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Quantum materials hold immense promises for future applications due to their intriguing electronic,
magnetic, thermal, and mechanical properties that often arise from a complex interplay between
microscopic degrees of freedom. Important insights of such interactions come from studying the
collective excitations of electrons, spins, orbitals, and lattice, whose cooperative motions play a
crucial role in determining the novel behavior of these systems and offer us a key tuning knob to modify
material properties on-demand through external perturbations. In this regard, ultrafast light-matter
interaction has shown great potential in controlling the couplings of collective excitations, and rapid
progress in a plethora of time-resolved techniques down to the attosecond regime has significantly
advanced our understanding of the coupling mechanisms and guided us in manipulating the
dynamical properties of quantum materials. This review aims to highlight recent experiments on
visualizing collective excitations in the time domain, focusing on the coupling mechanisms between
different collective modes such as phonon-phonon, phonon-magnon, phonon-exciton, magnon-
magnon, magnon-exciton, and various polaritons. We introduce how these collective modes are
excited by an ultrashort laser pulse and probed by different ultrafast techniques, and we explain how
the coupling between collective excitations governs the ensuing nonequilibrium dynamics. We also
provide some perspectives on future studies that can lead to discoveries of the emergent properties of

quantum materials both in and out of equilibrium.

Quantum materials have garnered considerable interest due to their
remarkable properties associated with, for instance, unconventional
superconductivity'™, multiferroicity’, colossal magnetoresistance’, and
topological quantum states’. These properties hold great promise for future
applications’ such as topological quantum computing’ and spintronic
devices', yet a precise understanding of the underlying mechanisms
remains elusive in many cases. At the microscopic level, these properties
emerge as a result of complex interactions among the charge, spin, orbital,
and lattice degrees of freedom. Take superconductivity as an example: the
formation of Cooper pairs in the ground state is either aided by electron-
phonon interaction in conventional superconductors'"" or other types of
electron-boson coupling, if any, in unconventional superconductors.
Unraveling the interplay among these degrees of freedom is crucial for
advancing our knowledge of the rich phase diagrams of quantum systems.
However, one key challenge has been the coexistence of multi-way cou-
plings of a myriad of quasiparticles and excitations, which makes it difficult
to isolate a specific type of interaction we are interested in.

To tackle this challenge, recent advances in time-resolved techniques
based on ultrafast light-matter interaction have identified time as a new

dimension to investigate the couplings among the microscopic degrees of
freedom. Leveraging the time resolution of ultrashort pulses down to the
attosecond level, experiments based on the pump-probe protocol offer a
unique way to disentangle the intertwined couplings at the intrinsic time-
scales of microscopic interactions'*'. Aside from studying the dynamics of
individual quasiparticles, a cooperative and wave-like motion of different
degrees of freedom — referred to as collective excitations — can be directly
observed in the time domain. One of the most notable examples is photo-
induced coherent phonons'*'®, where a macroscopic number of atoms move
in perfect synchronization. Such lattice dynamics show up in a variety of
time-resolved probes, such as the periodic oscillations of diffraction peak
intensity in time-resolved scattering” > and the oscillations of optical
reflectivity and transmissivity in transient optical spectroscopy”’ . Often-
times, more than one type of collective excitation emerges after a photo-
excitation event, and their coupling is governed by the underlying
interaction among the constituent degrees of freedom. Investigating these
collective modes and their couplings provides an important perspective to
study the microscopic interactions in quantum materials, which in turn
offers an opportunity to use light to modify dynamical material properties.
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This review focuses on recent experimental progress in understanding
the couplings between collective excitations thanks to the development of
ultrafast techniques with ever-better spatiotemporal resolution and the
capability to generate intense laser pulses with highly tailored properties. We
begin by explaining why we are interested in studying collective excitations
and how time-domain probes of these excitations and their couplings bring
out new insights into material properties that are otherwise missing in
equilibrium probes. Given that a single probe cannot capture all the degrees
of freedom and their collective modes, we subsequently introduce some
select ultrafast techniques. Next, we delve deeper into the couplings of
collective excitations by introducing specific cases such as photon-phonon,
phonon-phonon, phonon-magnon, phonon-exciton, and other coupling
mechanisms. An outlook for future studies in this field is included at the end.

While this review does not aim to cover the more general area of
ultrafast science in condensed matter systems, such understanding is helpful
for contextualizing the present article. Therefore, we refer readers to a more
general survey of theoretical advances and experimental techniques in
ref. 26 as well as a few other topical reviews. For techniques, see the following
review articles on ultrafast optical spectroscopy’>”™, ultrafast electron
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diffraction (UED) and microscopy ", time-resolved X-ray scattering™ ",
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Fig. 1 | Overview of select collective excitations in quantum materials and cor-
responding probing techniques. a Schematic of four different collective excitations
in solids and their respective coupling with light arranged by their approximate
timescale in order of magnitude. The blue sinusoidal wave represents a light wave.
The gray shadow represents the hybridization between light and each collective
excitation to form different polaritons. b Top: Schematic setup of ultrafast optical
experiments. Middle: Schematic of optically-induced ultrafast demagnetization of a
ferromagnet. Bottom: Representative data for the oscillatory component of time-
resolved optical polarimetry, showing a sudden decrease of the probe laser polar-
ization angle 6 due to ultrafast demagnetization followed by a periodic modulation
due to a coherent magnon mode. The phase ¢ of the waveform is labeled. ¢ Top:
Schematic setup of time-resolved electron or X-ray diffraction. Bottom: Repre-
sentative data for electron diffuse scattering, showing a specific momentum space

Diffraction pattern

and time- and angle-resolved photoemission spectroscopy (tr-ARPES)*"*.

Regarding precision engineering of material properties through ultrafast
light pulses, we refer readers to excellent reviews on nonequilibrium engi-
neering such as nonlinear phononics** and Floquet engineering**". From
the perspective of different material classes, see reviews on two-dimensional
materials™, magnetic materials™, high-temperature superconductors™*,
complex oxides™, and topological insulators”. These lists are by no means
exhaustive but provide sufficient conceptual background for appreciating
the experiments highlighted in this review.

Collective excitations viewed from an ultrafast lens
Collective excitations in and out of equilibrium

Collective excitations, as the name suggests, manifest as cooperative
motions of individual degrees of freedom in solids™. As illustrated in Fig. 1,
some common examples include magnons, phonons, excitons, and plas-
mons. While these collective excitations are intrinsic to a material, others
emerge due to hybridization with an external field. For instance, photons
become “dressed” when they propagate inside a solid, forming various types
of polaritons™*. These distinct collective excitations are characterized by
different timescales in their underlying periodic dynamics, where the
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distribution of diffuse intensity due to the nonthermal population of certain phonon
branches. d Top: Schematic setup of time- and angle-resolved photoemission spec-
troscopy. Bottom: Representative transient photoemission data for probing unoc-
cupied states in a semiconductor, showing new features in the measured band
dispersion, such as the conduction band (red curve) and excitons (green curve).

e Top: Schematic setup for ultrafast near-field electron microscopy and spectroscopy.
Alternating red and blue regions represent the photoinduced field distribution due to
a plasmon-polariton. Green ovals on the sample represent the electron scanning
positions. Bottom: Representative data for probing the interaction between free
electrons and photons. When the probe electron packet overlaps spatiotemporally
with the photoinduced plasmon-polariton, electrons undergo quantized gain or loss
of the quasiparticle energy (iw), resulting in discrete energy peaks in the electron
energy loss spectrum. Panel ¢ adapted from ref. 117, Springer Nature Ltd.
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associated energy scale ranges from peV (GHz frequency) to tens of eV
(extreme ultraviolet frequency).

In equilibrium, collective excitations can reveal crucial information
about the ground state orders™ and the associated phase transitions due to a
symmetry change. For example, structural or magnetic transitions are often
accompanied by soft phonons or magnons, respectively, which signify an
instability in the system. In addition, these collective modes are highly
responsive to external stimuli, making it possible to achieve on-demand
properties of quantum materials as one applies electric or magnetic fields,
pressure, strain, or ultrafast photoexcitation to modify the collective
dynamics”’. While collective excitations are readily detected in an equili-
brium setting and have hallmarks in a variety of measurements ranging
from transport to scattering experiments, the underlying microscopic
motions are incoherent, and hence only time-averaged dynamics are
obtained.

This situation changed with the development of ultrafast techniques
that are capable of visualizing microscopic motion with a time resolution
commensurate with the characteristic period of collective excitations. Under
the paradigm of pump-probe measurements, coherent dynamics can be
excited by an ultrashort laser pulse, offering a general framework for
inducing and controlling coherent dynamics in solids. For example,
coherent phonons or magnons are often observed following a photo-
excitation event, where ionic displacement or spin precession occurs in
complete synchrony with the same temporal phase over a macroscopic
sample volume. Such coherent motions are in stark contrast to the random
movements that account for incoherent phonons and magnons in thermal
equilibrium.

Photoinduced phase transitions

The ability to observe these coherent dynamics yields critical information
about light-induced phase transitions. One extensively studied example is
transitions that involve a symmetry change under the Ginzburg-Landau
framework, such as those found in material systems hosting a charge density
wave (CDW). One type of collective excitation of the CDW ground state is
the amplitude mode, which has been widely observed following an above-
gap photoexcitation that transiently suppresses the order parameter
amplitude and hence launches a coherent amplitude oscillation® .
Importantly, the photo-driven amplitude mode, in particular its magnitude
and frequency, can inform us about how the phase transition unfolds after
the laser pulse incidence, such as whether the phase change proceeds in a
spatially homogeneous fashion or involves heterogeneity like the formation
of topological defects®*>. As another example, in a prototypical CDW
material LaTes;, the CDW order parameter can be suddenly quenched
within a time set by the characteristic time of the amplitude mode
oscillations™. With varying photoexcitation densities, the suppression of the
CDW order takes the longest time at the threshold photoexcitation density
at which the order parameter transiently vanishes, demonstrating dyna-
mical slowing-down in a nonequilibrium transition. Using more than one
pump pulses, one can further harness the coherence in photoinduced
collective excitations to precisely control the extent of the none-
quilibrium transition. This coherent control was recently demonstrated
in 1D Si(111)-In nanowires®’ and quasi-2D 17-Ta$, (ref. 64), both of
which are archetypical CDW systems.

While most collective modes studied in the context of photoinduced
phase transitions are driven by above-gap photoexcitation with ultraviolet to
near-infrared light, they can also be induced by an intense mid-infrared or
terahertz field. Instead of photo-doping and injecting mobile carriers into
the solids, long-wavelength light can directly excite (i) dipole-active modes
through the oscillating electric field, (ii) Raman-active modes through two-
photon processes™, or (iii) other strong-field effects™ to initiate the collective
mode that subsequently drives a transition. Novel metastable states and
phenomenology can emerge, such as dynamic multiferroicity””’, a change
in electronic topology”"”*, and magnetism induced by light-driven chiral
phonons™ ™ or as a result of strong spin-lattice coupling”®. We again use a
CDW material as an example. In metallic 3R-Ta,, ,Se,, when its CDW

amplitude mode is excited by an intense terahertz pulse, an energy gap
appears in the optical conductivity spectrum and executes a dynamical
evolution in sync with the amplitude mode oscillation, suggesting a tran-
sition into a transient insulating state that has no equilibrium counterpart”.

Dressed states

Collective modes, aside from their role during the course of a none-
quilibrium phase transition, can also help induce novel dynamical states of
matter via coherent light-matter interactions. For instance, whereas
Floquet-Bloch states have been conventionally realized by hybridization
between electronic states and an external periodic light field”*™, there are a
number of theoretical proposals for achieving the Floquet states by replacing
photons with phonons**® or excitons”. One signature of Floquet-Bloch
states is the appearance of electronic band replicas detected in tr-ARPES
experiments, where these replica bands follow specific intensity relations
and polarization selection rules given by the exciting photons. Importantly,
these bands are spectrally spaced apart by swp, where wpg is the angular
frequency of the bosonic field, be it a photon, phonon, or exciton. In a recent
photoemission experiment using a momentum microscope specifically
designed to study extremely small samples, exciton-induced Floquet effects
were reported in monolayer WS, in the presence of a high density of
resonantly-driven photoexcited excitons®, which also bear the hallmark of
an excitonic insulator phase.

Phase resolution of coherent collective excitations

When coherent dynamics are launched in solids upon photoexcitation, the
motion of collective excitations manifests as wave-like oscillations. The
waveform of these oscillations can be directly visualized via an ultrafast
probe, an example of which is shown in Fig. 1b that depicts an oscillating Kerr
rotation signal caused by a coherent magnon. Therefore, the phase of the
collective excitation oscillations can be determined (labeled as ¢ in Fig. 1b,
bottom panel), which equilibrium experiments cannot measure directly.

Phase-sensitivity can be used to isolate a single collective mode that
affects multiple degrees of freedom, providing a way to measure the cou-
pling strength between them'**’. More specifically, by selectively inducing a
particular oscillatory response using a tailored pump, and by leveraging
phase-locked coherent features from different observables for the corre-
sponding degrees of freedom, one can obtain the coupling strength directly,
independent of the theoretical model. For example, following the excitation
of a coherent phonon, tr-ARPES can probe spectral shifts in the electronic
band energy while time-resolved X-ray diffraction (tr-XRD) can quantify
the shifts in each atomic position for the phonon of interest. By combining
these two measurements, electron-phonon coupling of a specific electronic
band to a specific phonon mode can be calculated. This procedure has been
applied to an iron-based superconductor FeSe (ref. 19) and three-
dimensional topological insulators Bi,Se; and Bi,Te; (ref. 22). The extrac-
ted electron-phonon coupling strength in Bi,Se; and Bi,Te; is generally
consistent with the expectation from density functional theory (DFT)
computations while that in FeSe shows a significant deviation from DFT,
which underestimates the strength. Instead, after electron-electron corre-
lation effects were included in a self-consistent DFT-dynamical mean field
theory, a quantitative agreement emerged, indicating an enhancement of the
coupling strength due to strong electron correlations. Besides electron-
phonon coupling, this multi-probe experimental protocol has also been
deployed to measure the dynamical magnetoelectric coupling in multi-
ferroic materials. For instance, in Nil,, a giant coupling strength was
obtained” where a single electromagnon mode induces periodic modula-
tions in both dipolar and magnetic orders, revealing an interesting 77/2 phase
shift and lock-in behavior between electric polarization and magnetization
oscillations that are at terahertz frequencies.

Even with a single experimental probe, a change in the oscillation phase
with respect to some tuning parameter can be used to reveal material
properties™* and identify microscopic processes underlying the collective
excitation”. For instance, far above the Curie temperature, the A3 optical
phonon mode in a layered ferromagnetic insulator CrSiTe; can be excited
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due to the conventional displacive mechanism', but the coherent phonon
phase experiences a 7 shift when the material cools below a temperature scale
where in-plane ferromagnetic correlations start to develop”. Such a 7 phase
shift is only observed when the excitation photon energy is sufficiently large
to induce charge transfer from the Te’” to Cr’" ions, a process that also
increases the superexchange energy. The 7 phase shift is interpreted as
evidence for a coherent phonon mechanism due to superexchange
enhancement via magneto-elastic coupling, which only applies in the pre-
sence of short-range ferromagnetic correlation in this material. Notably, the
7 phase shift of an A; mode across the Néel temperature also appears in an
antiferromagnetic insulator FePSs, providing evidence for selective coupling
between the magnetic order and the trigonal distortions in this layered
system”. Another example that highlights the importance of the oscillation
phase comes from a coherent acoustic phonon in a freestanding film of
La,/3Ca;/sMnOs. Three different observables in time-resolved diffraction
(Bragg peak intensity, width, and position) were observed to synchronously
oscillate with a particular phase relation — either in-phase or 77 out-of-phase
— after photoexcitation™. By theoretically modeling the phase relation across
the distinct observables from this coherent acoustic mode, Su and coworkers
interpreted the phase relation as features of ultrafast wrinkle formation that
results from delamination between the freestanding film and the substrate at
its boundary, offering unique insights into the oft-neglected film-substrate
interaction that governs the properties of freestanding structures.

Time-domain probes of collective excitations

To explore collective excitations and their couplings in the time domain, a
variety of advanced ultrafast tools have been developed, each with distinct
advantages. Here, we briefly introduce a few selected techniques that serve as
the workhorses in the experiments we reviewed in this article. A schematic
for each category of techniques is depicted in Fig. 1b—e. For a typical table-
top time-resolved probe introduced below, a femtosecond laser pulse is split
into two beams, one of which is used to generate a tailored pump pulse to
drive the nonequilibrium dynamics while the other is used to produce a
probe pulse, which is either a photon or an electron pulse. The frequency of
the pump pulse can range from sub-terahertz up to ultraviolet and its
polarization can be tuned anywhere between linear and circular, depending
on the target excitation.

Time-resolved optical spectroscopy and polarimetry

The most commonly used ultrafast pump-probe technique is time-resolved
optical spectroscopy and polarimetry, depicted in Fig. 1b. In a typical
experiment, white light or monochromatic pulses are used as probes, and
experimental observables can be transmission, reflectivity, photo-
luminescence, birefringence, and dichroism, all of which can be measured
with varying energies and polarization states of the probe beam. These
measurements are not confined to the fundamental frequency of the probe
but also apply to its second or higher-order harmonics, which can be more
sensitive to order parameter symmetry hidden in the linear order mea-
surement. Based on these observables, different variants of the techniques
have been developed, such as transient optical transmittance or reflectance
spectroscopy”********, time-resolved magneto-optical Kerr effect”, time-
resolved second harmonic generation (SHG)”**, and time-resolved Raman
scattering”””"'””. These measurements allow us to extract the complex
optical constants of a material *, which make it possible to infer collective
excitations associated with carriers'*™'"”, spins**”', and polarizations”™ in
quantum materials.

Ultrafast electron and X-ray scattering

In contrast to optical spectroscopy in the infrared to ultraviolet regime, high
energy electrons and X-rays have much shorter wavelengths that are
comparable to the length scale of lattice parameters of common crystals,
making time-resolved electron and X-ray diffraction suitable for tracking
phonon dynamics™~*'" and charge or orbital order evolutions that are
modulated by the lattice'™""’. In a typical diffraction experiment, a tailored
pump is used to launch the nonequilibrium dynamics of nuclear ions. It

should be noted that the pump pulse duration should always be shorter than
the period of the collective excitations involved. The ensuing periodic
motion of ions modulates the Bragg condition and can lead to a coherent
oscillation of the intensity or position of Bragg peaks—the former is com-
monly associated with an optical phonon while the latter with an acoustic
mode''".

Besides coherent phonons, incoherent phonons can also be populated
following an excitation event, where incoherent means there is no net dis-
placement of ionic positions, namely, the expectation value of phonon
amplitude at wave vector q is zero at all time t, (q(t)) = 0. Inelastic scattering
of a specific phonon branch can lead to a particular distribution of diffuse
scattering'"'"” depending on how this phonon modulates the structure
factor. The bottom panel of Fig. 1c shows a simulated nonequilibrium
electron diffuse scattering pattern resulting from a nonthermal population
of phonons induced by light'"”.

It is worth noting that the absence of coherent phonons does not imply
the absence of time-oscillatory features in a diffraction measurement.
Without a net displacement of ions, the pump light can couple to the lattice
to the second order in the phonon amplitude, where pairs of phonons at + q
are generated to conserve the total momentum, leading to oscillations of the
variance in the atomic displacement at twice the frequency of the phonon
mode itself'"*. This second-order effect induces intensity oscillations in
either Bragg peaks'"” or diffuse scattering'”’, and is also known as squeezed
phonons*'*.

Another rapidly developing area that rides on recent progress in the
X-ray free-electron laser technology is time-resolved resonant inelastic
X-ray scattering (RIXS), which not only reveals phonon dynamics but can
also access charge, orbital, and spin excitations as well as high-order, multi-
particle correlation functions that describe coupled spin/charge/orbital
excitations’*"**'*, With ongoing effort towards entering the sub-10-meV
energy resolution in RIXS'™, this emerging technique provides a unique
window into the nonequilibrium states in correlated materials through
dynamical signatures across time, momentum, and energy axes.

Time-resolved photoemission

Time- and angle-resolved photoemission is a complementary method to
ultrafast diffraction, enabling us to directly measure the evolution of elec-
tronic structure”™ (see Fig. 1d). In an equilibrium ARPES experiment,
extreme ultraviolet to soft X-ray photons are illuminated onto a material to
eject photoelectrons, whose energy and momentum inform us about the
single-particle spectral function of the corresponding electrons inside a
material ”***, By introducing a pump pulse, tr-ARPES vyields further
insights into nonequilibrium carrier dynamics and unoccupied states,
reveals the electronic origin of ultrafast phase transitions'*”'”’, and unam-
biguously demonstrates how band structure can be engineered by
llghtl 8,49,78-81 ,88.

The advent of momentum microscopes in tr-ARPES experiments
has also recently made it feasible to investigate micrometer-sized sam-
ples that were challenging to access before. For example, tr-ARPES
experiments*®"*""** have demonstrated the ability to probe dark excitons
and moiré excitons in monolayer and heterobilayer transition metal
dichalcogenides, respectively, whereas they were hard to probe by tra-
ditional photon-absorption or photon-emission spectroscopy. As illu-
strated in the bottom panel of Fig. 1d, only the occupied states at the
valence band top can be visualized before the optical pump. With
resonant photoexcitation at an exciton energy, photoemission signals
from excitons can be observed upon the arrival of the pump pulses™".
The exciton photoemission signals feature an energy-momentum dis-
tribution centered below the conduction band bottom with a gap of
binding energy Eg, (green dispersion line), in agreement with theoretical
expectations'* ™.

Time- and space-resolved probes
Time-resolved spectroscopic and diffraction methods introduced thus far
can only provide spatially-averaged information inside the probed region,
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whereas in general ultrafast dynamics may vary in different regions due to
different local environments. Therefore, techniques with both spatial and
temporal resolutions play an important role in studying inhomogeneous
effects and near-field distribution during ultrafast light-matter interactions.
Techniques such as ultrafast electron microscopy'**'*, photoinduced near-
field electron microscopy (PINEM)"“*'*, coherent correlated X-ray
imaging'”""*!, and lightwave-driven terahertz scanning tunneling
microscopy have all shown great potential in studying heterogeneity
and spatially-varying dynamics present in quantum materials.

As an example to illustrate the relation to collective excitations dis-
cussed in this article, ultrafast PINEM exhibits exceptional capabilities in
studying the evolution of light-induced plasmonic field distribution' (see
Fig. 1e), and we will return to specific examples in the next section. PINEM is
based on ultrafast electron microscopy, which typically uses elastically
scattered electrons for imaging. In the PINEM mode, inelastically scattered
electrons are used instead, where electrons can absorb and emit spatio-
temporally overlapped photons and produce discrete peaks with a constant
energy interval in the electron energy loss spectrum. Using the energy-
filtered electrons for imaging, one can obtain information about dressed
photons such as the near-field distribution of surface plasmon-polaritons'*
and propagation of phonon-polaritons'’. By focusing pump and probe
pulses at distinct points and spatially scanning the probe electron pulse, the
near-field distributions with space, time, and energy resolution can also be
obtained".

The techniques introduced in this section are by no means exhaustive,
and here we refer readers to other excellent topical reviews on different

classes of ultrafast probes™**™*,

145,146

Couplings between collective excitations at
nonequilibrium
Dressing photons with phonons: phonon-polariton
When solids are exposed to external electromagnetic waves, many dressed
states or hybridized quasiparticles emerge. Polaritons are those effects that
arise from a strong light-matter interaction between photons and dipole-
active excitations. Polaritons can be of various types™*** depending on which
excitations they hybridize with. For instance, light can hybridize with
magnons, phonons, excitons, and plasmons, forming magnon-polaritons,
phonon-polaritons, exciton-polaritons, and plasmon-polaritons (Fig. 1).
One hallmark feature of these interactions is the appearance of an avoided
crossing between the dispersions of two quasiparticles”, as illustrated in
Fig. 2a. The size of the gap is a measure of the interaction strength, where a
larger gap suggests a stronger interaction.

Here we focus on recent ultrafast studies of phonon-polaritons, which
arise from the interaction between lattice vibrations and electromagnetic
waves. When light passes through a crystal, it can drive a transverse optical

phonon mode if the frequency of the electromagnetic wave resonates with
the phonon, which leads to dipole oscillations and consequent re-radiation
of the electromagnetic wave. The re-radiated waves can further excite the
dipolar vibrations, resulting in the propagation of hybridized light and
phonons, namely, phonon-polaritons. As the hybridized quasiparticles
inherit the attributes from both light and phonons, their frequencies lie in
the frequency range between gigahertz and tens of terahertz, showing great
potential for applications in THz spectroscopy, THz imaging, and high-
bandwidth signal processing'".

Many early ultrafast experiments of phonon-polaritons focused on the
study of ferroelectrics', in which photoexcited coherent phonon-
polaritons were used as a probe for low-frequency anharmonic phonons
that play a crucial role in driving structural and ferroelectric phase transition
near the critical point. Raman spectroscopy was first used to measure the
frequency of phonon-polaritons'’ but lacked phase information of their
wavepacket. With the development of femtosecond lasers, ultrafast optical
spectroscopy with spatially distinct pump and probe techniques has enabled
us to directly measure the phonon-polaritons waveform in the time domain.
In one experimental scheme, broadband polar phonon-polariton modes are
produced by illuminating the surface of a ferroelectric material with a
femtosecond laser pulse. These modes are generated from impulsive sti-
mulated Raman scattering (ISRS) through mixing different frequency
components contained within the pulse bandwidth'**'>. However, this
method does not generate phonon-polariton modes with a well-defined
frequency. To solve this problem, a four-wave mixing method has been
developed”™'”. In this configuration, two identical, spatiotemporally
overlapped femtosecond pulses are used to launch the phonon-polaritons in
a nonlinear crystal. The two pump pulses form a transient grating due to
interference, and they selectively excite phonon-polaritons with a well-
defined scattering wavevector that can be tuned by varying the incidence
angle between the pump pulses. As the photoexcited phonon-polariton field
modulates the index of refraction that in turn affects the scattering of a
separate probe pulse, the periodic probe signal can reveal the presence of
phonon-polaritons in a phase-resolved manner. Figure 2b shows the
measured dispersion relation of phonon-polaritons in LiNbO; using this
four-wave mixing scheme'”’, where five branches and four avoided cross-
ings were observed, showing strong couplings between the photons and
phonons in this material.

Experiments using four-wave mixing have some limitations: ISRS can
only excite Raman-active modes'”’, while to the lowest order, only IR-active
phonon modes can couple with electromagnetic waves to form phonon-
polaritons. Therefore, this scheme is only feasible for noncentrosymmetric
materials in which IR phonons are also Raman-active, such as in LINbO;
and LiTaO;. In addition, these experiments need careful adjustment of the
geometry of the two pump beams in order to excite phonon-polaritons with

a b c d
! 5 — 0.4 8 0.06
E : E Interaction LiNbO Y Window A t=0ps t=6ps
3 - n
| _4F ot ;:,'Z~~— 203 _ Nil, i = z
) N 2 S Z N S
T L S . c - = T 2
Photon ' [ Tt 502 = 004
: > 3 “[‘ o Signal P &
— o S < revival 2 2
I s e 0.1 @ o
| S ol ; N g 2
Plasmons, | g 2 e 3 WindowB  Window C s o
phonons, | ey . N S <0.0 e ]
excitons, | 1t /;("' &
magnons ' el . 2
k : P 7 0.1

70002000 3000 4000 5000
Wave vector (cm™)

Fig. 2 | Measurements of phonon-polariton dispersions. a Sketch of the energy-
momentum dispersion when photons are dressed with magnons, phonons, excitons,
and plasmons, resulting in an avoided crossing. b The phonon-polariton dispersion
of ferroelectric LINbOj; at 300 K measured via four-wave mixing. Circular markers
are measured data while curves are the calculated dispersion. ¢ Evolution of THz
field-induced SHG signal of 800-nm probe pulses in Nil,; see text for a discussion of
the dynamics in the three windows A to C. The insets illustrate the schematics of the
dominant signal contribution before and after the phonon-polaritons are reflected
by the back sample surface. The gray rectangle represents the sample, the orange
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pulse corresponds to the THz pump, and the purple-shaded region denotes the
probing area. The periodic waves in red and blue represent the excited phonon-
polaritons. d Wavelet transform spectrum of the SHG signal in c. Infrared-active E,
(4.7 THz) and A,, (5.3 THz) modes are observed, which are highlighted by the
orange and pink lines. A chirped mode appears after 6 ps, indicated by the white
curve, and it was assigned to the phonon-polariton wavepacket. Panel a adapted
from ref. 57, Springer Nature Ltd. Panel b adapted from ref. 157, American Physical
Society. Panels ¢ and d adapted from ref. 161, CC BY 4.0.
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Fig. 3 | Phonon-polariton imaging using ultrafast optical or electron microscopy.
a Experimental geometry for dynamical phonon-polariton imaging involving a pair
of anisotropically-shaped pump pulses and an isotropically-shaped probe pulse.

b Left panel: Snapshot of an optical micrograph of phonon-polaritons in LiTaO;.
Right panel: 2D spatiotemporal mapping of phonon-polariton propagation after
photoexcitation. ¢ Schematic of phonon-polariton generation and free electron
probing of its propagation inside a #-BN flake. d Electron energy loss spectra with
(left) or without (right) interactions with the phonon-polariton wavepacket.

e Measurement of the energy-filtered electrons for different time delays 7, expressed
in picoseconds between the laser pump and the electron probe. The experimental
signals (dots) are averaged along the edge direction (indicated by the blue arrow in
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the inset). Solid curves are fits to a Gaussian profile plus an exponential decay. Inset:
A bright-field image of the h-BN flake; scale bar, 5 pm. f 2D mapping of phonon-
polariton wavepacket propagation as a function of time and distance from the edge.
Blue dots indicate the positions of Gaussian wavepacket peaks, and the orange curve
represents the temporal profile of the laser excitation. The gray translucent line is a
guide to the eye. The phonon-polariton group velocity undergoes a sudden accel-
eration followed by deceleration, which are indicated by the purple and red arrows,
respectively. The measurements in e and f used a 55-nm-thick h-BN flake that was
excited by a 6470-nm laser with a bandwidth of 175 nm. Panels a and b adapted from
ref. 159, AIP Publishing. Panels c-f adapted from ref. 149, AAAS.

a selected wavevector. An alternative method that overcomes these limita-
tions is time-domain THz spectroscopy'®’, where phonon-polaritons are
excited by a single beam of THz radiation instead of two beams of visible or
near-infrared light pulses. However, in a typical time-domain THz experi-
ment that measures phonon-polariton dispersion, a reference crystal is
required for accurate electro-optic sampling to retrieve the phase infor-
mation across the spectrum of the THz pulse, hence complicating the data
analysis and interpretation.

Recently, Luo and coworkers developed a time-of-flight detection
method that overcame these challenges and was applied to probing phonon-
polaritons in van der Waals magnetic materials'®', including Nil, and
MnPS;. In this scheme, a pulse centered around 3 THz was used to excite
phonon-polaritons while the SHG signal of an 800-nm laser pulse was used
as a probe to capture phonon-polaritons before or after they were reflected
from the back surface of the sample. More specifically, when the THz pump
pulse arrived at the sample surface, multiple oscillatory responses due to
phonons and magnons were observed (Fig. 2¢, window A). After the initial
decay of the oscillations, there was a sudden amplitude revival at
around 6 ps, suggesting a reflection of the propagating phonon-polariton
wavepacket from the sample back surface (Fig. 2¢, insets). After this revival,
the signal frequency was also observed to increase towards longer time delay
(Fig. 2¢, windows B and C). A clearer view of this phenomenon can be seen
in the wavelet transform spectrum in Fig. 2d, which shows the time-
dependent signal frequencies. Around time zero, as defined by the THz
pulse incidence, the excitation spectrum and the second harmonic fre-
quencies of the THz pump can be seen, including the photoexcited E, and
A,,, phonon modes. After 6 ps, a chirped mode emerges, whose frequency
increases from 2 to 4 THz over time, which corresponds to the phonon-
polariton wavepacket. Given the known sample thickness, the time-
dependent frequency spectrum in Fig. 2d can yield the group velocity at
different frequencies, which in turn helps reconstruct the energy-
momentum dispersion of the phonon-polariton. Furthermore, the time-
dependent attenuation of the phonon-polariton during its propagation
allows one to compute the imaginary part of the dispersion, whose

divergence near the phonon resonance conforms to the expectation that
light quickly dissipates its energy through the phonon mode.

While the aforementioned experiments can detect the presence and
dispersion of phonon-polariton wavepackets in the probed volume, they do
not reveal the spatial structure of these hybridized quasiparticles. To image
the spatiotemporal propagation of phonon-polaritons, ultrafast optical or
electron microscopy can be used. Nelson and colleagues first demonstrated
direct imaging of optical phonon-polariton wavepackets in LiTaO; using
ultrafast optical microscopy that leveraged four-wave mixing'**'*’. In one of
the experiments, a pump pulse with an anisotropic spatial profile was
applied (see Fig. 3a), which excited phonon-polaritons that propagated
mainly along the horizontal direction of the sample'*. The spot size of the
probe pulse was significantly larger than the excitation region, so spatial
information of the propagation dynamics was readily acquired. The left
panel of Fig. 3b shows a representative snapshot of the wavepacket dis-
tribution at 1335 fs after the pump incidence. After averaging over the
vertical direction in each image captured at different time delays, the spa-
tiotemporal propagation of phonon-polaritons in LaTiO; was obtained in
the right panel of Fig. 3b. Under this experimental framework, the phonon-
polariton response can be coherently controlled via spatiotemporal shaping
of the optical pump pulses''. For a more comprehensive survey on the
coherent control of phonon-polaritons and THz polaritonics, we refer
readers to ref. 151.

Apart from optical probes, electrons have been successfully deployed to
image phonon-polariton propagation dynamics in van der Waals
materials'”, leveraging the spatial and spectral information of PINEM. As
shown in Fig. 3¢, an optical pump pulse first illuminates the edge of a
hexagonal boron nitride (h-BN) and launches multi-branch phonon-
polariton wavepackets. The probing free electrons interact with the pro-
pagating phonon-polaritons, broadening the electron energy loss profile due
to inelastic scattering (Fig. 3d). In this experiment by Kurman et al,, it should
be noted that the energy of each phonon-polariton is smaller than the
spectral resolution of the instrument. Hence, instead of showing discrete
peaks drawn in the schematic in Fig. le, the electron energy loss spectrum
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profile is broadened. Figure 3e shows the averaged energy-filtered electron
counts along the edge direction (blue arrow in the inset of Fig. 3e) as a
function of distance from the edge (red arrow in the inset of Fig. 3e),
indicating the field profile of phonon-polaritons along the propagation
direction. By studying the distance-time relation of the traveling wave-
packets (Fig. 3f), one can observe both acceleration (purple arrow) and
deceleration (red arrow) during the propagation of the photoexcited
phonon-polaritons. The observed acceleration and deceleration result from
the excitation of different spectral components at different times during the
pump-h-BN interaction. Interestingly, Kurman et al. also showed that the
accelerating and decelerating propagation can be modified by changing the
exciting photon wavelength and sample thickness'”.

Note that the two featured examples of spatiotemporal imaging differ
in the launching mechanism of the phonon-polaritons. While ultrafast
optical microscopy used two near-infrared pulses to form a transient
grating to excite phonon-polaritons based on the ISRS mechanism'”, the
PINEM experiment directly used a mid-IR pulse to coherently excite
them'®. Hence, the former methodology was deployed to non-
centrosymmetric materials while the latter was used to directly excite
dipole-active IR modes to launch the phonon-polaritons. In both cases,
the additional spatial information has deepened our understanding of
how phonon-polaritons propagate in materials, which will be especially
helpful when one considers spatially heterogeneous samples in a real
device setting'*"'**'*,

Phonon-phonon coupling

The lattice structure often dictates the electronic, optical, and mechanical
properties of quantum materials. The collective excitations of atomic
vibrations, or phonons, hence play an important role in determining these
physical attributes as well. Under equilibrium conditions, phonons and
their couplings can be characterized by techniques such as IR
spectroscopy'®*, Raman spectroscopy'®, and inelastic neutron, X-ray, or
electron scatterings'®’. Though these static methods are powerful, a lack of
precise control over particular phonon modes impedes us from revealing
how individual phonon modes couple to other quasiparticles in solids. In
this regard, ultrafast techniques allow us to tackle this challenge by
extending the measurement into the time domain. For example, advances
in generating intense mid-IR and THz pulses with either broadband or
tunable narrow-band frequencies have been instrumental in the emer-
gence of the field of nonlinear phononics*'”. By selectively exciting par-
ticular phonon modes using tailored low-photon-energy pulses, we can
study phonon-phonon couplings and engineer crystal structure in a
nonequilibrium state.

The first experimental demonstration of nonlinear phononics was
reported in 2011 by Férst and coworkers'®. After the E,, IR mode in a bulk
single crystal of Lay;SrosMnO; was excited by 14.3-um light pulses, the
reflectivity exhibited oscillations at 1.2 THz, as shown by the dark curve in
Fig. 5a. The oscillations were attributed to the E, Raman mode that is
associated with oxygen octahedral rotation in this perovskite. Moreover, the
amplitude of the E, mode showed a strong pump wavelength dependence
and reached a maximum when it was resonant with the E, mode
(see Fig. 5b). This intriguing phenomenon can be described by an anhar-
monic coupling between the IR-active E, mode and the Raman-active E,
mode, as illustrated in Fig. 4. During this process, a mid-IR light pulse
resonantly couples to the dipole of the IR-active phonon and sets off
coherent oscillations of atoms around their equilibrium positions (Fig. 4a).
The anharmonic coupling term (V,;, o< leR Qg) applies a directional force
(Fig. 4b) on the Raman mode (Fig. 4c), thus driving its oscillations. For a
more detailed description of this mechanism such as symmetry con-
siderations during anharmonic interactions, we refer readers to refs. 47,168.
In contrast to the resonant excitation condition, 5.8-THz oscillations were
observed when La, ;S sMnOj; was photoexcited by a 1.5-pum pulse (Fig. 5a,
light curve). This phonon mode was attributed to the A;, mode, which was
induced by the more conventional mechanism involving a displacive exci-
tation of coherent phonons”.

a
4 Qi No net displacement
t(ps)
b
F=(Qg)’
Directional force
t(ps)
(3
Qs 2
0 T 2 3

t(ps)

Fig. 4 | Schematic of a nonlinear phononic process. a Time-dependent displace-
ment of a resonantly-driven IR phonon excited by an ultrashort, intense laser pulse
in the mid-infrared to terahertz frequencies. b The resulting force on the crystal
lattice induced by the IR phonon driven to a large amplitude. ¢ The displacement of a
coupled Raman mode that results in a net structural distortion as a function of time.
Adapted from ref. 47, Springer Nature Ltd.

This work by Forst et al. inspired ideas to engineer crystals using
resonant mid-IR or terahertz excitations. This nonlinear phononic
mechanism has since been utilized to manipulate properties in many per-
ovskite systems, such as controlling an anisotropic strain wave in LaAlO;
(ref. 169), as well as changing ferroelectric polarizations in systems such as
LiNbO; (refs. 170,171), SrTiOs (refs. 172-174), and BiFeOs (ref. 175).
Besides the effect on the lattice and hence coupled polar orders, nonlinear
phononics has also been shown to influence electronic and magnetic
properties”. A particularly intriguing case concerns the apparent resem-
blance to a transient superconducting state when IR-active phonons of
specific wavelengths are driven to a large amplitude by resonant
excitation”*"*". However, other works have suggested that certain
superconducting-like behavior may be a manifestation of the excitation of
quasiparticles with a low scattering rate'®'®’. Therefore, care needs to be
taken in processing the transient optical data for drawing precise conclu-
sions about the nonequilibrium state'*"'*. This potential of light-induced
superconductivity remains an intensely studied area with many interesting,
open questions to be answered.

Compared with ultrafast optical spectroscopy, time-resolved X-ray
diffraction can directly quantify the changes in a crystal structure, thus
offering a powerful alternative to study phonon-phonon couplings™*.
Here, we highlight several experimental works on SrTiO;, a quantum
paraelectric material where the competition between ferroelectric and
antiferrodistortive instabilities prevents it from entering a ferroelectric phase
at low temperature. Using THz pump pulses, the direct control of its fer-
roelectric soft phonon mode has been intensely studied and several non-
linear phononic effects have been observed'”*"'”*. For example, phonon up-
conversion in SrTiO; was demonstrated in a THz pump, X-ray diffraction
probe experiment'”’. Kozina et al. used an intense THz pump pulse with a
spectral range of 0.2-2.5 THz (red region in Fig. 5¢), which overlapped with
the IR-active TO; soft mode in SrTiO; at 100 K (the yellow peak). Inter-
estingly, the oscillatory Bragg peak intensity observed in X-ray diffraction
not only showed the frequency of the driving THz field but also exhibited
several high frequencies that correspond to the TO, and TO; modes (tur-
quoise and purple peaks in Fig. 5¢). When temperature increased such that
the hardened TO; mode fell outside the THz excitation spectrum, no sig-
natures of the TO, and TO; modes were seen, providing compelling evi-
dence for phonon frequency up-conversion from the soft TO; mode to these
high-frequency modes.

Beyond the proof-of-principle demonstration by Kozina et al,, non-
linear phononic effects have also been used to induce ferroelectricity in
unstrained SrTiO; under ambient pressure. In 2019, Li and coworkers
reported that SrTiO; can be driven to a transient ferroelectric phase via
intense THz pumping as evidenced by the second harmonic signal of an
800-nm probe pulse'”?, although later experiments performed on a cousin
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Fig. 5 | Nonlinear phononics demonstrated via time-resolved optical spectro-
scopy, X-ray scattering, and 2D terahertz spectroscopy. a Transient reflectivity
changes of La ;Sry ;MnOj; at 800 nm for two different pump wavelengths, 1.5 um
and 14.3 pm. Inset: Fourier transform spectra of the oscillatory component and
schematics of the corresponding phonons. b Amplitude of the coherently-driven E,
phonon at different pump wavelengths, indicating a resonant enhancement at the
mode frequency in a. Horizontal error bars indicate the bandwidths of the mid-IR
pump pulses. The red curve is the calculated linear absorption due to the IR-active E,
phonon. ¢ Terahertz-driven phonon up-conversion in SrTiO;. When the soft
transverse optical (TO) phonon (yellow, TO,) is resonantly driven by a strong
terahertz pulse (red), energy is exchanged with higher-frequency phonon modes
through nonlinear phononic couplings, resulting in the TO, (turquoise) and TO5
(purple) mode. A schematic of the two lowest-frequency zone-center TO modes are
indicated at the top. d Equilibrium X-ray intensity of SrTiOj; at 135 K, where selected
high-symmetry points are labeled, including R (1/21/2 1/2) and M (1/21/20). The R
point hosts the antiferrodistortive fluctuations of the cubic-to-tetragonal phase
transition at 110 K. e Time-resolved changes in the X-ray diffuse scattering intensity

at the R point after photoexcitation by a mid-IR pulse with a fluence of 60 mJ/cm’. f-
i 2D terahertz spectroscopy of nonlinear phononics in MnBi, Te,. f Schematic dia-
gram of the measurement. g Normalized 2D fast Fourier transform (FFT) of the
nonlinear response, By (f oS de)- fex and f 4, denote the excitation and detection
frequency, respectively. h Normalized 2D FFT of the simulated nonlinear response,
FéR_NL(f x+J det)» modeled by three different mechanisms: photonic (e« E*), combined
phbtophononic (x QirE), and phononic (o¢ Q%R), where E is the electric field of the
terahertz excitation pulse, Qg is the normal coordinate of the IR-active mode E,, and
Qg is the normal coordinate of the Raman-active mode E,. The photophononic
scenario shows the best agreement, which confirms that the excitation of the Raman-
active E, phonon is mediated by the IR-active E, phonon via the photophononic
mechanism. f; and f, are 3.14 THz and 1.47 THz, respectively. i, Schematic
illustration of the excitation mechanism in a model with two oscillators, corre-
sponding to the E, and E, phonons. The arrows indicate the stimulated transitions.
Panels a and b adapted from ref. 167, Springer Nature Ltd. Panel ¢ adapted from
ref. 187, Springer Nature Ltd. Panels d and e adapted from ref. 174, CC BY 4.0. Panels
g-i adapted from ref. 189, American Physical Society.

compound KTaO; suggested that the THz-induced transient second-
harmonic signal may come from defect-induced local polar structures
without any long-range ferroelectric ordering'®. A contemporary work in
2019 reported a metastable ferroelectric phase of SrTiOs;, which was induced
by a mid-IR pump pulse instead of a THz pulse'””. In this experiment, Nova
and coworkers resonantly drove the high-frequency IR-active A,, mode in
SrTiO; at 4 K, and detected a metastable noncentrosymmetric phase via
second-harmonic spectroscopy. The results were interpreted via anhar-
monic phonon-phonon interactions between the pulse-induced IR-active
mode and acoustic strain, the latter of which suppressed the anti-
ferrodistortive distortion and hence stabilized the ferroelectric phase. This
mechanism was further clarified by a subsequent work using time-resolved
X-ray diffusing scattering'”*. The antiferrodistortive fluctuations can lead to
a significant diffuse scattering intensity at the R point in the Brillouin zone,
as shown in the equilibrium X-ray detector image in Fig. 5d. At 135 K, upon
photoexcitation with a 17-THz pulse that resonantly drives the IR-active
mode, the X-ray scattering intensity at R shows a sudden increase followed
by a decay (Fig. 5e). The sudden intensity increase is a result of the
enhancement of antiferrodistortive fluctuations induced by their anhar-
monic coupling with the resonantly excited high-frequency IR-active mode.
The same IR-active mode can also couple to low-frequency acoustic modes,
which induce a strain that dominates at long time delays (> 0.5 ps) and
suppresses the antiferrodistortive fluctuations, resulting in the decrease of

X-ray intensity at the R point. Though the X-ray experiment was performed
at 135 K, which is above the antiferrodistortive transition, the authors expect
the same mechanism would remain valid to explain the metastable ferro-
electric property of SrTiO; at 4 K, where a suppressed antiferro-distortion at
long times leads to the emergence of a ferroelectric phase.

Aside from the standard pump-probe scheme employed in transient
optical spectroscopy and X-ray scattering, 2D THz spectroscopy offers
another route to determine the interaction pathway between different
quasiparticles, showing particular relevance in revealing phonon-phonon
coupling”. In typical 2D THz spectroscopy setups, two intense THz pump
pulses are used to induce nonlinear responses with a time delay 7 between
the two pulses, as shown in Fig. 5f. A third optical or near-infrared probe
pulse with time delay ¢ is then applied to record the optical response of the
sample. By performing a 2D Fourier transform on the time-domain data
with varying 7 and ¢, spectra as a function of THz excitation frequency and
detection frequency can be generated, yielding insights into the interaction
process between different modes. As a recent example, 2D THz spectro-
scopy was employed to reveal the energy-flow pathway in a topological
antiferromagnet MnBi, Te, (ref. 189). The normalized 2D Fourier transform
spectrum of the nonlinear signal is shown in Fig. 5g, while Fig. 5h shows
three simulated spectra based on the different coupling pathways of exciting
the Raman-active phonon: two-photon absorption (“photonic”), nonlinear
phononics (“phononic”), and a combination of the two (“photophononic”).
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Careful comparison with the experimental observation in Fig. 5g pinpoints a
photophononic pathway as the most probable scenario, where the THz
electric field first excites the IR-active E,, mode and then interacts with this
mode to further excite the Raman-active E, mode, as summarized in Fig. 5i.

Phonon-magnon coupling

Novel properties in quantum materials often arise from the coupling
between the spin and lattice degrees of freedom, for example, the Einstein-de
Haas effect'”, the Barnett effect'”'””, magnetostriction'”, and
piezomagnetism'**'*. In certain contexts, their strong coupling implies a
unique spin configuration dictated by the crystalline lattice, and one pro-
totypical example is the realization of quantum spin liquid predicted in a
frustrated geometry such as in a triangular or kagome lattice'”.

While effects due to strong spin-lattice coupling have been extensively
investigated in thermal equilibrium'”’, ultrafast techniques allow us to probe
the exact energy-flow pathway and reveal how angular momentum is
transferred between the electron spin and the crystalline lattice. For instance,
ferromagnetic systems are known to lose their net magnetization well within
a picosecond when they are subjected to an intense ultrafast laser pulse'”,
but how the conservation of total angular momentum is maintained at this
timescale has been a long-standing puzzle. Recent works using time-
resolved X-ray and electron diffraction offered some clues to this
question”””, where circularly-polarized high-frequency phonons were
first excited to absorb the angular momentum, which was then transferred
to low-frequency shear acoustic modes and a macroscopic rotation of the
sample. Interestingly, acoustic shearing has been similarly reported during
ultrafast demagnetization of a van der Waals antiferromagnet whose net
spin angular momentum is zero”*""*”, and a detailed description of the
angular momentum flow in the antiferromagnetic case remains an open
question.

Strong spin-lattice couplings can sometimes manifest in the form of
magnon-phonon coupling, where hybridized magnon-phonon modes,
magnon polarons, can readily be detected in equilibrium. Similar to
phonon-polaritons discussed earlier, one characteristic feature of magnon
polarons is the avoided crossing of energy levels of the constituent magnon
and phonon modes. An example of avoided crossings is shown in Fig. 6a for
a layered antiferromagnet FePSes, measured by magneto-infrared trans-
mission spectroscopy’”. In the detected spectral window of FePSe;, while
the constituent phonons are individually chiral with opposite chiralities,
their near degeneracy leads to no net chirality. However, the coupling to
chiral magnons lifts such degeneracy, resulting in chiral magnon polarons
that were demonstrated by magneto-Raman spectroscopy. The hybridiza-
tion of magnon and phonon can also be directly measured in the time
domain using ultrafast techniques. For instance, in a cousin van der Waals
antiferromagnet FePS;, two Raman-active optical phonons at 3.2 and
4.8 THz can be excited by a near-infrared pump pulse, evidenced by the
coherent oscillations in the polarization rotation signal of the probe pulse
(Fig. 6b)**. As the applied magnetic field increases, the 3.2 THz phonon
splits into two phonon-magnon modes due to phonon-magnon coupling
(Fig. 6¢), which is reminiscent of the hybridization-induced peak splittings
detected in equilibrium’*".

In the study of phonon-magnon coupling, what sets nonequilibrium
experiments apart from their equilibrium counterpart is the coherence of
the dynamical motion of both atoms and spins, leading to a number of
interesting phenomena. For example, circularly polarized phonons can be
coherently excited, leading to an effective magnetic field that can in turn
excite coherent spin precession. In an early demonstration of this effect,
Nova and coworkers used a 20-THz mid-infrared pump to resonantly drive
the in-plane B,,, and B,;, phonons in an antiferromagnetic insulator ErFeO;
(ref. 208), whose phonon eigenvectors are sketched in Fig. 7a. Due to the
orthorhombic distortion in ErFeOs, these two phonons exhibit different
eigenfrequencies and oscillator strengths. When the modes are excited
simultaneously, the two modes begin with a nonzero relative phase and
evolve at different rates, resulting in an elliptical motion of oxygen atoms, as
illustrated in the bottom panel of Fig. 7a. The elliptically polarized phononic
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Fig. 6 | Phonon-magnon couplings in van der Waals magnets. a Normalized far-
infrared transmission spectra of bulk FePSe; taken at 4.2 K, which is well below the
antiferromagnetic transition temperature. Four magnon polaron (MP) branches are
identified as MP1 to MP4. b Magnetic field-dependent time evolution of the
polarization rotation of a 1.45-eV probe pulse after photoexciting a FePS; sample in
its antiferromagnetic state by a 1.03-eV pulse. ¢ Fast Fourier transform of the time
traces in the absence of an external field (green) and at 9 T (blue). PML labels the
lower branch of the phonon-magnon mode, which corresponds to the 3.2 THz
phonon in the absence of an applied magnetic field. PMU refers to the upper branch
of the phonon-magnon mode, which only appears under the 9 T applied field. Inset:
Field-dependent frequency shift of the PML mode due to phonon-magnon hybri-
dization. Panel a adapted from ref. 203, CC BY 4.0. Panels b and ¢ adapted from
ref. 204, CC BY 4.0.

field mimics the application of a magnetic field and results in a spin pre-
cession, leading to the excitation of a coherent magnon at 0.75 THz fre-
quency, which is readily detected in the Fourier spectrum of the pump-
induced Faraday rotation signal (Fig. 7b). The elliptically polarized phonons
are otherwise known as chiral phonons, which have attracted both
theoretical’”*"’ and experimental®**’>*'" interests because of their ability to
create an effective magnetic field that paves the way for “chiral phono-
magnetism” in magnetization-based devices.

Coherent magnons can also be excited by phonon-induced lattice
distortions that modify the exchange interaction between neighboring
atoms, a mechanism recently demonstrated in a closely related
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Springer Nature Ltd.

antiferromagnet DyFeO; by Afanasiev and colleagues’”. In this material,
the highest-frequency IR-active transverse optical phonon mode (B,) is
associated with a periodic stretching of the Fe-O bond. Using a tailored
terahertz pump pulse, this phonon can be resonantly driven to a large
amplitude and couple to a finite lattice distortion along the coordinate of a
Raman-active A, mode via the nonlinear phononics pathway discussed
earlier (see Fig. 4). This lattice distortion involves an antipolar motion of the
Dy’" ions, resulting in a rectification of the Fe-Dy exchange integral that can
reach approximately 1-2 peV per unit cell according to DFT calculations,
thus setting off coherent magnon oscillations. Depending on whether
DyFeOs is in the antiferromagnetic state (< 50 K) or the weakly ferro-
magnetic state (> 50 K), distinct magnon modes are induced by the resonant
driving of the same optical phonon (Fig. 7c, d). Importantly, the magnon
mode frequencies under the resonant driving condition (orange peak in the
insets) are clearly distinct from those under off-resonant pumping (black
peak in the insets), the latter of which are excited via impulsive stimulated
Raman scattering””. Leveraging the modification of exchange interaction
under a resonant pumping condition, Afanasiev and colleagues further
showed that with a very large fluence of the resonant pump, an ultrafast
magnetic transition from an antiferromagnetic state to a weakly ferro-
magnetic state can be induced coherently, a transition that proceeded much
faster compared to an above-bandgap excitation scheme.

While the preceding examples illustrated how coherent magnons can
be induced by resonant excitation of coherent phonons, the reverse pathway
from magnons to phonons has also been demonstrated. In an experiment
conducted on antiferromagnetic CoF,, Mashkovich et al. used an intense,
nearly single-cycle terahertz pulse to pump the crystal below its Néel tem-
perature, where the magnetic field of the pulse resonantly excited a magnon
mode (Fig. 8a)*"*. After approximately 10 ps, the amplitude of the magnon
decreased, followed by a persistent B‘é phonon oscillation over the next tens
of picoseconds. By contrast, the magnon and phonon oscillations both
disappeared above the Néel temperature (Fig. 8b), strongly suggesting that
the phonons are induced by the magnons and not vice versa. The
researchers further performed 2D terahertz spectroscopy to demonstrate
the causal relation that a coherent magnon mediated the nonlinear excita-
tion of phonons, as shown by the Fourier spectrum of the nonlinear
amplitude in Fig. 8c. Specifically, a peak was observed only when the exci-
tation frequency coincided with the magnon mode and the detection fre-
quency coincided with the phonon mode; on the other hand, no peak was
seen above the noise level when the excitation and detection frequencies
were swapped. The magnon-mediated excitation pathway for the coherent

phonon is summarized in Fig. 8d. In the first step, an intense terahertz field
resonantly populates the coherent magnonic state at frequency Q,,, creating
an intermediate state. In the second step, another terahertz photon at fre-
quency (Qpn — Qp) interacts with this intermediate state and coherently
excites the By, phonon.

Phonon-exciton coupling

When a coherent phonon mode is driven out of equilibrium following an
optical pump, the resulting atomic motions can in turn modulate the optical
properties in a coherent manner. In materials whose optical response is
strongly modified by the presence of excitons—or bound electron-hole
pairs—the exciton binding energy”*", lifetime'”*', and transport
behavior’™ can also be changed. Such phonon-exciton coupling has been
widely studied in quantum dots and quantum wells”’?”, and more
recently, in complex bulk and atomically-thin materials”*~*"”. By comparing
the exciton lineshape in broadband absorption or photoluminescence
spectra before and after the photoexcitation event, one can observe how
excitons respond to phonons in the time domain, yielding insights for
tuning exciton properties via ultrafast phonon engineering.

For example, in anatase TiO,, a bulk semiconductor, Baldini et al. used
photoinduced coherent acoustic phonons to control its excitons at room
temperature, observing an exciton energy shift up to 30 meV, which is one of
the largest reported in solids under a time-dependent perturbation*”. In a
prototypical two-dimensional lead iodide perovskite, (PEA),Pbl, (PEA =
phenylethylammonium), it was further discovered that different excitons
have varying coupling strengths with different coherent phonons, sug-
gesting distinct polaronic characters of each exciton in this system and
possibly in a broader class of hybrid semiconductors™’. In the atomically
thin limit, Trovatello et al. also showed a pronounced phonon-exciton
coupling effect in a monolayer MoS,, whose C excitons are strongly affected
by a photoinduced coherent phonon®”. Using transient absorption spec-
troscopy, the authors studied the interaction between out-of-plane phonon
modes and excitons, noting a marked enhancement in the phonon oscil-
lation amplitude at resonant exciton frequencies.

The aforementioned studies of phonon-exciton coupling, however,
lack spatial information, which is important for learning the transport
behavior of excitons under the influence of phonons. Recently, Peng and
coworkers demonstrated microscopic imaging of directional transport of
interlayer excitons in bilayer WSe, with the assistance of surface acoustic
waves”"’, and their experimental scheme is summarized in Fig. 9a. In this
geometry, excitons were optically excited by a continuous-wave laser on
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measured in 2D terahertz spectroscopy on CoF, at 10 K. d Schematic illustration of
magnon-mediated excitation of the B;, phonon by the THz magnetic field. / is the
reduced Planck’s constant; Q,, and Qy, are the magnon and phonon frequency,
respectively. Adapted from ref. 214, AAAS.
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Fig. 9 | Exciton transport assisted by surface acoustic waves. a Schematic of the
experimental setup. Interlayer excitons in bilayer WSe, are launched on the left viaa
pump laser and propagate to the right by riding on a surface acoustic wave (SAW)
generated by an interdigital transducer (IDT). The excitons are detected by the
photoluminescence (PL) signal upon electron-hole recombination. b, ¢ Spectrally
resolved photoluminescence image with and without the surface acoustic wave. The
length refers to the spatial distance in the exciton propagation direction. h-BN:
Hexagonal boron nitride; ITO: Indium-tin-oxide. Adapted from ref. 219, CCBY 4.0.

the left edge of the sample and probed at different locations via photo-
luminescence imaging, giving rise to a spatially-resolved mapping of
exciton propagation. As shown in Fig. 9b, the excitons were launched near
the position at 20 pm, where the strongest photoluminescence intensity
appears. In the absence of a surface acoustic wave, the exciton is largely
localized (Fig. 9b). However, by launching a surface acoustic wave using
an interdigital transducer, excitons can travel a long distance (=20 pm,
Fig. 9¢), which is much longer than their typical diffusion length. Despite
the lack of temporal resolution in this measurement, one can imagine a
spatiotemporal experimental scheme by using a pulsed laser to launch the
excitons. Crucially, this experiment introduces a new way to control
exciton transport via electrically-excited or photoinduced acoustic waves,

a versatile approach that can be adapted to many other 2D semi-
conductors and heterostructures.

These studies underscore the diversity and tunability of phonon-
exciton interactions across material systems, providing insights into pho-
nonic control over excitonic properties, which has far-reaching implications
for the next-generation design of optoelectronic devices.

Other collective excitation couplings

Despite the special focus on phonons as one of the coupled modes in the
preceding sections, the full combinatorics of collective excitation coupling
has been applied to many other scenarios such as magnon-magnon™~*,
exciton-magnon’”, plasmon-polariton'***” among other interactions. In
this section, we discuss a few examples that showcase the diversity of col-
lective excitation couplings and their role in determining the ultrafast
dynamics of quantum materials.

Similar to nonlinear phononics, which opens a new pathway for the
coherent manipulation of the crystalline structure, magnon-magnon cou-
pling provides an avenue for controlling the spin dynamics. Utilizing 2D
THz spectroscopy, Blank and coworkers revealed the down-conversion
coupling of two magnon modes in the canted antiferromagnet FeBO;
(ref. 223). In another canted antiferromagnet, ErFeOs;, Zhang and cow-
orkers also demonstrated a unidirectional up-conversion coupling between
distinct magnon modes™. The canted spins in these materials result from
the competition between antiferromagnetic interaction and Dzyaloshinskii-
Moriya interaction, yielding a small net magnetic moment M. As a result,
there are two primary cooperative motions of the sublattice spins, corre-
sponding to two distinct magnon modes sketched in Fig. 10a: the quasi-
ferromagnetic (qFM) mode where M precesses around the c-axis, and the
quasi-antiferromagnetic (QAFM) mode where [M| oscillates. Given the
different contributions to AM from the two modes, they can be selectively
excited by tuning the direction of the magnetic field Hry, in the incident
THz pump pulse, and their dynamics can be detected in the radiated free-
induction decay signals. For example, when the magnetic field of the emitted
THz pulse is parallel to that of the excitation field (Hy,, || Hyyy,)> QFM mode
and gAFM mode are selectively excited and observed when Hryy,|la and
Hryy,||c, respectively (upper panel in Fig. 10b). This observation is expected
as qFM involves a precession in the a-b plane while QAFM involves an
amplitude oscillation along c. Surprisingly, when Hy, L Hpyy,, gAFM
mode is still observed with Hry,||a (lower panel in Fig. 10b), which is not
expected if there were only linear interactions between the driving THz
magnetic field and magnons. To elicit the nonlinear interactions, 2D THz
spectroscopy measurements were employed, where the nonlinear spectrum
reveals a unidirectional up-conversion process from qFM to gAFM. As
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Fig. 10 | Magnon-magnon couplings in rare-earth ferrites. a Schematic of two
magnon modes in canted antiferromagnet YFeO; and ErFeOj;: quasi-ferromagnetic
(qFM) mode, which corresponds to a precession of the magnetization orientation,
and the quasi-antiferromagnetic (QAFM) mode, which corresponds to an oscillation
of the magnetization amplitude. Microscopically, spin dynamics in the gFM (or
qAFM) mode correspond to the out-of-phase (or in-phase) precession of the sub-
lattice spins S; and S,. b Terahertz field-induced free-induction decay signals of
ErFeOs, corresponding to excitation of either the a-axis gFM mode or the c-axis
qAFM mode for both Hy,, || Hyy, and Hy, L Hyy, detection configurations. Here,
Hryy, is the magnetic field in the terahertz pulse and Hy,, is the detected free-
induction decay signals. ¢ Room-temperature nonlinear 2D THz spectrum of
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strong off-diagonal gFM-to-qAFM magnon up-conversion peak. d Nonlinear 2D
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Labeled peaks correspond to pump-probe (PP), rephasing or photon echo (R), non-
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and qAFM modes, respectively. For the sum and difference frequency signals, the
assignment refers to the excitation frequency and indicates which magnon mode was
excited by the first THz field. Panels a and d adapted from ref. 225, and Panels b and
c adapted from ref. 224, Springer Nature Ltd.

shown in Fig. 10c, the unidirectionality is evidenced by a single peak at the
qFM excitation frequency and QAFM detection frequency, and importantly,
a peak is absent when the corresponding excitation and detection fre-
quencies are interchanged. Besides magnon up-conversion that echoes the
phonon up-conversion seen in SrTiO; (Fig. 5c¢, ref. 187), the sum and
difference frequencies between these two magnon modes have been
demonstrated in a cousin rare-earth ferrite, YFeOj3, which are featured by a
plethora of off-diagonal peaks in the nonlinear 2D terahertz spectrum in
Fig. 10d (ref. 225). Like nonlinear phononics, these nonlinear effects of
magnons demonstrated in the time domain help usher in new ways to
coherently manipulate the spin degree of freedom in magnetic materials.

The analogy between phonons and magnons goes beyond anharmonic
couplings. Like phonons, a magnon wavepacket can propagate in materials,
which forms the bedrock for spintronic and magnonic applications. When
coupled with other collective excitations, magnon propagation can be
modified. For instance, for magnons that are coupled with acoustic pho-
nons, theoretical”” and experimental™"*** works have shown that magnon
polarons travel over long distances with a faster group velocity than mag-
nons alone. In a study of a van der Waals antiferromagnetic semiconductor
CrSBr, magnons were observed to coherently travel beyond several
micrometers with a very fast group velocity, an effect that Bae and coworkers
interpreted as the coupling between the magnon and acoustic phonon
branches”**. What is interesting about this experiment is that coherent
magnons were probed by laser pulses tuned to the exciton resonances in
CrSBr, demonstrating efficient optical access to spintronic information due
to strong exciton-magnon couplings in this material. A subsequent
experiment suggested that optically launched magnon propagation in CrSBr
and likely other van der Waals magnets are instead mediated by long-range
magnetic-dipole interactions’, calling for additional spatiotemporally-
resolved studies to understand magnon dynamics in this important class of
materials.

Non-local propagation effects mediated by the coupling between col-
lective excitations are not restricted to magnons. Other examples include
exciton propagation with the aid of surface acoustic waves in a GaAs
quantum well”>** or in a transition metal dichalcogenide’”’, and surface-
plasmon-polariton propagation at a metal-dielectric interface™”. Similar toa

phonon-polariton, a plasmon-polariton is a hybridized excitation between
charge oscillations and light. More specifically, when light illuminates a
metal-dielectric interface, the oscillating electric field of light drives a col-
lective oscillation of the surface charge, which in turn radiates electro-
magnetic waves. As a result, a hybridized wave, namely surface-plasmon-
polariton that involves both the charge motion on the metal surface and
electromagnetic field in the dielectric, propagates along the interface. To
observe and control its propagation dynamics, PINEM is one of the leading
techniques'**"*". Figure 11a shows the spatiotemporally-resolved imaging of
surface-plasmon-polaritons induced by near-infrared laser pulses on an
isolated silver nanowire suspended on a graphene film'*, where surface-
plasmon-polaritons are evidenced by the additional peaks that appear in the
electron energy loss spectra when the light and electron pulses are tempo-
rally overlapped. These peaks result from the quantized gain and loss of
energy when electrons interact with the surface-plasmon-polariton field.
Using energy-filtered electrons, the temporal dynamics of the surface-
plasmon-polariton field was imaged with high spatial resolution as it formed
an evolving interferometric standing wave pattern (Fig. 11b—f). Moreover,
with different light polarizations, different surface-plasmon-polariton field
distributions were obtained, demonstrating the potential to control surface-
plasmon-polaritons using light.

Summary and outlook

The study and manipulation of coupled collective excitations by ultrafast
light pulses offer a new perspective on disentangling intertwined degrees of
freedom that are difficult to isolate in equilibrium. In this review, we have
highlighted several couplings that both yield an in-depth understanding of
the equilibrium properties and enable the coherent control of the none-
quilibrium dynamics in the host material.

While examples mentioned so far only include two participating
collective excitations, multipartite couplings have been theoretically pon-
dered, such as a hybrid exciton-phonon-photon that gives rise to a “pho-
noriton” in an optical cavity (Fig. 12a)”**”, and experimentally realized,
such as the hybrid plasmon-exciton-photon — known as a “plexciton” —
in WS, (Fig. 12b), where cavity effects were achieved through nano-
patterning”*>**'. These studies fall into a larger body of works that aims to
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manipulate quantum materials via cavity control, in which the light-matter
coupling strength can be greatly enhanced by replacing classical laser fields
with quantum-mechanical photon modes. One of the most celebrated
examples is microcavity exciton-polaritons in GaAs quantum wells, which
arise from the strong coupling between photons and excitons and exhibit
remarkable effects such as Bose-Einstein condensation’”™*. More
recently, a multitude of theoretical proposals have been put forward for
tailoring the unique properties of quantum materials via cavity design’****,
with experimental progress in the study of topological states™,
superconductivity’”®, and phase transitions™’ in different material
platforms.

Besides the potential in the experimental realization of such multi-way
couplings in the context of cavity quantum materials, we comment on a few

Fig. 11 | Surface plasmon-polaritons in a silver nanowire. a Intensity map of
electron energy loss (AE) vs. time delays (At) between the 800-nm optical pump and
electron probe, taken on a single silver nanowire (5.7 mm length, ~ 67 nm radius).
The azimuthal angle between the pump polarization and the nanowire long axis was
45°. Representative energy spectra at At = — 1.6 ps (black solid curve) and At =0 ps
(orange solid curve) are superimposed. The intensity in both the map and the two
representative spectra is plotted on a logarithmic scale. The dashed white curve
shows the temporal cross-correlation of the optical pump and electron probe.

b-f Snapshots of an isolated nanowire at different time delays obtained using energy-
filtered electrons as indicated by the white arrow in a. Electron counts are on a linear
scale. Scale bar, 2 um. Adapted from ref. 148, CC BY 4.0.
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Fig. 12 | Theoretical prediction and experimental realization of multipartite
couplings of collective modes. a Schematic of a theoretically proposed “phonor-
iton” in a monolayer h-BN embedded in an optical cavity, where phonoritons are
hybridized quasiparticles consisting of excitons, phonons, and photons. b Schematic

other directions in the study of coupled excitations from the viewpoint of
ultrafast science.

First, advances in engineering the waveform of excitation light pulses—
such as their polarization, carrier envelope phase, and orbital angular
momentum—can greatly expand the toolkits for resonant excitation of
collective modes and hence enable deterministic control over material
properties. A recent example is the synthesis of an intense, circularly-
polarized THz pulse used to induce circular motions of atoms, otherwise
known as chiral phonons, which can in turn induce a large effective mag-
netic field”7%”. In particular, Davies et al. demonstrated that the induced
field can significantly alter the magnetic order even at considerable distances
from the phonon creation point”, underscoring the need for deeper insight
into chiral phonon transport. Equipped with the capability to determinis-
tically excite particular phonon and magnon modes using the mechanisms
introduced in this review, one can envision future experiments where chiral
phonons and magnons are created at distinct sample locations, and their
mutual interaction over space and time can be used to gain a mechanistic
understanding of the propagation mechanism for realizing ultrafast non-
local control of magnetic ordering.

Second, from a technical point of view, great care needs to be taken
when comparing the dynamics of different collective excitations probed by
distinct experimental setups, making a quantitative study of their couplings
challenging. An example of this issue arises when one extracts the electron-
phonon coupling strength by comparing the electronic band change and
atomic displacement, which are probed by time-resolved photoemission
and X-ray diffraction respectively'””. For the same incident pump fluence,
the effective excitation fluence can differ substantially because photoemis-
sion is a surface-sensitive probe (sub- to few nanometers), whereas X-rays
can probe much deeper into the bulk (tens of nanometers to micrometers).
Therefore, careful fluence calibrations are needed when comparing these
probes unless monolayer samples are used to eliminate the variance. An
alternative route is to look for complementary probes with a similar probing
depth, such as high-energy electron diffraction and extreme ultraviolet
absorption spectroscopy, both operated under a transmission geometry.
While the former is sensitive to the lattice degree of freedom, the latter excels
in capturing carrier, magnetic, and excitonic excitations with exceptional
time resolution®**”’. One can envision a chamber design that integrates both
probes in a single setup, making it possible to concurrently access lattice and
electronic information following the same excitation pulse.

Third, while the review has largely focused on coherent collective
dynamics with a well-defined phase, not all light-induced collective exci-
tations are coherent or fully reproducible over multiple pump pulses, par-
ticularly in systems with spatial inhomogeneities where defects and
disorders are prevalent™' ", In this aspect, techniques with both spatial and
temporal resolutions that operate in the single-shot mode are important for

Dielectric cavity modes
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s
ws,
resonators

of a “plexciton”, which is a hybrid plasmon-exciton-photon, experimentally realized
in nano-structured, multilayer WS, on gold. Panel a adapted from ref. 239, CC BY 4.0.
Panel b adapted from ref. 240, CC BY 4.0.
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revealing the local, incoherent, and stochastic dynamics that vary from pulse
to pulse, as recently demonstrated in the study of magnetic fluctuations in
magnetic multilayer thin films'**'** and the heterogeneous insulator-to-
metal transition in VO, (ref. 144), both of which utilized a coherent X-ray
source in large-scale user facilities. It is worth noting that stochastic
dynamics can also be accessed without relying on single-shot detection’”,
which makes it possible to study fluctuating systems with the stroboscopic
scheme employed in the vast majority of ultrafast measurements. Along
with rapid progress in facility-based ultrashort coherent X-ray sources, we
also envision two key developments in table-top experiments for probing
local and incoherent collective modes. At the extreme spatial scale, inno-
vations in scanning tunneling microscopy have enabled new ways to image
collective excitations at the atomic scale'**'*’, paving the way for controlling
these local dynamics through creative engineering of nanoscopic defects. At
the extreme temporal scale, ultrafast electron diffraction and microscopy,
which have witnessed a rapid improvement of their temporal
resolution'****, would provide a useful platform to study the initial
emergence of incoherent phonons following photoexcitation®*', which
play an important role in determining the ensuing defect structure'” and
energy flow in the host material system’”.

As we conclude this review that has touched a diverse set of experi-
mental techniques and observables, it is apt to be reminded that the over-
arching goal of studying coupled collective excitations is to uncover a set of
unifying principles that govern the interaction among the different degrees
of freedom in solids. While studying collective excitations is certainly not the
only way to unravel the intricate microscopic interactions, they offer us a
way to describe a many-body system without the need to keep track of
individual dynamics of an astronomical number of particles, making it
tractable to study and engineer material properties both in and out of
equilibrium.
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