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Controlling and probing nonlinear collective mode dynamics in
quantum materials

by

Zhuquan Zhang
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DOCTOR OF PHILOSOPHY IN CHEMISTRY

ABSTRACT

Tailored laser pulses offer a powerful means of driving materials out of equilibrium
by selectively addressing specific degrees of freedom. In particular, the excitation of low-
energy collective modes in solids—such as lattice vibrations (phonons) and spin precessions
(magnons)—to large amplitudes opens fundamentally new pathways for controlling and prob-
ing material properties that are otherwise inaccessible under thermal equilibrium conditions.
In this regime, both the nonlinear interactions between light and matter and the intrinsic
nonlinear dynamics of the driven modes present significant challenges for understanding the
underlying mechanisms and for realizing potential applications.

This dissertation centers on two major themes: (1) probing equilibrium properties of
materials via nonlinear light-matter interactions; and (2) unveiling emergent phenomena
hidden in equilibrium by driving collective modes far from equilibrium.

I begin by providing an overview of recent advances in controlling and probing quantum
materials out of equilibrium, followed by a discussion of the theoretical frameworks and
experimental methodologies used to interrogate collective excitations. Building on this
foundation, I present two studies demonstrating how terahertz Raman excitation can reveal
distinct spectroscopic signatures of material states.

Subsequently, I focus on coherent nonlinear magnon-magnon interactions in canted
antiferromagnets, induced by tailored terahertz fields. In these experiments, we demonstrate
a unidirectional magnon upconversion process and identify correlated magnonic responses at
both the sum and difference frequencies of the interacting modes. We achieve parametric
amplification of magnon coherence by tuning the magnonic difference-frequency generation
into resonance with a low-frequency magnon. Furthermore, by increasing the driving field
strength to access a far-from-equilibrium regime, we uncover spectroscopic signatures of
non-perturbative dynamics marked by strong magnon self-interactions.

Finally, I present an example in which spatially heterogeneous responses of electromagnon
modes in a van der Waals multiferroic are revealed through terahertz photon echo mea-
surements. Together, these results highlight how tailored light-matter interactions can be
leveraged to probe, control, and manipulate material degrees of freedom, both in and out of
equilibrium.

Thesis supervisor: Keith A. Nelson
Title: Haslam and Dewey Professor of Chemistry
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sCMOS camera (Zyla 5.5); PBS, pellicle beam splitter; QWP, quarter-wave
plate; BD, beam displacer (Thorlabs BD40); CL (f = 5 cm), cylindrical lens;
re�ective echelon (Sodick, Inc., 30 mm� 30 mm, 500 steps, 7µm height, 60
µm width). ( b) Top: side-view sketch of the detection optics. Bottom: camera
image of the two orthogonally polarised probe arrays. (c) Timing diagram.
The laser runs at 1 kHz repetition rate. Two choppers at 500 Hz and 250 Hz
provide di�erential chopping. TTL outputs from the timing controller trigger
the camera synchronously. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

2.5 Comparison of 2D THz spectra acquired by conventional detection
and single-shot detection methods. . . . . . . . . . . . . . . . . . . . . 83

2.6 3D THz spectroscopy setup. . . . . . . . . . . . . . . . . . . . . . . . . . 86
2.7 THz-�eld-enhancement waveguide structure. (a) Technical drawing

of the bottom half of the waveguide assembly with cylindrically tapered in-
and out-coupling structures. Essential parameters are indicated in teal, with
units in millimeters. (b) Photograph of the YFeO3 crystal installed in the gap
between the two aluminum structures of the waveguide assembly. . . . . . . 86

2.8 THz �eld enhancement. (a) Temporal pro�les of the THz pump pulse
measured in free space and simulated within the sample inside the waveguide.
The free-space THz �eld was attenuated and detected by electro-optic sampling
in a 2 mm ZnTe crystal without the waveguide assembly in the setup. The peak
electric �eld at the sample position in free space is approximately 500 kV/cm,
corresponding to a magnetic �eld of 0.17 T. This measured waveform is used
as the input of the �nite-element simulations to calculate the pump pro�le
inside the sample. (b) Fourier spectra of the THz �eld in free space and inside
the sample, with maximum peak amplitudes at frequencies of 0.42 THz and
0.32 THz, respectively. (c) Simulated waveguide-�eld enhancement factor
inside the sample compared to conventional free-space focusing. The dashed
black curve represents a �t proportional to the free-space THz wavelength. . 87

3.1 Polarized light imaging measurements. Polarized optical micrographs
of representative n=1 (a) and n=2 (b) �akes rotated at di�erent angles with
respect to the incident light polarization. The uniform brightness throughout
the crystals at each orientation suggests that the synthesized crystals are
single-crystalline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
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3.2 Crystal structure and static Raman responses of 2DHPs. (a) Schematic
illustration of crystal structure for both single-layer (n=1) and double-layer
(n=2) bromide perovskites. BA: butylammonium; MA: methylammonium; Pb:
lead; Br: bromide. (b,c) Temperature-dependent Raman spectra of n=1 and
n=2 2DHPs, respectively, from 77 to 298 K. (d) Selected Raman spectra of
n=1 (bottom) and n=2 (top) 2DHPs at 77 K (bright purple and green) and
298 K (light purple and green). All the phonon modes are indicated by dashed
lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.3 THz Kerr e�ect spectroscopy setup. The single-cycle THz pump is focused
on each 2DHP single crystal to induce a nonlinear polarization response. The
time-delayed 800-nm probe pulse is polarized at 45� relative to the vertical THz
polarization and the transiently depolarized signal is measured by a balanced
detection scheme. HWP, half-wave plate. . . . . . . . . . . . . . . . . . . . 93

3.4 Temperature dependence of TKE signals. (a) Time-resolved THz-Raman
signals for both n=1 (purple) and n=2 (green) 2DHPs at various temperatures.
The TKE signals for n=2 2DHP and the long-lived oscillations in the n=1
sample are magni�ed by 10. Data are vertically shifted for clarity. The THz
pump waveform (grey) is also shown at the top. (b) Fourier transform analysis
of the oscillatory signal in n=1 sample at 10 K in (a) reveals a single peak at
1.8 THz, which is above the spectral range of the incident THz pulse (grey
area). (c) Temperature dependence of the mode amplitude. The amplitude
becomes non-zero below 200 K and increases monotonically as the temperature
is decreased. (d) The mode dephasing rate as a function of temperature below
200 K. The dashed blue curve is a �t to an anharmonic decay model[214, 215].
The error bars represent the 95% con�dence interval. . . . . . . . . . . . . . 94

3.5 Generation mechanism of the long-lived phonon oscillation in the n=1
2DHP (a) TKE signals at 10 K are shown as a function of THz pump electric
�eld strength. Data are vertically shifted for clarity. ( b) Fourier transform
analysis of signals in (a) shows the spectral amplitudes of the mode as a
function of THz pump electric �eld strength. The light purple line represents
a quadratic �t. ( c) The real part of dielectric permittivity in the n=1 sample
as a function of temperature is measured by time-domain THz spectroscopy.
The low-temperature curves show two resonance peaks corresponding to two
infrared-active phonon modes. (d) The sum frequency of two incident THz
electric-�eld components is resonant with the transition between the ground
and the �rst excited states to drive the Raman-active mode. . . . . . . . . . 96

3.6 MD simulation results. (a) Simulated Raman spectra of both n=1 (bottom)
and n=2 (top) 2DHPs at �nite temperature (77 K). The insets depict the
corresponding octahedral tilting and rotation motions for n=1 and n=2 2DHPs.
(b) MD simulation trajectory projection onto the 1.9 THz mode (solid purple)
along with the input THz electric �eld waveform (dashed grey). (c) Fourier
transform of the trajectory projection in (b). . . . . . . . . . . . . . . . . . 98
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3.7 Quantum paraelectric SrTiO 3 and relevant phase transitions. (a)
SrTiO3 crystal structure in the high-temperature cubic phase. (b) Schematic
phase diagram illustrating adjacent ferroelectric (left) and dipole-glass (right)
phases around the quantum paraelectric regime. (c) Free-energy diagram of
the ferroelectric phase transition (top) and corresponding dipole alignment
in real space below the transition temperature (bottom). (d) Free-energy
diagram of quantum paraelectric behavior under adiabatic cooling (top) and
associated dipole alignment in real space at low temperature (bottom). (e)
Free-energy diagram illustrating the formation of a relaxor ferroelectric through
rapid cooling (top) and corresponding dipole alignment in real space at low
temperature (bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.8 Nonlinear THz spectroscopy measurements of quantum paraelec-
tric and thermally quenched SrTiO 3. (a) Schematic illustration of the
experimental setup. The THz-�eld-induced responses are probed via terahertz
Kerr e�ect (TKE) and THz-�eld-induced second-harmonic generation (TFISH)
using an optical probe pulse at 1.55 eV. The probe is polarized at 45� relative
to the vertical THz �eld in TKE measurements, and parallel (0� ) in TFISH
measurements. (b) Temperature-time diagram illustrating the slow cooling
protocol used to stabilize the quantum paraelectric state. (c,d) Time-domain
TFISH and TKE signals acquired in the quantum paraelectric phase, respec-
tively. ( e) Temperature-time diagram showing the rapid cooling protocol used
to access the thermally quenched state. (c,d) Time-domain TFISH and TKE
signals measured in the thermally quenched state, respectively. . . . . . . . 104

3.9 Fourier spectra and �eld dependence measurements (a) Fourier trans-
form analysis of the oscillatory components of the TFISH (purple) and TKE
(orange) signals in the quenched state. The TFISH response is homodyned,
resulting in oscillations at twice the fundamental frequencies of the modes.
The dark and light purple dashed lines indicate the second harmonic and
fundamental frequencies of the low-frequency mode, respectively. (b) TFISH
signal amplitude of the low-frequency mode, extracted by taking the square
root of the Fourier transform intensity, as a function of the THz peak �eld
strength. The dashed line represents a linear �t. (c) TKE signal amplitude
of the low-frequency mode as the function of THz peak �eld strength. The
dashed line represents a quadratic �t. (d) Schematic illustration depicting the
low-frequency mode being simultaneously IR- and Raman-active. . . . . . . 105

3.10 Temperature-dependent TFISH and TKE signals. (a) Extracted oscil-
latory components of the TFISH signals as a function of temperature. Dashed
lines are guides to the eye. (b) Extracted oscillatory components of the TKE
signals as a function of temperature. The dashed line serves as a guide to the
eye. (c) Mode frequency, extracted from the TKE signals, as a function of
temperature. (d) Spectral amplitude of the low-frequency mode, extracted
from the TKE signals, as a function of temperature. . . . . . . . . . . . . . 108
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4.1 Distinct magnon modes in the canted antiferromagnet YFeO 3. (a)
Orthorhombically distorted perovskite structure of YFeO3 (space group:Pbnm)
with the net magnetization M along the crystalc axis. Displacements along
the qFM and qAFM magnon mode coordinates correspond to the out-of-phase
or in-phase precession of the sublattice spinsS1 and S2, resulting in an overall
precession (qFM) or amplitude oscillation (qAFM) ofM . (b) Depiction of
the experimental setup for the THz FID measurements. The orientation of
the wire-grid polarizer (WGP) relative to the polarization of the incident THz
�eld is used to select the parallel- (H det k H T Hz ) or perpendicular-polarized
(H det ? H T Hz ) signal �elds H det. (c) The time-domain FID signals in the
parallel-polarized con�guration corresponding to the excitation of the qFM
mode (H T Hz k a axis, purple), qAFM mode (H T Hz k c axis, red) and both
(H T Hz k ac bisector direction,yellow). The corresponding Fourier transforms
(for signals after the THz pulses, i.e., aftert = 0) are in (d), (e) and (f ) show
the azimuthal dependence of polarimetry with the parallel (H det k H T Hz ) and
perpendicular (H def ? H T Hz ) geometries. The numbers in (e) and (f ) are
spectral amplitudes of the corresponding modes with an arbitrary unit. . . . 114

4.2 Dielectric anisotropy of YFeO 3. Real (a) and imaginary (b) parts of
the refractive index corresponding toH THz k c (purple) and H THz k a (red)
with kTHz k b as a function of frequency measured by THz time-domain spec-
troscopy. The unphysical behaviors observed in the low-frequency components
of the refractive index spectra, particularly around and below 0.2 THz, may
be attributed to the use of a small aperture for THz transmission in our
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.3 Nonlinear 2D THz spectra of YFeO 3. (a-c) Schematic illustrations of the
excitation con�gurations for three di�erent THz magnetic �eld orientations
corresponding toH T Hz / a axis, H T Hz / c axis, andH T Hz / ac bisector. The
orange and purple arrows indicate the THz magnetic �eld orientation and the
net magnetization, respectively. (d-f ) The corresponding nonlinear 2D THz
spectra. Peaks corresponding to pump-probe (PP), rephasing photon-echo (R),
non-rephasing (NR), two-quantum (2Q), second harmonic generation (SHG),
and sum-frequency generation (SFG) and di�erence-frequency generation
(DFG) signals are indicated. I and II refer to the qFM (
 qF M ) and qAFM
(
 qAF M ) modes respectively. For the SFG and DFG signals, the assignment
refers to the excitation frequency and indicates the time-ordering, i.e. which
magnon mode was excited by the �rst THz �eld interaction. . . . . . . . . . 118
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4.4 Field dependence and 2D THz polarimetry of the SFG and DFG
signals. The THz magnetic �eld dependences of the spectral amplitudes
(circles) of the SFG (a) and DFG (d) peaks obtained from 2D spectra with
H T Hz / ac bisector (i.e per Fig. 4.3c), are shown alongside quadratic �ts
of the form / H 2 (dashed lines). Polarimetry results showing the azimuthal
dependences of the spectral amplitudes of the SFG (b,c) and DFG (e,f )
signals for both parallel and perpendicular-p polarized analyzer con�gurations.
Accompanying the experimental data (circles) are �ts to functions of the
form j sin� cos2 � j and j sin2 � cos� j (solid lines) for the respective polarization
con�guration. All spectral amplitudes were obtained directly from the nonlinear
2D THz spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.5 Simulated 2D THz spectra of YFO. Theoretical 2D THz spectra obtained
from LLG simulations of b-cut YFO using the same THz magnetic �eld
orientations shown in Fig. 4.3: (a) H T Hz / a axis, (b) H T Hz / c axis, and
(c) H T Hz / ac bisector. Nonlinear mixing signals: SFG and DFG appear only
upon simultaneous excitation of both qFM and qAFM modes whenH T Hz / ac
bisector, in agreement with our experimental observations. . . . . . . . . . . 121

4.6 Simulated nonlinear responses in individual magnon basis. Nonlinear
responses obtained from LLG simulations withH THz k ac, written in terms of
the qFM magnon (� x ,� y,� z) and qAFM magnon (
 x ,
 y,
 z) bases. Note that
second-order nonlinear responses appear in
 x for single-magnon excitations
(TR and SHG), and � x for mixed-magnon excitations (SFG and DFG). Third-
order responses (NR, R, PP, 2Q) appear in� y and � z for the qFM mode and

 y and 
 z. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.7 Excitation pathways of nonlinear magnonic states. (a) Excitation
scheme withH T Hz k ac-bisector showing the nonlinear SFG (blue) and DFG
(green) emission with H NL jja-axis. (b) Magnon energy level diagrams in the
qFM and qAFM mode basis show the origins of di�erent coupled magnon
coherences. SFG signals originate from 2Q coherences which result from
the nonlinear in-phase interference of stepwise qFM and qAFM excitations.
Similarly, DFG signals originate from nonlinear out-of-phase interference of
the same stepwise excitations. (c) Time-dependent precession of sublattice
spinsS1 (red) and S2 (purple) projected alonga and c are shown along with
corresponding projections of the total magnetization (blue) for the SFG signal.
(d) Per c but for the DFG signal with total magnetization shown in (green).
For both processes, nonlinear emission occurs only along thea-axis as the
dynamics of the two sublattice spins cancel out for bothb and c. . . . . . . 129
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4.8 Simulated polarimetry patterns. Theoretical anisotropic SFG and DFG
signal amplitudes are shown as a function of azimuthal angle� for both parallel-
(H T Hz k H det) and cross-polarized (H T Hz ? H det) detection con�gurations
along with the (right ) corresponding decompositions into excitation and detec-
tion terms. For each� (2)

m magnon mixing signal, the generation mechanism
is the result of the simultaneous excitation of qFM (cos� ) and qAFM (sin� )
modes, while nonlinear emission occurs along the crystallographica-axis lead-
ing to separate symmetry terms for parallel- (cos� ) and cross-polarized (sin� )
signals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.1 THz �eld-driven magnon responses and THz polarimetry on ErFeO 3

at room temperature. (a) A canted antiferromagnet with two sublattice
spins possesses two magnetic-dipole allowed zone-center magnon modes: the
qFM mode can be interpreted as a precession of the net magnetization and the
qAFM mode can be understood as an amplitude oscillation of the magnetization.
For ErFeO3 at room temperature, the net magnetizationM is along the
crystallographicc axis. (b) Schematic representation of the experimental setup
for the time-domain FID and polarimetry measurements. A wire grid polarizer
(WGP) is used to select for either the parallel (blue) or perpendicular (red)
polarized THz �eld emission. (c) FID signals corresponding to excitation
of either the a axis qFM mode or thec axis qAFM mode for both parallel
and perpendicular signal detection con�gurations. (d) Fourier transforms of
the FID signals in (c). The power spectra of the qFM (orange) and qAFM
(purple) modes driven by direct THz magnetic excitations are shown at the
top. The bottom power spectrum shows the qAFM mode response driven by
the excitation of the qFM mode (red). (e) (top) Parallel polarimetry patterns
of the qFM (left) and qAFM (right) mode amplitudes. The experimental
data (circles) of the qFM (qAFM) mode are �tted to functions of the form
cos2 � (sin2 � ). (bottom) Perpendicular polarimetry patterns of the qFM (left)
and qAFM (right) mode amplitudes. The responses are plotted on the same
scale with their relative amplitudes labeled. The experimental data of the
qFM mode are �tted to functions of the form cos� sin� , but the qAFM mode
responses are �tted to a sum of the formjcos� sin� j (light purple shaded area)
and jcos3 � j (light red shaded area). The numerical values shown indicate
relative amplitudes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
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5.2 2D THz spectroscopy of magnon upconversion signal at room tem-
perature. (a) Schematic illustration depicting the excitation scheme in the
2D THz spectroscopy setup. (b) Room temperature 2D THz spectra collected
in the perpendicular detection geometry withH THz k c showing the strong
o�-diagonal magnon upconversion peak. (c) Dependence of the magnon up-
conversion signal amplitude on the pump magnetic �eld with Hdet ? HTHz .
The data are �tted with a quadratic function (dashed line). (d,e) Parallel
(blue) and perpendicular (red) polarimetry patterns showing the amplitude
of the 2D THz upconversion peak collected upon rotation of the azimuthal
angle, � , betweenH THz and the a axis. One complete polarimetry scan for
each detection con�guration, i.e. 72 2D THz spectra, takes about 11 hours.
The parallel detection shows weaker magnon upconversion signals than the
perpendicular con�guration, resulting in degraded quality of the polarimetry
pattern due to interference with neighboring peaks. Fits to functions of the
form of jcos2 � sin� j and jcos3 � j are shown in (d) and (e) respectively. . . . 138

5.3 Temperature dependence of magnon upconversion. (a) Schematic
representation of the canted spin con�gurations for temperatures above and
below the spin reorientation transition (87-96K) in ErFeO3. (b) Excitation
(orange diamonds) and emission frequencies (purple diamonds) of magnon-
magnon peak obtained from temperature-dependent perpendicular polarized
2D THz measurements are shown along with the frequencies of qAFM (purple
solid) and qFM (orange solid) magnon modes derived from simulations of the
spin dynamics using the LLG equation. (c) Raw experimental and simulated 2D
THz spectra for selected temperatures above and below the spin reorientation
transition. Note that H THz k a (c) above (below) the spin reorientation
transition drives the qFM mode. All spectra are in the perpendicular detection
con�guration ( H det ? H THz ). . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.4 Origin of the magnon upconversion process. (a) Temperature depen-
dence of the amplitudes of the upconversion signals (red dots) along with the
ratios of the qAFM magnon frequency to the qFM magnon frequency above
the spin reorientation transition. The amplitude peaks at 210 K (red dashed
line), where the qAFM mode frequency matches twice of the frequency of the
qFM mode (i.e., 
 qAF M = 2
 qF M ) (blue dashed line). (b) Estimated qAFM
mode amplitudes driven by the magnon-magnon coupling (orange) and the
magnon-�eld e�ect (purple line). The red line indicates the sum of the two
contributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
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5.5 Nonlinear optics and nonlinear magnonics. (a) Spontaneous parametric
down-conversion (SPDC). A pump wave with frequency
 0 generates a pair
of optical photons at half the pump frequency (i.e.,
 0

2 ), conserving both
momentum and energy. (b) Di�erence frequency generation (DFG). A signal
wave with frequency
 1 and a pump wave with frequency
 2 generate an idler
wave at frequency
 2 � 
 1. (c) Degenerate parametric ampli�cation (DPA).
A signal wave with frequency
 1 and a pump wave with frequency
 2 = 2
 1

result in the ampli�cation of the signal wave. (d) Parametric excitation of
magnon modes in a ferromagnet. A strong microwave �eld with frequency

 0 directly couples to two counter-propagating spin waves at wavevectors� q
with half of the pump frequency 
 0

2 . (e) DFG of two distinct magnon modes
in a canted antiferromagnet. Coherent excitation of both magnon modes leads
to coherent photon emission at frequency
 2 � 
 1. (f ) Degenerate parametric
ampli�cation of a coherent magnon mode in a canted antiferromagnet. When

 2 = 2
 1, driving both magnon modes leads to the ampli�cation of the lower
frequency mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.6 Temperature-dependent linear magnon response. (a) Sketch of the
experimental setup for time-domain THz spectroscopy measurements. Both
the polarization of the THz pulse and the WGP are set at a 45� angle relative
to both a and c crystallographic axes. (b) Time-domain THz signals showing
the excitation of both magnon modes across a range of temperatures. The
initial double-peak pro�le in the primary THz signals arises from a temporal
walk-o� of the THz �eld components along di�erent crystallographic axes.
(c) Fourier transforms of the oscillatory responses following the primary THz
peaks presented in (b). (d) Experimentally derived frequencies for both the
qFM (orange dots) and qAFM (purple dots) magnon modes plotted against
temperature. Fits are based on the uniform two-spin model, represented by
dashed lines in corresponding colors. The dashed blue line signi�es double the
frequency of the qFM mode, which intersects with the qAFM mode frequency
at approximately 200 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.7 Polarization-selective 2D THz spectroscopy measurements. (a) Sketch
of the experimental setup for the polarization-selective 2D THz spectroscopy
measurements. The polarization of both THz pulses is set at a 45� angle relative
to both a and c axes. The WGP is adjusted to allow for the detection of
magnetization emissions along thea axis, while rejecting those along thec axis.
(b) Representative 2D THz spectra at 150 K (left), 200 K (middle), and 300 K
(right). For the 300 K data, a spectral line cut along the excitation frequency
� = 
 qAF M , is shown. Detection frequencies are indicated by the dashed red
line for f = 
 qAF M � 
 qF M and the dashed orange line forf = 
 qF M . (c)
THz magnetic �eld dependencies of the spectral amplitudes for both DFG
(red dots) and downconversion (orange dots) signals at 300 K, accompanied
by their respective quadratic �ts (dashed lines). . . . . . . . . . . . . . . . . 150
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5.8 Stimulated parametric downconversion of the qFM mode. (a) Di-
agrammatic representations of �eld-driven downconversion (left), magnonic
DFG (middle), and magnonic degenerate parametric ampli�cation (right). The
qAFM (qFM) magnon coherence is indicated by a dashed purple (orange) wavy
line, while the photon �eld at the di�erence frequencyf = 
 qAF M � 
 qF M is
shown by a solid red wavy line. (b) Spectral line cuts along the excitation
frequency � = 
 qAF M across a broad range of temperatures. The spectral
amplitude at 200 K is multiplied by 0.5 for better visualization. The dashed
curves indicate the down-conversion frequencies (i.e.,
 qF M ) increasing with
temperature) and the DFG frequencies (decreasing with temperature). (c)
Temperature dependence of the amplitude of the downconversion signal. The
amplitude peaks at 200 K (blue dashed line), where the qAFM mode frequency
matches twice the qFM mode frequency (
 qAF M = 2
 qF M ). The red dashed
line shows the averaged amplitude of the DFG signals at temperatures away
from 200 K, which is smaller than half the peak amplitude at 200 K. (d) Sim-
ulated downconversion amplitude contributed by the �eld-driven mechanism
(orange) and the parametric ampli�cation mechanism due to magnon-magnon
interactions (red line). The blue line indicates the sum of the two contributions.152

6.1 Strong driving of the qFM magnon mode in YFeO 3 with enhanced
THz �elds. (a) Schematic illustration of the experimental setup. A pair of
THz pulses is enhanced locally within the waveguide structure, where they
interact with the sample to generate nonlinear magnonic emission. (b) Left:
Cross-sectional depiction of thea-cut YFeO3 sample positioned inside the
waveguide. The sample �ake (50µm thick) is secured by two parallel metallic
ridges, de�ning the minimum gap in the waveguide. Right: Crystal and
magnetic structure of YFeO3, an orthorhombically distorted perovskite (space
group: Pbnm). Fe3+ spins align nearly antiparallel along thea axis, with
a slight canting due to the Dzyaloshinskii�Moriya interaction, resulting in
a net magnetizationM along the c axis. The sample is oriented inside the
waveguide such that itsc axis aligns with the z direction of the waveguide.
(c) Simulated THz magnetic �eld amplitude pro�le at 0.3 THz in the sample
region, illustrating the local �eld enhancement factor relative to conventional
THz free-space focusing. (d) Displacement pattern of the qFM magnon mode,
characterized by out-of-phase precession of sublattice spinsS1 and S2 resulting
in a precession of the net magnetizationM . (e) Measured nonlinear magnonic
emission signal for an inter-pulse delay� of 3.4 ps, showing an initial rapid
rise and decay (window I, red) followed by a prolonged slow decay (window II,
light red). ( f ) Fourier transforms of the nonlinear signal ine for di�erent time
intervals: window I (red), window II (light red), and the full window covering
both window I and window II (purple). . . . . . . . . . . . . . . . . . . . . 157
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6.2 Experimental and simulated nonlinear 2D THz spectra of the strongly-
driven qFM mode. (a) Measured 2D time-time plot ofH NL (�; t ) from the
qFM mode. (b) 2D THz spectrum of the qFM mode obtained from the 2D
Fourier transform of the data in a. For clarity, the non-rephasing (i.e.,� > 0)
and the rephasing (i.e.,� < 0) parts of the 2D spectrum are displayed sepa-
rately on the left and right, respectively. Selected spectral features are scaled
by the indicated factors to highlight high-order coherence signals at integer
multiples of the driven magnon frequency (i.e., at� = m


0

qF M , wherem is
an integer). (c) Spectral line-cut through the 2D spectrum at the detection
frequency matching the driven qFM magnon frequency (i.e.,f = 


0

qF M ). (d-f )
Corresponding numerical simulation results. . . . . . . . . . . . . . . . . . . 160

6.3 Field dependence of the high-order coherence signals. Measured peak
amplitudes (circles) as a function of THz magnetic �eld strength for various
non-rephasing (a) and rephasing (b) signals. Solid curves represent results
from LLG simulations. Dashed black lines are �ts to the experimental data,
following the expected power-law dependence in the perturbative regime. Both
experimental and simulation results deviate from the power-law dependence
at higher THz �eld strengths. (c) Selected 2D THz spectra highlighting the
peaks with � = 3


0

qF M at four distinct �eld strengths, with experimental
measurements shown at the top and numerical simulations at the bottom. The
right column shows corresponding spectral line cuts along the excitation fre-
quency at f = 


0

qF M , normalized to their peak amplitudes. Both experimental
and simulation results exhibit a redshift in the peak frequency as the THz
�eld strength increases. The more pronounced frequency shift observed in
experimental data likely results from inhomogeneous magnetic �eld pro�les, a
complexity not fully captured by simulations assuming a uniform THz �eld
strength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
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6.4 Origin of the high-order magnon coherences. (a) Bloch sphere rep-
resentation of trajectories of the two sublattice spinsS1 and S2 and the
magnetization M (rescaled for clarity) when the qFM mode is driven far
from equilibrium. ' denotes the de�ection angle ofM , de�ned as half of the
central angle of the sector enclosed byM in the ac plane. (b) Illustration
of magnon displacement driven by sequential THz excitations that result in
high-order multiple-quantum responses. The �rst THz pulse interacts with
the magnon moden times, creating an initial excitation at n


0

qF M , while the
second THz pulse excites the magnon moden � 1 times with an opposite phase
(� (n � 1)


0

qF M ). Together, these interactions causes the mode to oscillate and
radiate at n


0

qF M � (n � 1)

0

qF M = 

0

qF M , which corresponds to the peak at
[


0

qF M , n

0

qF M ] in the 2D spectrum. The conjugate process, where the �rst
pulse interactsn times and the second interactsn + 1 times to produce the
single-quantum magnon coherence, generates the peak at [


0

qF M , � n

0

qF M ].
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Chapter 1

Quantum materials out of equilibrium

�

Ultrafast science emerged in the 1960s with the invention of Q-switched lasers[1] and was

propelled by the advent of mode-locked sources, culminating in the generation of femtosecond

pulses in the 1980s[2]. In contrast to incoherent light sources such as sunlight, incandescent

bulbs, or �uorescent lamps, these ultrashort laser pulses are distinguished by extremely short

pulse durations, high peak intensities, and stable phase relationships in both time and space.

Exploring how these pulses interact with atoms, molecules, or materials reveals the temporal

evolution of fundamental processes involving electrons and nuclei. Indeed, ultrafast science

has proved instrumental in investigating diverse chemical and biological phenomena, ranging

from photodissociation and catalysis to the primary events of photosynthesis.

Over the past few decades, using ultrashort laser pulses to drive and probe non-equilibrium
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dynamics in cooperative condensed matter systems�particularly quantum materials[3�5]�has

become a thriving area of research[6�9]. In these systems, vast numbers of electrons and

nuclei organize into complex, hierarchical structures that encompass lattice, spin, orbital, and

charge degrees of freedom. Broadly speaking, these degrees of freedom and their intricate

interactions determine the macroscopic properties of materials, such as ferroelectricity,

magnetism, and orbital or charge orders, and can also give rise to more exotic quantum phases,

including unconventional insulators and metals, quantum spin liquids, high-temperature

superconductors, and topological matter. Precisely tailored laser pulses�tunable in photon

energy, pulse duration, and temporal pro�le�o�er unique tools for selectively addressing

speci�c degrees of freedom and uncovering their non-equilibrium dynamics.

This chapter reviews recent advances in the use of laser-based control to manipulate

quantum materials far from equilibrium and discusses promising directions for future research

in this rapidly evolving �eld. In the interest of presenting a concise but illuminating review,

results from my own research as well as work from others are highlighted, with references

and comments included to clarify the origin in each case.

1.1 Recent progress toward non-equilibrium control over

quantum materials

At the microscopic level, the physical properties of materials are largely determined by the

linear responses of their elementary excitations. Many of these excitations are collective in

nature�such as lattice vibrations (phonons), spin precessions (magnons), orbital oscillations

(orbitons), and electron-hole pairs (excitons)�and substantially a�ect observables such as

electrical transport and magnetic or dielectric susceptibilities. In general, these excitations

span a broad range of energies, as shown in Fig. 1.1a: low-energy modes such as phonons

and magnons, along with their bound states[10, 11], typically lie below 100 meV, whereas

orbital excitations, high-lying excitons, and interband continua often exceed 500 meV, leaving
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a substantial gap between the two regimes. This hierarchical distribution of excitations

provides an e�ective framework for understanding the essential physics of many insulating

quantum materials.

Figure 1.1: Non -equilibrium control strategies across energy scales. (a) Representative
elementary excitations in solids and their characteristic energy ranges. (b) On-resonant,
above-gap photoexcitation: photodoping, photoinduced instability, and ultrafast switching.
(c) Strong-�eld dynamics driven by non-resonant light: Keldysh crossover, high-harmonic
generation, and Floquet engineering. (d) Large-amplitude excursions of collective modes
induced by low-frequency THz or LWIR pulses.

While linear response theory e�ectively captures equilibrium properties, ultrashort laser

pulses can drive materials far from equilibrium by resonantly exciting or selectively coupling

to speci�c degrees of freedom. This leads to nonlinear responses that unveil new regimes of

material behavior and open pathways to transient control over complex phases and emergent

phenomena. Depending on how the pump frequency compares with the relevant excitation

energies, ultrafast nonlinear light�matter interactions can be classi�ed into three broad

regimes (Fig. 1.1b-d):

1. On-resonance or above -gap photoexcitation , usually with UV, visible or near-infrared
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photons;

2. Strong-�eld dynamics driven by sub-gap (non-resonant) �elds; and

3. Collective -mode excursions using low-frequency terahertz (THz) or long-wavelength

infrared (LWIR) pulses.

1.1.1 On-resonance or above-gap photoexcitation

The most common way to generate a non-equilibrium state is photoexcitation across an

electronic transition or interband resonance. Practically, this approach is convenient because

in many cases one can employ either the fundamental output of a laser ampli�er or its

second harmonic without additional frequency-conversion schemes to pump the system. In

the weak-excitation limit, a low-�uence pump perturbs the system only slightly, leaving

the free-energy landscape essentially unchanged; monitoring the subsequent relaxation then

yields characteristic timescales of the coupled modes and provides mechanistic insight into

intertwined phases and competing orders. Above-gap excitation can also launch coherent

collective modes, o�ering an additional probe of non-equilibrium dynamics. By contrast,

strong excitation generates a high carrier density that can drastically reshape the free-energy

landscape in the phase space, transiently melt the equilibrium order, and even trap the

system in a metastable state that would be inaccessible under equilibrium conditions. As

a result, intense laser pulses have emerged as an e�ective tool to restore, tune, and induce

symmetry-broken states of matter.

Light-induced non-thermal melting of existing orders

In many materials, intense laser excitation can transiently melt an ordered phase and unlock

states inaccessible in equilibrium. At �rst glance, the absorbed pulse energy merely raises the

temperature and entropy, driving the system toward disorder. However, ultrafast material

responses are often highly non-thermal and may lack thermal equilibrium counterparts[15].
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Figure 1.2: Transient melting induced by laser excitations. (a) Photoinduced phase
transition in crystalline bismuth from its semimetallic, low-symmetry phase into a transient
high-symmetry phase. The large-amplitude coherentA1g phonon excursion reshapes the lattice
potential and is progressively damped as the pump �uence increases.[12] (b) Photoinduced
melting of the charge order and transient formation of the hidden (H) state in 1T -TaS2 at 80
K. Time-resolved double-pump experiments demonstrate that the melting is non-thermal and
that the H state forms on sub-picosecond time scales.[13] (c) Slowing down of the recovery
time in the suppression of the charge-density-wave dynamics in LaTe3.[14] (Adapted with
permission from Ref. [12], APS (a); Ref. [14], APS (c)).

Upon photoexcitation, electrons are initially promoted to high-energy states, subsequently

relaxing via electron-electron interactions on femtosecond timescales before transferring energy

to the lattice through electron-phonon scattering processes on longer timescales (i.e., known

as the two-temperature model[16]). Although simpli�ed, this picture e�ectively captures

the essential physics of ultrafast dynamics, typically observed as incoherent decays in pump-

probe signals. Furthermore, the sudden excitation of electrons can dramatically reshape the

free-energy landscape on a timescale much shorter than the lattice response, impulsively

driving coherent oscillations of phonon modes consistent with the overall symmetry of the

system, known as displacive excitation of coherent phonons (DECP)[17]. Since the evolution

of the electronic free-energy landscape and the lattice response do not occur simultaneously,
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ultrafast symmetry modi�cations of the lattice structure become feasible.

Such photoinduced transitions to higher-symmetry states commonly appear in systems

with Peierls-like distortions[18�25], where electron-lattice instabilities distort the periodic

lattice, stabilizing lower-symmetry con�gurations. A canonical example is semimetallic

bismuth, whose equilibrium rhombohedral phase is connected to a cubic parent structure by

the displacement coordinate of theA1g optical phonon. Density-functional theory predicts

that photoexciting � 2% of the valence electrons coherently drives theA1g mode toward the

cubic con�guration[26]. From the perspective of the Jahn-Teller e�ect[27], photoexcitation

removes electrons from the lower-energy state that is stabilized by lattice vibrational distortion,

thereby reducing the energy payo� for the distortion out of the high-symmetry geometry

to occur. Experimental con�rmation of this photoinduced phase transition was achieved

using single-shot, real-time transient re�ectivity measurements, thereby preventing permanent

damage at high excitation densities by capturing transient responses across multiple delays

after each excitation pulse[12]. The disappearance of coherentA1g mode oscillations under

intense single-pulse excitation, coupled with their recovery on a picosecond timescale upon

introducing a delayed, weaker second pulse, con�rms the temporary removal of the Peierls

distortion (see Fig. 1.2a). This scenario notably di�ers from conventional thermal or

nonthermal melting, typically resulting in disordered, liquid-like states.

This framework extends to light-induced melting of charge order in charge density wave

(CDW) systems, where spatially periodic modulations of charge emerge due to Peierls

instabilities (often described as Fermi surface nesting in two and three dimensions)[28�30],

momentum-dependent electron-phonon coupling[31�33], or even strong electron-electron

correlations[34�37]. In real complex materials, the origin of CDWs can be elusive because

of simultaneously strong electron-phonon and electron�electron interactions, as well as the

presence of intertwined or competing orders[38, 39]. An illustrative case is 1T -TaS2, a

prototype quasi�2D CDW crystal that undergoes a series of �rst-order phase transitions upon

cooling, eventually entering a commensurate (C) CDW state below 180 K while developing a
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Mott insulating gap[40, 41]. At low temperature (< 10 K), a single laser pulse can drive an

ultrafast phase transition into a metastable �hidden� (H) state[42]. This highly conductive H

state is not thermodynamically stable and can be erased by heating the sample or annealing it

thermally with a train of stretched pulses. Yet it has also been proposed that the same H state

can appear transiently at higher temperatures (> 70 K). For instance, in a three-pulse pump-

probe study at elevated temperatures, an initial pulse of su�cient �uence induced a phonon

frequency shift indicative of the H phase, as subsequently detected by variably delayed pump-

probe measurements[43, 44]. Recently, we elucidated the relationship between CDW melting

and the formation of the H state using a suite of single-shot time-domain spectroscopies[13]

(see Fig. 1.2b). Above-threshold laser excitation melts the CDW order on a timescale faster

than the experimental resolution, evidenced by the correlation between the suppression of

the CDW amplitude mode and the inter-pulse delay in double-pump measurements. After

the electronic order collapses, the system does not simply revert to the original C state;

instead, thermal �uctuations govern the ensuing relaxation, allowing the H state to emerge

over several picoseconds. These measurements reveal distinct optical signatures for the

formation of the transient H state, including a concurrent increase in near-infrared re�ectivity

and THz conductivity, demonstrating that the H state is fundamentally di�erent from any

equilibrium state. This underscores how light-induced quenching of a dominant order can

drive the system into an out-of-equilibrium state, especially in materials that host multiple

nearly degenerate ground states or intertwined orders. Other notable examples include LaTe3,

where suppression of thec-axis CDW transiently stabilizes a competinga-axis CDW[45], and

YBa2Cu3O6:67, in which photo-induced suppression of superconductivity enhances the latent

CDW[46].

Another hallmark of photoinduced melting processes is the divergence in recovery times,

indicative of dynamical slowing down. Analogous to second-order equilibrium phase transi-

tions�where critical �uctuations of order parameters diverge near the critical temperature�in

ultrafast experiments, this slowing manifests as prolonged relaxation time and softening of
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collective modes[47�49]. Under strongly non-equilibrium conditions, photoinduced phase

transitions thus o�er the opportunity to explore the non-adiabatic quenching of an ordered

state into a disordered one, as described by Kibble�Zurek theory[50, 51]. Indeed, in the case

of light-induced CDW melting[14], the time required to suppress the condensate reaches its

maximum at the threshold excitation density, re�ecting this slowing down phenomenon, as

shown in Fig. 1.2c.

Ultrafast switching into metastable hidden states

Among the many examples of photoinduced phase transitions, those exhibiting metastability

are particularly intriguing. In this context, metastability describes scenarios wherein a

single ultrafast laser pulse initiates a transition into a persistent or slowly reversible state

absent from the equilibrium phase diagram. This metastable state can only be reverted

through a second external stimulus, such as heat, mechanical strain, or electrical pulses.

Prominent examples include ultrafast switching to a hidden metallic state in 1T -TaS2[42],

the photoinduced insulator-to-metal transition in strained La2=3Ca1=3MnO3 (LCMO) thin

�lms[52], and the optically triggered formation of a supercrystal phase in PbTiO3/SrTiO 3

superlattices[55]. These metastable transitions share common characteristics, yet exhibit

signi�cant di�erences. Figure 1.3 summarizes the initial experimental demonstrations (Figs.

1.3a,d,g), nanoscale imaging comparisons of the pristine and switched states (Figs. 1.3b,e,h),

and single-shot, time-resolved dynamics capturing hidden-state formation (Figs. 1.3c,f,i) for

these three representative cases.

In 1T -TaS2, a low-temperature metallic hidden (H) state can be triggered by a single

laser pulse exceeding a critical �uence threshold (> 1 mJ/cm2), leading to a resistance

reduction by several orders of magnitude[42] (Fig. 1.3a). Further studies demonstrate

that similar non-volatile switching can also be realized via electric current injection[57�59].

Scanning tunneling microscopy (STM) measurements reveal that the metastable H state

consists of a mosaic of nanoscale, disordered CDW domains exhibiting randomized interlayer
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Figure 1.3: Metastable hidden phases induced by laser excitations. (a) Photoinduced
resistivity switching of 1T -TaS2 at 1.5 K with a single intense laser pulse.[42] (b) STM
images comparing the pristine commensurate (C) state (left) with the optically written H
state (right).[43] (c) Shot-by-shot real-time transient re�ectivity measurements reveal the
ultrafast formation of the H state.[13] (d) Photoinduced insulator-to-metal phase transition
in strain-engineered LCMO thin �lm. With decreasing temperature, photoexcitation induces
a step-like progression into the hidden metallic state with high conductivity.[52] (e) SNOM
(top) and MFM (bottom) visualise the photoinduced hidden metallicity and ferromagnetism,
respectively, as the incident power is increased (5, 15, and 30� W) within the regions indicated
by dashed white ovals.[53] (f ) Single-shot real-time dynamics during the phase transition
in LCMO �lm probed by optical re�ectivity (top) and THz conductivity (bottom).[54] ( g)
Illustration of a light-induced supercrystal (S) in (PbTiO3)n /(SrTiO 3)n superlattice from the
pristine mixed-state of in-plane ferroelectric�ferroelastic domains (FE) and vortices (V).[55]
(h) X-ray di�raction microscopy maps of the pristine (left) and converted supercrystal (right)
phases.[55] (i) Ultrafast single-shot X-ray di�raction revealing the initial suppression of the
V and FE satellite peaks.[56] (Adapted with permission from Ref. [42], AAAS (a)); Ref. [43],
Springer Nature (b); Ref. [52], Springer Nature (d); Ref. [53], Springer Nature (e); Ref. [54],
APS (f ); Ref. [55], Springer Nature (g,h); Ref. [56], Springer Nature (i).
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