quenching macroscopic phase coherence. Pump–probe experiments have long
exploited this effect to track the suppression and recovery of superconductivity, following pair-
breaking and re-condensation dynamics in cuprates and conventional superconductors through
their transient THz response [139–142].

However, light can in some cases enhance superconducting coherence rather than degrade it.
In conventional superconductors near Tc, weak sub-gap microwave irradiation can sharpen the
gap and modestly raise Tc, an effect first observed by Wyatt and Dayem and later described
by Eliashberg [143–145]. This microwave-stimulated superconductivity is small, confined to
a narrow window around Tc, and arises because light redistributes quasiparticles away from
the gap edge near the Fermi level, enhancing the coherence of an already formed condensate.
The more radical idea pursued over the past fifteen years is that intense mid-infrared driving
may instead stimulate condensation far from equilibrium, starting from a normal metal and
transiently producing superconducting correlations well above the equilibrium Tc.
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Optical signatures of superconductivity. The optical properties of a superconductor are re-
markable and provide a clear fingerprint for pump–probe experiments [146,147]. Since pairing
gaps typically lie in the meV range, the natural probe is time-resolved THz spectroscopy, which
accesses these energy scales and measures the complex conductivity σ̃(ω,∆t) = σ1(ω,∆t) +

iσ2(ω,∆t) as a function of pump–probe delay ∆t.1 At equilibrium, a normal metal is described
by the Drude model,

σ̃(ω) =
σdc

1− iωτ
, where σ1(ω) =

σdc
1 + ω2τ 2

, and σ2(ω) =
σdc ωτ

1 + ω2τ 2
. (15)

A Drude metal displays a dissipative peak in σ1 centered at zero frequency, while the reactive
part vanishes, σ2(ω) → 0 as ω → 0. As the superconducting state develops, the coherent part
of this Drude weight collapses into a zero-frequency δ function in the real conductivity,

σ1(ω) = π
nse

2

m
δ(ω) + σreg

1 (ω), (16)

where ns is the superfluid density and the regular part σreg
1 is gapped, with dissipative absorp-

tion suppressed below the pair-breaking edge 2∆. The spectral weight removed from finite
frequencies is conserved and transferred entirely to the zero-frequency δ function, as required
by the Ferrell–Glover–Tinkham sum rule [147]. Through the Kramers–Kronig relations, this δ
function in σ1 enforces a purely inductive, divergent imaginary conductivity,

σ2(ω) =
nse

2

mω
=

1

µ0λ2L ω
∝ 1

ω
, λL =

( m

µ0nse2

)1/2

, (17)

where λL is the London penetration depth. The essential point is that this 1/ω inductive re-
sponse follows from the condensate itself, namely from the zero-frequency δ function in σ1,
and not from the detailed gap structure. It is therefore universal and survives even for strongly
anisotropic or nodal gaps, as in the d-wave cuprates, where σreg

1 lacks a sharp gap edge. The
experiments reviewed below search for this transient above-Tc signature in the THz response
after resonant mid-infrared excitation, possibly accompanied by a gap-like suppression of σ1.

Cuprates. Building on structural control through nonlinear phononics (Section 3.3) and on
the competition between charge order and pairing (Section 4.1), the first experiment in this di-
rection sought to enhance superconductivity by suppressing a competing order in the driven
state. Fausti et al. studied the stripe-ordered cuprate La1.675Eu0.2Sr0.125CuO4, a 1/8-hole-doped
compound in which static charge stripes suppress bulk superconductivity [149]. Resonant ex-
citation of an in-plane Cu–O stretching mode transiently induced an inductive response in
σ2(ω,∆t), together with a Josephson plasma edge in the c-axis reflectivity, the hallmark of
three-dimensional interlayer superconducting coupling. A Josephson plasma resonance is the
collective oscillation of the interlayer phase of the superconducting condensate, sustained by
Cooper-pair tunneling between the CuO2 planes. The results were interpreted as the revival of

1There are subtleties in interpreting the instantaneous THz conductivity as a quasi-equilibrium optical conduc-
tivity, but they go beyond the scope of these lecture notes.



Light Control of Many-Body Phases 12.29

Fig. 13: Meissner effect in an optically-driven cuprate. a. Transient expulsion of an applied
magnetic field from optically driven YBa2Cu3O6.48, measured by ultrafast Faraday-rotation
magnetometry after resonant excitation of the apical-oxygen phonon. b.-c. The diamagnetic
screening response, observed far above the equilibrium Tc, corresponds to an inferred volume
susceptibility χ ≃ −0.3 and constitutes a direct magnetic fingerprint of a transient supercon-
ductor. Reprinted from Ref. [148], licensed under a Creative Commons Attribution 4.0 Interna-
tional License. Copyright (2024) by the authors.

latent superconducting fluctuations following pump-induced melting of the competing stripe-
ordered state, in close analogy with the charge-order dynamics discussed in Section 4.1.

Following this early result, experiments then focused on bilayer cuprates YBa2Cu3O6+x (YBCO),
generally regarded as cleaner and less inhomogeneous copper oxides. These materials can be
idealized as a stack of inequivalent Josephson junctions. The thin intra-bilayer and thick inter-
bilayer junctions produce two longitudinal Josephson plasmons, a low-frequency inter-bilayer
mode near 30 cm−1 and a high-frequency intra-bilayer mode near 475 cm−1, together with a
transverse plasmon in σ1 whose weight tracks the c-axis superfluid density. Hu et al. reso-
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nantly drove the apical-oxygen B1u phonon at ∼ 17 THz (∼ 15 µm), a mode tied to a structural
parameter that correlates with Tc [150], and found that light induces (1) a transient 1/ω induc-
tive response and (2) a redistribution of coherence between the two Josephson plasmons. The
inter-bilayer mode blue-shifts and strengthens, while the intra-bilayer mode red-shifts, with the
total coherent spectral weight approximately conserved [151, 152]. Notably, this enhancement
persists far above Tc, up to temperatures coincident with the pseudogap line rather than with
Tc, and appears even in underdoped samples with weaker charge-order correlations. These re-
sults suggest a connection to the pseudogap state and, possibly, a response of preformed pairs
already present in the normal state. Femtosecond x-ray diffraction further constrained the ac-
companying lattice motion. By reconstructing the transient structure of driven YBCO from a
subset of diffraction peaks, Mankowsky et al. identified a genuine lattice distortion induced via
nonlinear-phononic coupling, but with displacements of only a picometer, or a few tenths of
a percent of the relevant bond lengths [44]. Moreover, this distortion is smaller than, and op-
posite in sign to, the static structural difference between higher- and lower-Tc cuprates. These
observations imply that structural rearrangements alone cannot explain the full enhancement of
superconducting coherence, and suggest that the origin of this effect is mainly electronic.
In recent years, it has become clear that optical signatures, however suggestive, may not by
themselves distinguish a genuine superconductor from a metal with anomalously high mobility.
To resolve this fundamental ambiguity, it is necessary to perform ultrafast measurements of
magnetic expulsion. Using ultrafast optical magnetometry, Fava et al. detected expulsion of
an applied magnetic field from optically driven YBa2Cu3O6.48, a transient Meissner effect with
inferred volume susceptibility χ ≃ −0.3 that persists up to room temperature [148] (Fig. 13).
Because diamagnetic screening is the hallmark of a phase-coherent condensate and does not rely
on model-dependent inversions of reflectivity data, this result provides the strongest evidence
to date that light enhances superconducting coherence in these materials.

Fullerides. Signatures of light-enhanced superconductivity are not unique to the cuprates, and
have been detected also in different families of organic metals. The most extensively charac-
terized case is that of the alkali-doped fulleride K3C60, where the effect appears far from any
obvious competing order and in a material with a more conventional equilibrium superconduc-
tivity. At equilibrium, K3C60 is a superconductor (Tc = 20 K) with three narrow, half-filled
bands derived from the C60 t1u orbitals close to the Fermi level [153]. In this system, pair-
ing is believed to arise from the cooperation of strong electronic correlations and coupling to
intramolecular Jahn–Teller vibrations. In the simplest BCS mean-field form, the equilibrium
transition temperature is given by kBTc = 1.13ℏωDe

− 1
N(εF )V , where ωD is the phonon Debye

frequency, N(εF ) is the density of states at the Fermi level, and V is the effective pairing in-
teraction. Tc increases with both the characteristic phonon energy and, more dramatically, with
the density of states and pairing interaction. A natural question is whether nonlinear phonon
excitation can be conducive to an enhanced superconducting state by modulating any of these
parameters. The infrared-active T1u modes can be driven directly by a mid-infrared field but
do not couple, by symmetry, to the t1u electrons. The pairing modes are instead the Raman-
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Fig. 14: Light-induced superconductivity in K3C60. a. K3C60 unit cell. b. Equilibrium optical
conductivity above and below the superconducting transition (Tc = 20 K). c. Resonant mid-
infrared excitation of the T1u molecular vibration. d. The terahertz response develops a gapped
σ1(ω) and a 1/ω divergence in σ2(ω) far above the equilibrium Tc = 20 K. Adapted with
permission from Ref. [154]. Copyright (2016) by Springer Nature Limited.

active Hg Jahn–Teller distortions, which lift the orbital degeneracy of the molecular states and
carry the strongest coupling. Mitrano et al. therefore excited the T1u(4) mode at 7 µm to drive
quasi-static Hg distortion via lowest-order anharmonic coupling, Q2

T1u
QHg [154]. The transient

THz response reproduces the gapped σ1 and divergent σ2 of the equilibrium superconductor at
base temperatures up to ∼ 100 K (Fig. 14), several times Tc, with the photoinduced response
fading away at higher temperatures. While the photoinduced gap was slightly larger than that
at equilibrium, this driven state showed both the key electrodynamic signatures of a BCS-like
superconductor, suggesting a rather homogeneous response.

A series of measurements then tested whether this state follows the expected phenomenology
of a BCS superconductor. Cantaluppi et al. applied hydrostatic pressure and found that the
light-induced gap weakens under compression [155], mirroring the equilibrium superconduc-
tor, whose Tc decreases as the bandwidth grows and the density of states falls, and opposite to
an ordinary metal, whose conductivity improves under pressure. Wang et al. probed the tran-
sient state with on-chip ultrafast transport and observed a current-dependent, critical-current-
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like nonlinearity, characteristic of a superconductor and absent both in the equilibrium metal
and under visible-light excitation [156]. Budden et al. showed that sustained driving converts
the picosecond transient into a metastable state lasting more than ten nanoseconds, with a trans-
port response compatible with vanishing resistance [157], echoing the metastability theme of
Sections 4 and 5.3. Finally, Rowe et al. mapped the response versus drive frequency and found
a pronounced resonant enhancement near 10 THz [158], identifying the spectral region where
coupling to the pairing modes is most effective.

Organics. Similar optical responses have also been observed in layered BEDT-TTF-based
organic conductors. Unlike the molecular fullerides, the κ-(BEDT-TTF)2X salts are quasi-two-
dimensional and share several defining features with the cuprates. They derive from a half-
filled band of (BEDT-TTF)2 dimers on an anisotropic triangular lattice, lie near the boundary
between an antiferromagnetic Mott insulator and a superconductor, and show evidence for a
dx2−y2 pairing gap, as in the cuprates [159]. Crucially, their position in the phase diagram can
be tuned continuously. In κ-(BEDT-TTF)2Cu[N(CN)2]BrxCl1−x, substituting Cl with Br acts as
a bandwidth, or chemical-pressure, knob that drives the system across a bandwidth-controlled
Mott transition, from an antiferromagnetic insulator at x = 0 to a metallic superconductor
at higher Br content [160]. This combination of two-dimensionality, cuprate-like competition
between magnetism and pairing, and fine control of correlation strength makes the κ-organics a
highly-tunable platform for testing light-induced superconductivity.
Buzzi et al. drove molecular C=C vibrations in κ-(BEDT-TTF)2Cu[N(CN)2]Br, the member of
the series just on the metallic side of the Mott transition (Tc= 12.5 K), and observed a divergent
1/ω response in σ2, and a gap opening in σ1 above Tc [161]. The light-induced gap is much
larger than, and qualitatively different from, the equilibrium superconducting gap, showing
that the driven state is not simply the equilibrium condensate revived above Tc, but a distinct
nonequilibrium state. By mapping the entire phase diagram of the family, Buzzi et al. also
showed that the effect appears only near the Mott boundary, in the metallic compound with
strong normal-state superconducting fluctuations, and is absent both in the Mott insulator and
in the more itinerant metal farther from the transition [162]. Proximity to the Mott transition,
and to the fluctuating precursor it sustains, therefore appears to be a prerequisite for the onset
of light-induced superconducting coherence.

A general phenomenon. Taken together, these experiments show that resonant vibrational
driving can induce transient superconducting-like responses in very different systems, ranging
from layered cuprates to alkali fullerides and organic charge-transfer salts. This phenomenon
appears to be general across platforms, and a recurring pattern emerges. Light-induced or en-
hanced superconductivity is usually found to emerge from strongly fluctuating states near an
equilibrium instability, including the stripe-ordered and pseudogap regimes of the cuprates,
the Jahn–Teller-correlated metal of K3C60, and the Mott-proximate organics. This observation
suggests that the drive amplifies or reorganizes pre-existing pairing tendencies, rather than cre-
ating superconductivity from an inert normal state or relying on structural distortions unique
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to a given material. Uemura framed this viewpoint in terms of the dynamical response of a
phase-incoherent bosonic fluid [163]. The next section reviews the main theoretical scenarios
proposed to explain the microscopic origin of this phenomenon.

6.2 Theoretical scenarios

The microscopic mechanism of light-induced superconductivity, and even the precise nature of
the transient state, remain open questions. No single theory accounts for all the experimental
observations, but the existing proposals fall into a few broad classes.

Lattice-mediated mechanisms. The largest class of theories builds on the nonlinear phonon-
ics framework of Section 3.3. The starting point is a resonantly-driven infrared phonon QIR

which rectifies into a quasi-static Raman displacement, ⟨QR⟩ ≃ − g ⟨Q2
IR⟩/Ω2

R, thereby shift-
ing the structural parameters that control the pairing scale [44]. Pairing can then be enhanced
in different ways. In the picture of Sentef et al., the distortion narrows the electronic band,
reducing the hopping t, increasing the density of states N̄(EF ), and thereby enhancing the
dimensionless electron–phonon coupling

λ = 2 N̄(EF )

∫ ∞

0

α2F (Ω)

Ω
dΩ, (18)

to which the BCS pairing scale is exponentially sensitive [164]. Kennes et al. considered in-
stead a quadratic electron-phonon coupling, gK

∑
i n̂ix̂

2
i , for which the local phonon frequency

depends on the electronic occupation; exciting the phonon to a mean population nB then renor-
malizes the effective on-site interaction,

U⋆ = U −
(
nB + 1

2

)
ω0

(
2
√
1+2g − 1−

√
1+4g

)
, (19)

where the bracket is positive for either sign of g, so that driving the phonon (nB > 0) lowers
U⋆ and strengthens the attraction, a purely electronic “squeezing” of the interaction [165]. A
third route relies instead on a parametric process. When a coupling is modulated periodically
in time, the Cooper-pair fluctuation amplitude obeys, schematically, a Mathieu-type equation

∆̈q + ω2
q [ 1 + α cos(Ωt) ]∆q = 0, (20)

so that for Ω ≃ 2ωq the pairing susceptibility is parametrically amplified, just as periodically
stiffening a pendulum amplifies its swing, without a true equilibrium transition [166]. Related
treatments trace the enhancement to nonequilibrium phonon populations that increase the ef-
fective coupling [167] or to the transient cooling of the electronic subsystem by mid-infrared
absorption [168].

Electronic scenarios. A second class of mechanisms dispenses with the lattice altogether. In
the Hubbard model the staggered pair operator

η̂+ =
∑
j

(−1)j ĉ†j↑ĉ
†
j↓ (21)
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is an eigenoperator of the Hamiltonian on a bipartite lattice, [Ĥ, η̂+] = U η̂+, so the states
(η̂+)N |0⟩ are exact eigenstates with off-diagonal long-range order,

⟨∆̂†
i∆̂j⟩

|i−j|→∞−−−−−→ const × e iπ(Ri−Rj), ∆̂i = ĉi↑ĉi↓, (22)

a condensate of pairs carrying center-of-mass momentum Q = π [169]. The open question is
how to populate these states out of equilibrium. Kaneko et al. showed that an optical pulse,
entering as a Peierls phase on the hopping, connects η-sectors through the current operator with
the selection rule ∆η = ±1 at an energy cost ∼ U, so that an intrinsically nonlinear, multi-
photon process tuned to ωpump ∼ U climbs a ladder of η-pairing states [170]. Tindall et al.
found a complementary route in which heating the spin sector toward infinite temperature, while
η̂+η̂− is conserved, forces the charge sector into a steady state with long-range η order [171,
172]. These mechanisms are appealing because they are purely electronic and symmetry-based,
in the spirit of the Hamiltonian-engineering route of Section 5.3. However, we need to note
that the generated pairs are finite-momentum, a Q = π pair-density wave rather than a uniform
condensate, and the results rest on the idealized single-band Hubbard model, so their connection
to the measured THz response of real solids remains indirect.

Amplification of bosonic excitations or superconducting fluctuations. A particularly com-
pelling proposal, due to Dai and Lee, occupies the middle ground between creating pairs and
amplifying an existing condensate [173, 174]. It supposes that charge-2e bosons made of elec-
tron pairs are already present in the normal state but remain gapped and uncondensed, with
dispersion Ek =

√
∆2 + v2k2. These bosons could be quantum-fluctuating pairs of the cuprate

pseudogap, or the doublon-holon excitations of certain nearly Mott-localized metals. A drive
that periodically modulates the boson gap,

L = 1
2
|∂tϕ|2 − v2

2
|∇ϕ|2 − 1

2
∆2|ϕ|2 − U

8
|ϕ|4 − λ cos(Ωt) |ϕ|2, (23)

then acts as a parametric pump on these bosons. Diagonalizing the driven problem gives com-
plex eigenfrequencies on a resonant ring of momenta,

ω =
Ω

2
± i θk, θk =

√(
λ

2Ek

)2

−
(
Ω

2
−Ek

)2

, (24)

so that when the drive satisfies Ω ≃ 2Ek (hence Ω ≳ 2∆), boson particle-hole pairs at ±k
are created out of the zero-point fluctuations and grow exponentially. Because of Bose statis-
tics the instability opens not in energy, as for driven fermions, but along a ring in momen-
tum space, building a coherent, two-mode-squeezed “particle-hole condensate.” Its oppositely
charged components drift in opposite directions under a field, producing precisely the induc-
tive response σ(ω) = i e∗2ρs/ω of a superconductor, with a transient superfluid density ρs that
grows and then saturates, even though no equilibrium condensate exists, and, because conden-
sation occurs on a ring rather than at a point, without a Meissner effect. In the variant aimed at
the organics, the relevant bosons are the fractionalized charge-e chargons of a metal close to a
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Mott transition, and the drive transiently tips the system across that transition; the light-induced
“gap” is then reinterpreted as a photoinduced Mott gap, a picture that rationalizes why the re-
sponse in κ-(BEDT-TTF)2Cu[N(CN)2]Br appears only near the transition and is larger than, and
distinct from, the equilibrium superconducting gap. Other theoretical scenarios propose ampli-
fying the collective response of pre-existing superconducting fluctuations. A relevant example
is the parametric driving of the interlayer Josephson plasmon in a bilayer cuprate, analyzed
by Michael et al. [175]. The plasma frequency is set by the interlayer Josephson coupling,
ωJP ≃

√
jc d2(e∗)2/ϵ , and the resonantly driven apical-oxygen phonon modulates the in-plane

superfluid stiffness, introducing a time-periodic term that acts as a parametric drive on the plas-
mon, exactly the modulation in the Mathieu equation. When the drive frequency matches the
sum of two plasmon branches, ωph = ω1+ω2, the mode amplitudes grow exponentially at a
rate Imω = |g ξQ0|, and an overdamped plasma edge that is otherwise invisible in equilibrium
re-emerges in the transient reflectivity. The result mimics an enhanced superfluid response in
σ2(ω), and reproduces the measured THz signatures, without an increase in Tc or in the number
of Cooper pairs.

7 Outlook

The preceding sections offer a necessarily incomplete view of how light control of many-body
states has evolved over the past two decades. We close by highlighting three frontiers likely to
shape its next stage.
The first is the convergence of ultrafast coherent control with the language of quantum control
developed in quantum information science. The quantum control of Hubbard excitons dis-
cussed in Section 5.2 illustrates that a single uniaxial π/2 rotation driven by a mid-infrared field
already constitutes the elementary building block of a programmable control sequence [134].
Pulse shaping should extend this approach to Ramsey interferometry, dynamical decoupling,
and ultimately full SU(2) control of correlated states [135, 137]. The broader ambition is to
treat selected collective excitations of a quantum material as qubit-like degrees of freedom that
can be initialized, rotated, entangled, and read out coherently before dissipation takes over. In
valleytronics, the coherent encoding and switching of valley information in a WS2 monolayer at
room temperature has already shown that logic operations can be written into a solid on ultrafast
timescales [176].
A second frontier is the move from bulk crystals to mesoscale structures and devices. Ultrafast
transport, as illustrated by the on-chip detection of a light-induced anomalous Hall effect in
graphene [53], measures nonequilibrium currents directly and probes the functional response of
a driven material without relying only on the inversion of optical spectra. The next step is to
bring this approach to patterned and gated structures, where lithographically defined channels
can be used to contact, address, and integrate light-engineered states. Van der Waals materials
and heterostructures are especially well suited to this program. They are atomically thin, elec-
trostatically tunable, and freely stackable, allowing driving, gating, and transport readout to be
combined in a single device, while interactions are tuned in situ across phase boundaries.
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The third, and conceptually most far-reaching, frontier is the control of quantum materials
through their electromagnetic environment, by embedding them in optical cavities [177]. Cavity-
mediated control of the metal-to-insulator transition in 1T-TaS2 [178], and cavity-induced,
exciton-like attraction observed in bilayer graphene ultrastrongly coupled to a terahertz res-
onator [179] show that the electromagnetic environment alone can reorganize electronic re-
sponse. Extending this idea to superconductivity is a compelling emergent direction, with
first reports of a cavity-enhanced superconducting response in an underdoped cuprate [180]
and of an enhanced transition temperature in few-layer NbSe2 tuned to a phononic cavity
mode [181]. These results connect cavity engineering directly to the light-induced supercon-
ducting responses discussed in Section 6.
A crucial conceptual distinction in the possible implementations of cavity experiments is that
between driven and dark cavities. In the former, light still injects energy into the material,
even if the cavity reshapes the electromagnetic modes through which this occurs. In the latter,
no external photons are involved, and the material is solely modified by the vacuum fluctua-
tions of the confined field, enhanced at the cavity resonances. The breakdown of topological
protection in the integer quantum Hall effect induced by cavity vacuum fields in a Hall-bar ge-
ometry [182], together with the recent observation of a cavity-altered superconducting ground
state at a hexagonal boron nitride interface [183], shows that an electromagnetic environment
can reshape a many-body state without a drive. This development addresses a central limitation
of many driven protocols reviewed in this chapter, namely the heating and dissipation that ac-
company continuous excitation and limit the lifetime of the engineered state. A dark cavity does
not push the system into a transient excited configuration, rather it modifies the ground state it-
self. Whether vacuum fields can be made strong enough to engineer correlated ground states
at will remains an open question. But the possibility of equilibrium, dissipation-free control of
many-body states is, in our view, one of the most exciting prospects for the field.
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