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Abstract

Many transition metal oxides show strong electronic correlations that produce functionally
relevant  properties like  metal-insulator  transitions, colossal-magnetoresistance,
ferroelectricity, and unconventional superconductivity. The development of intense
femtosecond laser sources has made possible to control these functionalities and explore

unknown out-of-equilibrium phase states of such complex materials by light.

In particular, selective excitation of infrared-active phonon modes by intense THz pulses has
been demonstrated as a powerful tool to manipulate electronic and magnetic phases. So far,
this approach has been restricted to the excitation of phonons with frequencies above 15 THz,
limited by the lack of intense sources at lower frequencies. Notably, these distorted perovskite
compounds exhibit further lower energy vibrational modes, which fall into the so-called
“Terahertz gap” frequency regime. These low energy excitations also hold promise to

manipulate novel phases and physical processes, maybe with even better efficiency.

Within this thesis, I developed a novel table-top source of narrowband intense THz pulses
tunable across the frequency gap. Chirped-pulse difference frequency generation in nonlinear

organic crystals was employed to overcome the limitations of earlier approaches.

This source was then applied to investigate light-induced superconductivity in high-
temperature cuprates, that is the existence of an optically excited short-lived superconducting-
like state far above the thermodynamic transition temperature. In YBa;Cu3Oe+, this
phenomenon has so far been associated with the nonlinear excitation of certain lattice modes
and the creation of new crystal structures. I measured the photo-susceptibility of the light-
induced state in YBa>Cu3Os s throughout the far-, near-, and mid-infrared optical spectrum
and found signatures of nonequilibrium superconductivity only for far-infrared excitations
that are resonant with vibrational modes that drive c-axis apical oxygen atomic positions. In
addition, a second resonance is observed at the charge transfer band edge at near-infrared

frequencies.

These observations highlight the importance of light coupling to the electronic structure of the
cuprates, either mediated by a phonon or by charge transfer. Beyond, these experiments
demonstrate the capability of the newly developed source in nonlinear optical spectroscopy,

hence open up new possibilities for the vibrational control of condensed matter.



Zusammenfassung

Viele Oxide der Ubergangsmetalle zeigen starke Elektronenkorrelationen, die sich in
funktionell relevanten Eigenschaften wie einem Metall-Isolator Ubergang, dem kolossalen
magnetoresistiven Effekt, der Ferroelektrizitit oder der unkonventionellen Supraleitung
zeigen. Die Entwicklung von Quellen intensiver ultrakurzer Laserpulse ermoglichte jiingst die
Kontrolle dieser Funktionalititen sowie die Erforschung bisher unbekannter Phasenzusténde

dieser komplexen Materialien auBBerhalb des Gleichgewichts durch Anregung mit Licht.

Speziell die selektive Anregung infrarot-aktiver Phononen mit intensiven THz-Pulsen wurde
als méchtiges Werkzeug zur Manipulation elektronischer und magnetischer Phasen benutzt.
Bisher war dieser Ansatz aber auf die Anregung von Phononen mit Frequenzen oberhalb von
15 THz beschrinkt, limitiert durch den Mangel an intensiven Lichtquellen bei niedrigeren
Frequenzen. Insbesondere die so verzerrten Perowskit-Verbindungen erhalten weitere nieder-
energetische Vibrationsmoden in der sogenannten ,, Terahertz-Liicke®, die vermutlich ebenso
die Manipulation neuartiger Phasenzustinde und physikalischer Prozesse ermdglichen,

womdglich mit groBerer Effizienz.

In dieser Arbeit habe ich eine neuartige kompakte Quelle schmalbandiger THz-Strahlung
entwickelt die innerhalb der ,,Terahertz-Liicke* frequenz-durchstimmbar ist. Um die
Beschrankungen fritherer Ansédtze zu iiberwinden wurde die Differenzfrequenzmischung

zeitlich gestreckter Pulse in nichtlinearen organischen Kristallen verwendet.

Diese Quelle wurde dann benutzt um die lichtinduzierte Supraleitung, d.h. die Existenz eines
optisch angeregten kurzlebigen supraleitungsédhnlichen Zustands, in Kupraten bei
Temperaturen weit {liber der thermodynamischen Sprungtemperatur zu untersuchen. In
YBa;Cu3O¢+, wird dieses Phidnomen bisher mit der nichtlinearen Anregung bestimmter

Gitterschwingungen und der Erzeugung neuer Kristallstrukturen in Verbindung gebracht.

Ich habe die Photo-Suszeptibilitdt des lichtinduzierten Zustands in YBa,Cu3Os- liber das
gesamte fern, mittel- und nah-infrarote optische Spektrum gemessen. Hinweise auf die
Nichtgleichgewichtssupraleitung fand ich nur bei resonanter Anregungen von
Vibrationsmoden im Fernen Infrarot, welche die apikalen Sauerstoff-Atome entlang der c-
Achse bewegen. Eine zweite Resonanz am Rand des Ladungstransfer-Bandes bei

nahinfraroten Frequenzen wurde gefunden.

Diese Beobachtungen unterstreichen die Wichtigkeit der Lichtwechselwirkung mit der
elektronischen Struktur der Kuprate, die entweder durch ein Phonon vermittelt oder durch

einen Ladungstransfer hervorgerufen wird. Zusitzlich zeigen diese Experimente die

I1



Leistungsfahigkeit der neu entwickelten Quelle in der nichtlinearen Spektroskopie auf und
erdffnen neue Moglichkeiten der Kontrolle von Festkorpern durch die Anregung von

Gitterschwingungen.
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Introduction

Introduction

The ability to control electronic and magnetic phases of strongly correlated materials has been
drawing enormous interest in condensed matter physics. One class of such correlated systems
are transition metal oxides, for example, manganites, nickelates or cuprates, which exhibit
many technologically interesting properties like metal-insulator transitions, colossal
magnetoresistance, ferroelectricity, and superconductivity. Temperature and doping
concentration are routinely tuned to control these properties and result in complex phase
diagrams. Beyond, external magnetic fields and pressure have been shown to manipulate the
electronic and magnetic phases statically. For example, the critical temperature of high-Tc

cuprate superconductors can be increased by the application of pressure.

Over recent decades, control of the macroscopic phases by short light pulses has become
one of the grand goals in ultrafast condensed matter physics. Figure 0.1 depicts the schematic
drawing of the electromagnetic spectrum of light in a wide frequency range, together with
fundamental excitations in complex solids that can be driven in the different spectral regions.
Electronic excitations dominate the near-infrared (NIR) and visible frequency range, while
the excitation of the lattice vibrational modes, i.e. phonons, and the collective modes of

broken symmetry states take place at mid-infrared (MIR) and terahertz (THz) frequencies.

Ultrafast pulses in the visible/NIR have been widely used to steer the phases in strongly
correlated materials on the sub-picosecond time scale [1]. However, incoherent dynamics
takes place via heat dissipation immediately afterward, due to the significant amount of

entropy introduced in the system.
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NIR/NVisible Mid-Infrared Terahertz
(1074-105 Hz) (1073 Hz) (102 Hz)

)

Phonons Collective modes

Electronic Excitations Molecular vibrations from broken symmetries

Figure 0.1. The electromagnetic spectrum of the light wave and the corresponding fundamental
excitation in solids in different energy scales.

The resonant excitation of the vibrational modes using intense pulses in the MIR (5-20
pm, 15-50 THz) regime has recently been witnessed as the milestone of ultrafast phase
control in quantum materials [1]-[7]. Selective optical excitation of phonons is particularly
interesting in systems, in which the electronic and magnetic properties are known to depend
critically on the crystallographic structure. The insulator-metal transition in antiferromagnetic
insulating manganites [1], the cross-interface control of charge and magnetic order in
nickelate hetero-structures [2][8], the polarization reversal in ferroelectrics [9] and the control
of the superconducting properties in high-T. cuprates [6][10][11] highlight the success of this

novel approach.

Resonant phonon excitation has also been exploited to manipulate the superconducting
order parameter in high-T¢ cuprate superconductors. Optical fingerprints of the transient
light-induced superconducting-like state have been evidenced using time-resolved THz
spectroscopy combined with resonant driving of the apical-oxygen phonons in the pseudogap
phase. Strikingly, a few picoseconds long-lived superconducting state was induced in
underdoped bilayer YBCOs:x compounds far above the thermal transition temperature and
even above room temperature. The light-induced coherent phase superimposed on the

equilibrium phase diagram is reported in Figure 0.2(a).

One mechanism proposed for light-induced superconductivity goes back to
anharmonicities of the crystal lattice, cast in the term ‘nonlinear phononics’. That is, the
infrared-active apical oxygen phonon mode of B;, symmetry, resonantly excited to large-
amplitude, couples nonlinearly to other lattice vibrations, in this case an 4, symmetry Raman-
active mode, to transiently distort the crystal structure. The atomic displacements along the
Raman mode coordinates, which were identified in a time-resolved x-ray diffraction

experiment and then proposed to play an important role in the formation of the light-induced
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superconducting state, are sketched in Figure 0.2(b). The change of distances of CuO, layers
along the crystallographic c-direction presumably modifies the spatial overlap of certain

copper d-orbitals to favor the superconducting-like state.

a Oxygen content X b
6.0 6.456.5 6.6 7.0 ——
T T T = ©® . L ‘ ([ 3
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0
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Figure 0.2. (a) Schematic phase diagram of YBa:Cu3Os+x as a function of temperature and hole
concentration. On top of the generic equilibrium phases, a light-induced superconducting phase within
the pseudogap phase emerges after the resonant excitation of IR-active phonons along the crystal c-axis.
(b) Sketch of transient structure change and enhancement of Josephson tunneling. Adapted from

[12]113].

This mechanism could be critically assessed if one was able to selectively drive different
vibrational modes and inspect the transient changes in the electronic properties. The goal of
the present thesis is to gain new insight into the phenomena of light-induced

superconductivity in the bilayers cuprates YBCOs-« by tackling this open question.

So far, however, the spectral range at which these phonons were resonantly driven was
restricted to frequencies above ~15 THz, even though the cuprates and other transition metal
oxides exhibit further vibrational modes at lower frequencies. For instance, as sketched in
Figure 0.3, several vibrational modes can be identified in the optical conductivity (red) of
YBCOg.x, which are associated with different collective atomic motions (insets). The reason
for this shortcoming lies in the lack of powerful table-top light sources in the terahertz gap
between 3 and 15 THz. It is the absorption and dispersion of THz radiation in the Reststrahlen
band of the nonlinear optical crystals, like GaSe, which have typically been used to generate
intense ~100 MV/cm peak electric field pulses via difference-frequency generation, which

restricts the accessible frequency range.
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Figure 0.3. Top: Various optical vibration modes along the c-axis of YBaxCu3Oss. Middle: optical

conductivity in the same direction. Bottom: Fourier spectrum of different generated THz pulses
together with the broadband THz probe.

The availability of high-quality organic crystals with significant nonlinear susceptibility
and low absorption in the THz range has opened up new possibilities in the vibrational phase

control.

In this thesis, frequency-mixing in large aperture organic crystal DSTMS has been
demonstrated as a novel approach for the generation of frequency-tunable, narrowband pulses
across the THz-gap, which could then be applied to selectively excite different vibration

modes in complex solids.

With the aid of this home-built optical device, a first phonon mode-selective
investigation of the light-induced superconductivity was performed in YBCOg:« (see Figure
0.3). By systematically tuning the pump frequency throughout the entire optical spectrum, the
frequency-dependent photo-susceptibility for this light-induced coherent state was measured.
The ultrafast responses of the light-induced state following the resonant excitation of various
infrared-active modes will be interpreted together with the corresponding transient atomic
displacements determined by ab-initio calculations based on nonlinear phononics theory. The
deviation from the theoretical prediction and the observation of a second resonance peak in
the photo-susceptibility in the near-IR frequency range suggests that the anharmonic phonon
coupling is not the only possible mechanism underlying optically-driven superconductivity in

cuprate superconductors.
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Thesis structure

This thesis is structured as follows:

Chapter 1 summarizes the recent achievements of vibrational phase control in strongly
correlated electron materials with intense THz pulses. The basic concept of nonlinear

phononics, which can explain many of the experimental observations, will be introduced.

With the goal of accessing low energy vibrational modes, a novel optical parametric device,
filling the vacancy of the “THz-gap”, was developed. The principles and experimental

techniques of narrowband THz pulse generation will be discussed in Chapter 2.

Chapter 3 then introduces the physics of unconventional high-T. superconductors, with a

focus on the equilibrium crystal structures and superconducting properties.

Experiments on the vibrational control of superconductivity in the high-T. cuprate
superconductor YBa,CuszOg:x via mode-selective excitation using narrowband THz pulses

will be presented in Chapter 4.

Finally, the conclusion and possible future investigation will be summarized at the end of this

thesis.
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1. Vibrational phase control of strongly correlated electron materials

Chapter 1

1. Vibrational phase control of strongly

correlated electron materials

A characteristic of correlated materials is the strong interplay between charges, orbitals, spins,
and crystal lattice. Small perturbations of this interaction hence produce enormous
susceptibilities. Traditionally, such responses have been studied utilizing static control knobs
such as temperature, pressure, and carrier doping. In recent years, also the dynamical
perturbations, in combination with pump-probe experiments, became a useful and insightful

tool to study these materials.

A unique approach in this respect is phononics, the selective excitation of infrared active
phonon modes in materials. Many electronic and magnetic properties depend or become
determined by the arrangement of the atoms in the crystal lattice. The displacement of the
fundamental lattice modes, phonons, hence allows to switch or create entirely new electronic

phases.

Intense terahertz pulses are powerful tools in controlling the functionalities in complex
solids and molecular systems. Due to the low photon energy, strong-field THz pulses (below
3 THz) have been exploited to induce the energy transfer of the optical phonons [14],
parametric amplify the Josephson plasma wave [15], and unfold the hidden ferroelectric phase
[3]. On the other hand, by driving lattice vibration modes to large-amplitude with intense

pulses above 15 THz, ultrafast control of insulator-metal transition [1][5], ferroelectric
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1.1 Controlling the crystal lattice with THz pulses

switching [9], high harmonic generation of optical phonons [16] and light control of

superconductivity [6][10][11] have been witnessed over the past decade.

Nonlinear phononics theory has been proven to be an elegant tool in understanding the
phase changes through anharmonic coupling induced by large-amplitude displacement of the
driven infrared-active phonons. Various coupling mechanisms have been investigated to
theoretically predict the vibrational phase control in transition metal oxides, such as light-

induced metallicity, ferroelectricity and superconductivity.

In this chapter, recent experiments of such a vibrational phase control in strongly
correlated materials using intense THz pulses are summarized. The underlying theoretical
models are introduced, which are based on the anharmonic coupling between phonon modes
and other degrees of freedom. Finally, exemplary time-resolved x-ray diffraction
measurements are discussed, which implement the theoretical models and provide
information for the connection between the phase transition and the structural deformation in

the nonequilibrium state.

1.1 Controlling the crystal lattice with THz pulses

In this section, I will introduce the concept of nonlinear phononics. In the following, the first
experimental demonstration and recent progress on nonlinear phononic coupling will also be
discussed. The theory on nonlinear phononics has been systematically discussed in Ref. [17],

which acts as the theoretical basis of this section.

The behavior of the vibrational modes of the crystal lattice can be described by the
simple Lorentzian model, which regards the dynamics of the phonon modes as harmonic

oscillators [18].

However, when the harmonic oscillator is driven to large-amplitude, higher order terms come
into play for large-amplitudes as the crystal lattice is anharmonic. Considering the resonant

excitation of an optical phonon, the crystal Hamiltonian can be described as following
H=HL+HNL (1.1)

where H; and Hy; denote the linear and nonlinear response of the total Hamiltonian [17].

Since the wavelength of the driving IR phonon mode is much longer than the lattice constant,



1. Vibrational phase control of strongly correlated electron materials

the wavevector of the phonon mode k in the momentum space is approximately zero. The

Hamiltonian of the linear response at k = 0 is then given by
1 1
H, = 2 (P + 0irQfz) + ng (sz + wsz]?) (1.2)

where Pig, Wi, Qr, Pir, wj, Q;, P denote the momentum, eigenfrequency and normal
coordinate of the driven IR-active mode and the coupled mode. For the driven vibrational

mode, the applied THz light field resonating with the oscillator acts as a driving force f(t) =
t2
e 292 sin(w;gt). The dynamics can be described by the equation of motion of a harmonic

oscillator derived from the Lagrange equation as

Qir +2y1rQir + 0iRQir = Z°f(t) (1.3)

where w;g, y;gr and Z* denote the frequency, damping factor and Born effective charge of the
oscillator, respectively. The decay time of the oscillation is set by the damping factor as 1/y,g,

and in most of the cases the phonon modes are under-damped.

When the I[R-active mode is driven to large amplitude, the higher-order anharmonic
terms of the driven phonon should be taken into consideration. In the meantime, the driven
IR-active mode will also couple to other lattice vibrations, which shift the energy potential of
the system. The nonlinear response contains the high-harmonic terms of the driven IR-active
mode and the nonlinear coupling terms to other modes. The nonlinear Hamiltonian can be

expressed as

Hyp, = Z amQrr + Z(auQIRQ]2 +a21QfzQ; + azzQIZRQJ2 + a13Q1RQ]3 +a31QzQ; )
j

m>2

(1.4)

The first summation describes the high-harmonic terms of the driven phonon, while the
second summation gives the nonlinear coupling terms of the cubic and quartic couplings. The
model considering the higher-order anharmonicity of the driven IR-active mode has
successfully explained the experimental observations of the high-harmonic signals in
vibrationally excited LiNbOs [16]. Further, the anharmonic coupling between the IR-active
mode to an 4, Raman mode which inducing a transient structural deformation has proven to
be the microscopic mechanism in various of nonequilibrium measurements of strongly

correlated materials using THz fields [1]-[6].



1.1 Controlling the crystal lattice with THz pulses

1.1.1 Cubic coupling

To begin with, we restrict the situation to centrosymmetric crystals, for instance, manganites
Lai«SriMnOs, PryCaixMnQOs, and cuprates YBCOe+, in which the IR-active modes are of
odd paring symmetry. In these compounds, the first cubic coupling term a4, Q;g QJ2 is always
zero, while the second term will take nonzero value only if Q; has a 4, symmetry, which
represents the full symmetry [20]. In this case, the coupling mode must be a Raman-active
mode. The cubic coupling term in the Hamiltonian results in a shifted energy potential of the
system shown in Figure 1.1(a). The dynamics of both the driven IR-active mode and the

anharmonically coupled Raman mode is given by the coupled equations:

Qir +2y1rQr + wirQir = Z7f(t) + 2a31Q;r0Qk (1.5)
Qr +2YrQr + wAQr = 2a,0% (1.6)

here Qr, Yr, wr denote the normal coordinate, damping factor and eigenfrequency of the
Raman mode, respectively. According to (1.6), the driving force for the Raman mode is
proportional to QZ, oscillating at two times of w,;z. This term leads to a shift of the energy
potential of the Raman mode (see Figure 1.1(a)). Figure 1.1(b) simulates the driving force and

the normal coordinate of the driven Raman-active mode.

151

10

Vg (a.u.)
a

Qg amplitude (a.u.) Time Delay (ps)

Figure 1.1. (a) Equilibrium energy potential (dashed curve) and the shifted potential through the cubic
nonlinear coupling (solid curve) for the Raman mode. (b) Dynamics of the driving force (light blue)
and the normal coordinate (dark blue) for the anharmonically coupled Raman mode [17].

1.1.2 Quartic coupling

Most of the nonlinear processes, which have been discovered over the past decade, are
dominated by the cubic coupling to certain Raman-active modes. However, when the lattice

vibration is excited by an even higher electric field, the higher-order nonlinear coupling

10



1. Vibrational phase control of strongly correlated electron materials

becomes prominent. The nonlinear Hamiltonian through quartic coupling to a Raman-active

mode can be described as
Hyy, = a2,Qf% Q]z (1.7)

Notably, the coupled mode Q; is not constrained to optical modes, which means any

generation of mode pairs with opposite wavevectors can participate [17].

The energy potential of the coupled mode is captured as Figure 1.2(a). Compared with
the cubic coupling, the potential is not shifted but softened (or stiffened). For the case of
softening, beyond a certain threshold, the potential becomes unstable and can lead to a

symmetry-breaking transition [20].
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Figure 1.2. (a) The energy potential of the coupled mode through quartic coupling. It is deformed to be
softened (red) or stiffened into an unstable double well potential. (b) Instead of displacing the crystal
lattice, the variance of the coupled mode sz =< Q]-2 > is oscillating at twice the frequency of the
coupled mode [17].

The equation of motion describing the dynamics of the coupled mode is rewritten as [17]:

Q}' + ZVij + “)jZQj = 2a,0Q70Q; (1.8)

Normalization in the frequency of the coupled mode w; = /u)]z — 2a,,Q% takes place

through such coupling. If the amplitude of the IR mode is above the threshold, the frequency

of mode Q; becomes imaginary, which destabilizes the system.

The quartic coupling has been applied to simulate the dynamics of cuprate
superconductors La,CuQs, in which a cubic coupling is forbidden. Instability can be induced

beyond the threshold, resulting in a distortion intro a crystal structure of lower symmetry [21].
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1.1 Controlling the crystal lattice with THz pulses

1.1.3 First experimental demonstration

Nonlinear phononics was first experimentally demonstrated by M. Forst et. al. in an optical
measurement on ferromagnetic insulating manganite Lao7Sro3MnO; [18]. In this experiment,
large-amplitude resonant excitation of an £, Mn-O stretching mode was triggered by sub-ps
THz pulses at 20 THz (~ 605 cm™). The time-dependent optical reflectivity measurement
following the excitation is depicted in Figure 1.3(a). By subtracting the differential signal
between the orthogonal polarization in the probe beam, a clear oscillation at 1.2 THz was
observed (left inset), which can be associated with an £, Raman mode involving the rotation
of oxygen octahedron around the Mn cations [18] (right inset). In Figure 1.3(b), the amplitude
of the oscillation is plotted as a function of pump wavelength. The wavelength-dependent
amplitude overlaps the linear absorption coefficient nicely, manifesting the light-induced

effect to be a phonon-mediated process.
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Figure 1.3. (a) Time-resolved reflectivity changes following resonant excitation of the £, symmetry
Mn-O stretching vibration at 14.3 pm in Lao7Sro3MnOs. Insets: left is the Raman phonon-induced
anisotropic contributions to the transient reflectivity; right is the corresponding Fourier spectrum and
the atomic motion of the Raman mode. (b) Amplitude of the Raman oscillation (blue circles) and linear
absorption coefficient (red line) of Lao.7Sro3sMnO; as a function of pump wavelength. Adapted from
[18].

A complementary experiment was later performed with time-resolved x-ray probe to
identify the structural change predicted by nonlinear phononics. The atomic motions of the
driven IR phonon mode and the rotational £, Raman mode are illustrated in Figure 1.4(a).
Notably, anti-phase rotations of the two MnQOs octahedra are theoretically predicted by
nonlinear phononics theory to follow the THz excitation. The intensity modulation of the (201)
and (012) lattice Bragg peaks was measured with high-brightness x-ray in LCLS. Opposite
relative intensity changes of the two peaks are depicted in Figure 1.4(b), where the solid lines

are the solution to the coupled equations of motion. The sign and ratio of the two structure
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1. Vibrational phase control of strongly correlated electron materials

factor changes in the experiment could be nicely predicted by considering the cubic coupling

term [25].

a
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Figure 1.4. (a) Left: atomic motions of the £, symmetry Mn-O stretching mode in Lao.7Sro3MnOs.
Right: sketch of the nonlinearly driven Raman-active mode, the rotation of the O-octahedra is around
an axis (red) perpendicular the [111] crystal axis. (b) Relative X-ray intensity changes of the (201) and
(012) Bragg peaks induced by MIR excitation. Figures are taken from [25].

1.2 Controlling electronic properties in perovskites

The first experimental demonstration of the vibrational phase control using strong field THz
pulses was realized in the insulator to metal transition in manganite Pro3Cao7MnQs. It is an
example of the ultrafast phase control in complex solids, which triggered follow-up research.
A second example is the vibrational phase control in NiNdOs/LaAlO; hetero-structure.
Ultrafast THz spectroscopy was exploited along with NIR reflectivity measurements in the
light-induced phase transition. Notably, the time-resolved x-ray diffraction measurements,
which provides insight for the transient structure changes as well as the phase dynamics,
manifests itself to be the indispensable experimental method in the nonequilibrium study of

quantum materials.

1.2.1 Ultrafast insulator-metal transition in manganite

In doped manganites like Lao7Sto3sMnOs or Pro;Cao3MnQOs, the materials behave as either
ferromagnet or antiferromagnet. The electronic and magnetic properties strongly depend on
the Mn-O-Mn bond angles in such materials. In Pry7Cag3MnOs, covalent-bond is formed
between a half-filled orbital (Mn*") and an empty orbital (Mn*"). If the Mn**-O*-Mn*" bond is

180 degrees, electron hopping is enhanced and the system behaves as a ferromagnet. However,
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1.2 Controlling electronic properties in perovskites

in a strongly distorted perovskites, an antiferromagnetic (AFM) insulating phase emerges due
to the bond bending [20]. This subtle structure change can be induced either by applying
external pressure or photo-doping the system. In the experiment performed by M. Rini et al.,
the Mn-O stretching mode at 17-um was resonantly excited by THz pulses. Figure 1.5(a)
depicts the frequency-dependent reflectivity change in the excited state, which follows the
equilibrium low-temperature optical conductivity within the pump frequency range.
Strikingly, Figure 1.5(b) reports an approximately five-order-of-magnitude increase of the

electrical conductivity, evidenced by measuring the current transport with a fast oscilloscope

[].
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Figure 1.5. (a) Low-temperature optical conductivity spectrum of Pro.7Cao3MnQOs. The inset shows the
atomic displacements of the Mn-O stretching mode within the MnOs octahedra corresponds to the 71
meV (16.5 um) peak in the conductivity spectrum. The blue dots are the relative change of the optical
reflectivity measured after the vibrational excitation (b) Time-dependent conductivity after resonant
excitation of the Mn-O stretching mode with 4-ns time resolution. (¢) The Energy potential of the
Raman mode for different static displacements of the IR mode. (d) Atomic position of the
orthorhombically distorted perovskite at equilibrium (left) and with a positive amplitude of Raman

mode. Adapted from [1:| [20].

The nonlinear phononics model was employed to exam the connection between the
structure deformation and the emergence of the metallic phase. In Figure 1.5(c), the energy
potential of a coupled A, Raman mode is displayed for different static displacements of the IR
mode in parent compound PrMnOs, calculated by Subedi et al. based on density function
theory [21]. Through cubic nonlinear coupling, the energy potential of the Raman mode shifts

with a new minimum position. In Figure 1.5(d), the atomic motions associated with positive
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1. Vibrational phase control of strongly correlated electron materials

amplitude results in lowering the symmetry and uncurling the Mn-O-Mn bonds. As
aforementioned, such lattice distortion potentially suppresses the AFM orders. Further
theoretical calculation of the electronic density of states is suggestive for the speculation of
the light-induced metallicity. In the calculation. the gap at the Fermi energy for the
equilibrium crystal structure is tended to close after the vibrational excitation of the B, mode

[13].

To understand the microscopic process of the phase evolution, a time-resolved x-ray
diffraction measurement on a qualitatively similar manganite Lao.sSt;.sMnO4 was performed.
Figure 1.6(a) reports the dynamics of melting the AFM and charge/orbital orders after the
resonant excitation of the Mn-O stretching mode. The data was obtained by measuring the
intensity changes associated with certain super-lattice reflections. Considering the nonlinear
coupling, an A, symmetry Jahn-Teller mode, which is distorted in the equilibrium state,
relaxes due to the excitation of the B, mode. Consequently, the ordering of orbitals and spins

is destabilized, which is evidenced by the diffraction measurement.

4

Relative Intensity (%)

Orbital (1/4 1/4 0)
Magnetic (1/4 1/4 1/2)

-
o

1 1 a 1

A A 1 i
0 20 40 60

Time Delay (ps)

Figure 1.6. (a) Melting of antiferromagnetic and charge/orbital order in manganite Lao sSr1.sMnQOs after
MIR excitation. (b) Top: in-plane charge/orbital order in the equilibrium state. Bottom: displacement of
the oxygen atoms associated with the Jahn-Teller mode. Adapted from [20].

1.2.2 Vibrational control of ferroelectricity

It is evident that vibrational excitation of IR-active phonons can be exploited to induce
metallicity in perovskites [1][2]. In this section, such phase control technique is extended to
manipulate the ferroelectric properties in complex solids. As aforementioned, light-induced

ferroic properties have been theoretically predicted by vibrational exciting the system. Via an
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1.2 Controlling electronic properties in perovskites

anharmonically coupled Raman-active mode, the tensors for ferroelectric polarization and

magnetization could be directly coupled to, modifying the ferroic phases [22].

Previously, the vibrational excitation of high-frequency optical phonon was proven to
unfold the hidden ferroelectric phase in paraelectric materials [3]. On the other hand, the
ferroelectric polarization in the ferroelectrics, typically controlled with static or pulsed
electric fields, could also be manipulated via vibrational excitation of high-frequency phonon

in LiNbOs3, demonstrated by R. Mankovsky et al. [9].

> 1.0
=
7]
c &
g L\
= s
T T e
n % § 2
- 05 A \ : T 10 mJ/cm
9] El S ad 2
.‘_E L ye 25 mJ/em
§ .-:: Y 4 Y 95 rnJ/cm7
o LY .8 N

YA Nk
= 0 WA

0 0.5 1.0

Time Delay (ps)

—_

CCD y-axis

Above threshold

Normalized SH interference

0 0.5 1.0
Time Delay (ps)

0 0.5 1.0
Time Delay (ps)

Figure 1.7. (a) Left: the atomic motion of the ferroelectric mode QOp and double-well potential V(Qp,
Oir) along the mode direction. (b) The solution to the coupled equation of motion below and above a
certain threshold. (¢) Time-resolved second-harmonic intensity normalized to the value before
excitation. (d) The time-resolved measurement of the interference fringes (integrated along x direction
on CCD) shows a transient © phase shift after the THz excitation. Reproduced from [9].

The atomic motions of the ferroelectric mode in LiNbO; are sketched in Figure 1.7(a).
The equilibrium energy potential of the ferroelectric mode has a double-well feature along the
coordinate Qp, and the value of Qp will take one of the minima. Considering the cubic
nonlinear coupling between the driven IR-active mode and the ferroelectric mode, the total

lattice potential is given by
4 __1 2021 4 4 1.2 72 _ 2
(Qp,Qrr) = 400pr + 4_CPQp > wirQir — aQirQp

(1.9)

For finite displacements Q;g, this minimum is first displaced and then destabilized as Qg
exceeds a threshold, as depicted in the right panel of Figure 1.7(a). Notably, even though the

authors only take the Q% term into account for the energy potential of the driven phonon
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1. Vibrational phase control of strongly correlated electron materials

mode, the contributions from the higher-order terms (i.e. Q) should however be considered
as well when the coordinate of the IR phonon is driven to large-amplitude (see Ref. [16] by

A.v. Hoegen et al. for more details).

The corresponding dynamics of the two modes will be governed by the rewritten

equations of motion as
Qir + VirQir + 0izQir = 2aQpQig + Z* (1), (1.10)
Qp +vpQp — 203Qp + cpQp = aQfz. (1.11)

Figure 1.7(b) reports the solution to the equations. The ferroelectric mode Qp is driven to

lower values and the polarization reverses permanently above a certain threshold.

Experimentally, time-resolved, phase-sensitive, second harmonic (SH) generation
measurement following the 19-THz excitation was also performed. In Figure 1.7(c), the time-
resolved SH intensity of the probe pulses at selected pump fluence F is reported. Further,
when the pump fluence F < 50 mJ/cm?, a reduction in SH intensity to a finite value within
approximately 200 fs. In contrast, when pump with ' ~ 95 mJ/cm?, the SH intensity vanishes

completely twice in the vicinity of an intermediate value before relaxing to the equilibrium.

In addition, the time-dependent interference of the SH field was measured by impinging
the pump-induced SH pulse with a reference SH pulse generated in a non-excited crystal on a
CCD camera. After excitation, the SH intensity first reduced with a constant phase. At zero-
time delay, the phase of the second-harmonic field flipped by 180°, as revealed by a sudden
sign change of the interference fringes. Within this time interval, the polarization was
transiently reversed. The vibrational control of the polarization reversal on sub-picosecond
timescale can be potentially used to manipulate the complex functionalities in materials. In
another perspective, since the reversal of the ferroelectric polarization can be induced in both

directions, it is promising to build nonvolatile ultrafast memory units [9].

1.2.3 Light-induced superconductivity in high-Tc cuprates

In this section, the vibrational phase control technique using intense THz pulses is exploited
to promote the equilibrium superconducting phase and understand the interplay with
competing orders. Time-resolved THz spectroscopy has been exploited to capture the phase

information in ultrafast timescales. Besides, the dynamics of underlining stripe orders and
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1.2 Controlling electronic properties in perovskites

transient structure modulation were revealed by the time-resolved x-ray diffraction

measurement.

Melting the competing order in the stripe phase of single-layer

cuprates

Superconductivity was found in layered perovskite La,\MxCuQO4, where M = Ba, Sr, Ca in
1986 [107]. Experimental results over the past decades show that in the CuO: planes there
exists modulation of charge and spin density, which is often referred to as the stripe orders.
The stripe orders not only compete with the static superconducting condensations, but also
frustrate the interlayer coherent transport in a fashion of 90° rotation of the orientation
between periodic stacking of CuO, layers (Figure 1.8(a)) [4][5]. For example, the schematic
phase diagram and crystal structure (inset) of La;sxEuo2Sr«CuQOs are displayed in Figure
1.8(b). The stripe phase becomes static at a distinctive doping x=1/8 and completely quenches
the superconducting state. So far, the coexistence and competition between superconductivity,

stripe order and structural distortion are still puzzling in high-T. cuprates [12].

’
deccccdecccccata iR - - - - -
\

T P
0.125 ) 0.2
Doping (x)
1.0 W‘ 1.0 o %
0o R -
o R 05 o o P ’,w’,, ° t=5ps
w 5 wr o~
== o= 5K M ~ 2 045! )
§ 06| —9— 4K $ 06| ——10K = o 8|
w w S | e 10
Optimally Doped Stripe Ordered 0.40 Light-induced @ Y
Lsco, , LESCO,, | Lesco,, PO
0.2 0.2
50 60 70 50 60 70 40 60 80
Frequency (cm™) Frequency (cm™) Frequency (cm")

Figure 1.8. (a) Schematic drawing of the charge, spin, lattice arrangement within a CuO: plane. The
periodic stacking of such CuO: planes is illustrated in the lower panel with a 90° rotation between
adjacent layers. From Ref. [5]. (b) Schematic phase diagram and crystal structure (inset) for Lais-
xEu0.2SrxCuOs4. (¢) Equilibrium c-axis reflectivity of Lai.saSro.16CuO4 below and above Te ( Te ~35 K).
Josephson plasma resonance (red) appears in the superconducting phase. (d) Reflectivity of non-
superconducting Lai.675Eu02Sr0.125CuOs at 10 K. (e) Light-induced in reflectivity edge in
Lai.675E00.2Sr0.12sCuO4 by THz excitation at 10 K. Reproduced from [4].
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1. Vibrational phase control of strongly correlated electron materials

In the experiment performed by D. Fausti ef al. the vibrational excitation of optical
phonons was first applied to induce a superconducting-like state in a non-superconducting
compound La; ¢75Eu02S10.125CuO4. In high-T. superconducting cuprates, a prominent feature
of the superconducting state is the Josephson plasma resonance showing in the THz frequency
reflectivity perpendicular to the CuO, planes. As a related example, Figure 1.8(a) depicts the
reflectivity of La;g4S10.16CuOs in the THz frequency range below and above the thermal
superconducting transition temperature (Tc ~ 35 K). Compared with the reflectivity in the
normal state (black), a clear reflectivity edge at 60 cm™ appears below T. (red) as the

signature of interlayer Josephson tunneling of the Cooper-pairs.

In contrast, in the investigated sample Lais75Eu02Sr0.125CuQ4, the insulating phase
persists even below 10 K, showing no feature of Josephson plasmon shown in Figure 1.8(d).
Remarkably, short after the resonant excitation the Cu-O stretching phonon mode in the CuO,
planes at 20 THz, a clear plasma edge in the reflectivity shown up indicating the emergence
of a nonequilibrium superconducting-like transport, which is reported in Figure 1.8(d). The
light-induced plasma edge was measured to be at the same frequency as La;g4Sr0.16CuOy4 at

equilibrium.

Another reporter of light-induced superconductivity was the transient optical
conductivity. At equilibrium, the imaginary part of the optical conductivity o, exhibiting a
1/o behavior in the low-frequency THz regime, which acts as a reporter of the superfluid
density and the capability to expel the interior magnetic field of a superconductor. In the
light-induced state, the transient o, also showed a 1/w divergence in the low-frequency THz
range, which evidence the emergency of a transient superconducting correlation above the

equilibrium critical temperature.

To investigate the microscopic mechanism of the light-induced superconductivity in
layered cuprates, a study of the transient structural change after the resonant excitation of the
optical phonon was conducted. In resonant x-ray diffraction measurement, the dynamics of
the stripe phase at (0.24 0 0.5) and the LTT distortion at (001) during the same vibrational
excitation were monitored in quantitatively related La, s7sBao.12sCuO4 through near the oxygen
K-edge [5]. The dynamics of the peak intensity of the stripe phase are reported at the top of
Figure 1.9(a). Nearly 70% decrease of that peak indicates the melting of the stripe order
within 1 ps, which is consistent with the time scale of the onset of the light-induced
superconductivity in Laj¢7sEu02Sr0.125CuOs. However, the modulation of the LTT phase
(bottom) is much weaker and slower. A DFT calculation of the possible lattice distortion in
the parent LaCuO4 compound induced by the driven IR-active mode is plotted in Figure

1.9(c-d).
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Figure 1.9. (a) Light-induced dynamic of the charge stripe order diffraction peak in LBCOus. (b)
Corresponding changes in the intensity of the diffraction peak associated with the LTT distortion in the
same crystal under the same excitation conditions. Red lines: exponential fits with corresponding time
constants. (¢) Sketch of the atomic displacements of B;; Raman mode in LaxCuOs. (d) Differential
energy potential of the coupled Raman mode through quartic coupling. Taken from[5] [21].

As aforementioned, the cubic coupling is forbidden by symmetry in LaCuO, [21], but a
distortion into a lower crystal symmetry could be induced through the quartic nonlinear
coupling QA% Q3. This coupling term could be sizable and distortion in the crystal structure
could be induced if the amplitude of the IR-active mode is driven above a critical threshold.
Possibly, the pump fluence at 2 mJ/cm” used in this experiment was below this threshold,
which could only result in a tiny modulation of the crystal structure by other processes. Note
that the LTT distortion plays a minor role in this process, excitation at near-infrared and
optical wavelengths has also been observed to induce enhancement of superconductivity in
striped compounds of the La».\Ba,CuO4 family [161]. Overall, these observations suggest that
the vibrational excitation of the Cu-O stretching mode induce a nonequilibrium

superconducting-like state in the stripe phase by melting the competing orders.

Enhancing the Josephson tunneling in bilayer cuprate

Light-induced superconductivity has also been observed in high-T. bilayer YBa,Cu3Og:x
compounds in their equilibrium pseudogap states following the vibrational excitation of the

optical phonons. Figure 1.10(a) displays the crystal structure of YBa,CusOg s with conducting
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1. Vibrational phase control of strongly correlated electron materials

CuO; layers separated by the insulating Yttrium layers. Similar to the single-layer cuprates,
Josephson plasma resonance appears in the THz reflectivity spectrum when the system
becomes superconducting below T. ~52 K. Along the crystal ¢ axis, nonequivalent CuO>
bilayers are intrinsically stacked, leading to the appearance of two Josephson plasma edges in

the reflectivity accompanied with peaks at the plasma frequencies in the energy loss function
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in the superconducting state (Figure 1.10(b)).
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Figure 1.10. (a) Crystal structure of bilayer YBCOs.s. (b) The reflectivity of YBCOe.5s along the crystal
¢ axis. Two longitudinal plasmons are highlighted with shadows. (¢) Loss-function at 100 K with (red
shadowed) and without (dashed) the vibration excitation of the apical-oxygen mode, indicating the
enhancement of the inter-bilayer coupling. (d) Same quantity as (c), but in a higher frequency range. A
reduction of intra-bilayer coupling is evidenced. Reproduced from [6].

Again, ultrafast THz spectroscopy has proven to be an effective probing method in
recognizing the superconducting coherence in the transient light-induced state. A series of
measurements have been performed on YBa;CuszOs:x by monitoring the transient optical
properties following the resonant excitation of the apical-oxygen stretching phonon mode
along the crystal ¢ axis. For example, Kaiser et al. demonstrated the enhancement of the
Josephson tunneling in the superconducting state below T, after the excitation of the apical-

oxygen stretching mode with broadband THz pulses polarized along ¢ axis [11]. Further, in
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1.2 Controlling electronic properties in perovskites

the normal state, a light-induced plasma edge at 1.5 THz appeared, indicating the emergence
of the superconducting response after the THz excitation. Such vibrational control of the
superconductivity has been observed in various of compounds with different doping levels.
Another THz measurement by probing the broadband mid-infrared to THz frequency range
was performed by Hu et al., in which the dynamics of both the longitudinal Josephson
plasmons can be characterized [6]. As shown in Figure 1.10(b), the two Josephson plasma
resonance locate at 30 cm™ and 450 cm™ in the reflectivity below T. as highlighted. There are
also clear features in the energy loss function (-/m(1/€)), which can be the reporter of the

coupling strength of the inter- and intra-bilayer Josephson junctions.

Figure 1.10(c-d) summarizes the experimental observations in terms of the change in
energy loss functions. About 1 ps after the THz excitations, a peak appears at 50 cm™ in the
energy loss function at 100 K, indicating the emergence of a transient Josephson plasmon. In
the meantime, a red-shift in the loss function of the higher frequency plasmon revealed a
transfer of coherent spectral weight of superconducting carriers from the intra-bilayer to the

inter-bilayer Josephson coupling (see Figure 1.10(d)).
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Figure 1.11. (a) Relative changes in the diffracted intensity of (-2-11) and (-204) Bragg peaks in
YBCOss following the MIR resonant excitation. (b) Sketch of the reconstructed transient crystal

structure at the peak signal. The redistributed layer distance of the Josephson layers is evidenced.
Adapted from [13].

Notably, the emergence of the light-induced superconducting-like state is observed in the
pseudogap phase, in which the precursor of the superconducting phase exists. The optical
measurement in the THz range indicated an enhancement of the inter-bilayer Josephson

tunneling at the expense of the intra-bilayer coupling, which could be interpreted if there is a
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1. Vibrational phase control of strongly correlated electron materials

microscopic redistribution of the intra-bilayer and inter-bilayer distance following the THz
excitation. To verify the speculation, a femtosecond hard x-ray diffraction experiment was
carried out by R. Mankovsky et al. to investigate the connection between the lattice structural
change and the light-induced superconducting-like state in YBCOgs [10]. Overall four
diffraction peaks were measured at 100 K using 50 fs x-ray pulses [13]. Typically, an increase
and decrease of the (2-11) and the (-204) peaks were recognized following the resonant
excitation of the out-of-plane Cu-O B, mode. Interestingly, the recovering time of both peaks
is consistent with the lifetime of the transient superconducting-like state obtained from the
terahertz experiments, which indicates a direct link between the light-induced coherent state

and the transient lattice deformation.

A plausible explanation based on the coupling between the driven B;, mode and another
A, Raman mode was proposed by the authors. Sizable displacement of the crystal lattice was
predicted along the coordinates of the coupled Raman mode induced by vibrational excitation.
The red curves in Figure 1.11(a) are the fits with the amplitude of the B;, phonon as the fitting
parameter. According to the sign and size in intensity change, the lattice distortion can be
concluded. In Figure 1.11(b), ~2.1 pm decrease of the inter-bilayer distance and increase of
the intra-bilayer distance were evidenced, while the distance of the apical-oxygen ions and
copper atoms is reduced. The lattice dynamics can be interpreted in a picture describing the
modulation of Josephson coupling of the intra- and the inter-bilayers. The decrease in inter-
bilayer distance is supposed to enhance the tunneling between bilayers, corresponding to the
emergence of the JPR in the low-frequency THz range. Furthermore, the increase in intra-
bilayer distance can be associated with the observation by Hu et al. that the inter-bilayer

tunneling is enhanced at the expense of coherent intra-bilayer coupling [6].
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Summary

Summary

Intense mid-infrared light fields can be used to drive complex solids into transient crystal
structures and hidden phases, which are not achievable at equilibrium. Experimental
observations  including  vibrationally-induced  metallicity,  ferroelectricity,  and
superconductivity in transition metal oxides highlight the success and significance of this
novel approach. Time-resolved x-ray crystallography has been exploited to gain insight into
the nonequilibrium crystal structures, which potentially linked to light-induced phenomena.
Theoretically, the anharmonic coupling between different vibrational modes is the key to

understanding the connection between the structural changes and the light-induced phase.

Notably, strong-field THz light fields have shown the edge in controlling the phase of
complex solids by exciting optical phonons higher than 15 THz. However, perovskite
materials such as cuprate YBa>Cu3Oss and manganite Py7Cao3sMnQO, exhibit further lower-
frequency vibration modes in the so-called “THz-gap” between 5 and 15 THz (Figure 1.12),
which could be used to control phases and induce new physical processes. Due to the strong
absorption in nonlinear crystals, it is difficult to drive these modes to a large-amplitude with
the THz fields generated from the table-top laser source. The realization of vibrational phase
control via resonant excitation of the low energy vibrational modes becomes the goal of this

thesis.
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Figure 1.12. Optical conductivity along ¢ direction in (a) YBa2CuszOss and (b) Pro.7CaosMnOs. The
phonons investigated previously are highlighted in grey. Low energy phonons in the THz-gap range are
highlighted in red. Insets, crystal structures for YBa2Cu3Oe.5 and Pro.7CaosMnOs [1].
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2. Generation of intense narrowband CEP-stable THz pulses

Chapter 2

2. Generation of intense narrowband

CEP-stable THz pulses

In this chapter, I will first review the basic principles of intense THz generation. Then, I will
give the details on the narrowband THz generation based on chirped-pulse frequency mixing
in large-piece nonlinear organic crystals. This principle was used to achieve vibrational phase

control of the high-T, cuprate superconductor presented in Chapter 4.

2.1 Basic principles of intense THz pulse generation

Due to the development of high-power ultrafast laser techniques, scientists are able to
investigate the dynamics of materials on femtosecond and even attosecond time scales [36].
Ultrafast THz spectroscopy is a powerful state-of-art technique to study both the linear and
nonlinear response of complex materials [37]. Intense THz light sources are effective in
driving the materials into nonlinear regimes because of their strong electric field. For different
applications, desired THz light fields can be achieved either by Free-electron lasers or

frequency-mixing in nonlinear optical crystals.
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2.1 Basic principles of intense THz pulse generation

2.1.1 Free-electron lasers

Free-electron lasers (FELs) are large facilities, which can produce tunable, brilliant, and
coherent high-power radiation with the wavelengths spanning from the far-infrared to hard x-
rays. Figure 2.1(a) sketches the FEL-based THz source (ELBE) in Dresden-Rossendorf,
which contains three main components: accelerator, undulator and optical resonator [40]. The
high-energy electron bunches from the accelerator are steered into the undulator by a magnet.
The wiggling electrons are confined in an optical resonator to enhance the interaction of
photons and electrons. This FEL can be operated in the range of 18-250 microns wavelength

with pulse energy between 0.01 to 2 uJ and pulse duration from 1 to 25 ps [40].
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Figure 2.1. (a) Schematic view of the free-clectron laser in the FZD. (b) Measured spectrum of the
FEL at 150-um wavelength. (¢) The Electro-optic sampling of the free electron laser pulses in a ZnTe
crystal. The FWHM of the Kerr signal reveals a pulse duration of ~ 16 ps. Taken from Ref. [40].

However, FELs cannot provide few-cycle THz transients with a controllable carrier
envelope phase [43]. Besides, the tuning of the operation frequency in FELs is quite difficult.
So far, it is impossible for most of the scientists to have unlimited access to the FELs THz

sources.
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2. Generation of intense narrowband CEP-stable THz pulses

2.1.2 Frequency mixing in nonlinear optical crystals

Unlike the FELs, the laser-based THz sources are more compact and able to generate CEP
stable pulses. Field strength of up to 100 MV/cm can be achieved by exploiting difference
frequency generation (DFG) or optical rectification (OR) processes in nonlinear crystals.

Basic principle of these two nonlinear processes will be discussed below.

The polarization induced P; in general nonlinear materials can be described as a function

of the applied electric field £

1 2 3
P = eox{ B+ eoxinEiEr + oXimEiEE + .. 2.1)

where " denotes the linear susceptibility, while ¥® and ¥® correspond to the nonlinear
susceptibilities of the second and the third order, respectively. The susceptibility tensor
coefficients are dependent on the frequency of the involved interacting electric fields £. Then

the induced polarization can be separated into two contributions
Pi=PL+PNL (22)

where P; and Py; represent the linear and nonlinear response, respectively. If we only take
the second-order nonlinear term into consideration and omit the spatial and temporal

dispersion, Py, can be written as
2
Py, = SOXi(jlejEk = 2g0derrE(w1)E(w2) (23)

where E(w,) and E(w,) denote the interacting electric field with frequency at w; and w,.
Figure 2.2 illustrates the two principle second-order nonlinear processes, which are sum-

frequency generation and difference-frequency generation.

Difference-frequency generation (DFG)

I will focus on the DFG process, in which the difference frequency of the interacting electric
field E(w4) and E(w,) lies in the THz range. For efficient generation at w; (or wry,) the

phase matching condition Ak = 0 should be well satisfied
Ak = kTHz - (k] - kz) (2.4)

where krx. stands for the wavevector of the THz beam; &; (i = 1,2) are the wave vectors of the

interacting optical fields. The phase-matching condition can be quantified by the coherence
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2.1 Basic principles of intense THz pulse generation

length /., which defines the maximum interacting length in the nonlinear crystal. In the

simplest collinear geometry, the coherence length is given by

T 1,n n Ny —
le = - = - (GHz_ 21y 72)-1 (2.5)
|Ak| 2 “ATHz A Az
a b C
Sum-frequency generation
Kk, ko

o W3 =W + W
2 [ o] o k
w2 3
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Figure 2.2. (a) Schematic illustration of two principle second-order nonlinear processes: sum-
frequency generation and difference frequency generation. (b) Corresponding photon energy
conservation. (¢) Corresponding wavevectors satisfying the phase-matching condition. Adapted from
[49].

In addition, (2.5) can be simplified in the case THz generation, in which the refractive

index dispersion is relatively small. With n; = n; + (0n/04)(A2 — A1), (2.5) can be rewritten by

lc =2z (2.6)

2(nryz — ng)

where n, = n; — (0n/04)A; denotes the group index of the optical wave. In the best phase-
matching condition and ignoring the pump-light absorption, the conversion efficiency is given
by [50]

n — 0FzdF 1L o ex (_ “THzL) (Sinh (“THzL/‘U)z
THz 2e0c3ndnry, 2 aryzL/4

(2.7)

1 . . . .
dryz = Znér accounts for the NLO coefficient for THz generation which scales with the

electro-optic coefficient r. L, Iy, ary: and ny denote the length of the crystal, the pump
intensity absorption, coefficient at the THz and optical frequencies, respectively. The figure

of merit (FOM) for THz-wave generation FM THz can be defined as

d? nér2
FMpy, = SH2 = = (2.8)
NgNTHZ 16nryz
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2. Generation of intense narrowband CEP-stable THz pulses

Difference frequency generation in semiconductor emitters

Most of the vibration modes in solids are exhibited in the MIR frequency range. Novel OPA-
based laser sources have been used to generate widely tunable multi-cycle MIR-THz pulses
via DFG in semiconductors, such as GaSe and AgGaS,. Transmission in GaSe crystal is
almost flat in a broad frequency range above 15 THz, below which good phase matching
couldn’t be reached due to strong phonon absorption in the materials. Efficient MIR
generation up to 70 THz can be phase-matched by tuning the angle of GaSe. The energy band
gap of GaSe is typically ~ 2.1 eV (~ 590 nm), so that pump wavelength longer than 1180 nm
is required in the DFG process in order to avoid two-photon absorption. On the other hand,
AgGaS; crystal has a higher bandgap at 2.75 eV (~ 450 nm), in which the two-photon
absorption will only be pronounced when the pump is shorter than 900 nm. Laser pulses at 1
pm wavelength delivered from Yb: YAG amplifier system, can be used to directly pump

AgGaS; and better energy conversion efficiency can be achieved.
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Figure 2.3. (a) Intense MIR setup based on frequency mixing in GaSe crystal. S, sapphire window;
WL, white-light seed for OPA1 and OPA2; DFG, non-collinear difference frequency mixing of both
OPA outputs. (b) Real-time transients and (¢) normalized amplitude spectra for widely tuned center
frequencies, generated by DFG of the signal waves of both OPAs. Emitter: GaSe (length: 140 pm, all

solid curves) or AgGa$S: (length: 800 um, broken curve). Adapted from Ref. [43].

For broadband tunability, the most straightforward way is to tune the energy difference
of the signal and idler beam of the OPA and mix them in nonlinear crystals. Pulse energy up
to hundreds of puJ can be achieved based on Ti:sapphire or Yb: YAG amplifiers. However, in
this parametric process, the signal and idler are not mutually phase-locked, so the carrier
envelope phase of the generated pulses is not controllable. Difference frequency mixing
between the signal waves of two optical parametric amplifiers (OPAs) seed by the same white
light continuum can generate CEP-stable THz pulses with field strength up to 100 MV/cm
[43]. In Figure 2.3, by fixing the pump wavelength at 1.1 pum and varying the signal
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2.1 Basic principles of intense THz pulse generation

wavelength between 1.1 um and 1.5 pm, waveforms with carrier frequencies spanning from
10 to 72 THz has been generated. Peak fields up to 108 MV/cm and pulse energies as high as
19 wJ has been achieved with type-II DFG in this material.

Optical rectification (OR)

The optical rectification process is a special situation for the DFG process with the two
interacting electric fields oscillating close to a degenerated frequency. Instead of using two
pump beams, THz radiation is generated via optical rectification by pumping the nonlinear
crystal with a single broadband pump pulse. A near transform-limited ultrashort laser pulse in
the sub-picosecond range intrinsically occupies a broadband spectrum, within which different
frequencies components can mix with each other in a nonlinear material and produce a

broadband THz pulse.

In the perfect phase-matching condition with the plane-wave approximation, the
conversion efficiency of the generated THz wave is simplified as
0FyzdFnzL*lo 1

NTHz = = FMTHZ(‘)%HZIOLZ (2.9)

3,2
2&9c3ngnry, 2¢gqC3

Table 2.1 Relevant properties of widely used materials for THz generation via optical rectification.
The parameters showing here are refractive index 7, and group index g at the pump optical wavelength
A; refractive index nzx: in the THz range; the electro-optic coefficient r; the NLO coefficient drz: and
the figure of merit FMtu, for THz-wave generation FMrn: [49].

Material  n, ng  nrTHZ r drHz FMrH, A
(pm/V) (pm/V)  (pm/V)*  (nm)

DAST 213 226 ~23 47 240 5600 1500
DSTMS 2.08  2.19 ~22 50 230 5800 1500
OH1 2.16 233 ~23 52 280 7500 1300
ZnTe 2.85 32 ~3.2 4 66 170 800
GaP 312 336 ~3.35 1 24 17 1000
LiNbOs 2.16 222 ~5.0 30 160 1100 1000

Relevant properties of widely used materials for THz generation via optical rectification
are listed in Table 2.1. ZnTe and GaP have much lower electro-optic coefficients compared to
the best inorganic electro-optic crystals such as LiNbOs. Assisted by the pulse-front-tilting

technique, the phase-matching condition is dramatically improved and up to hundreds of pJ
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2. Generation of intense narrowband CEP-stable THz pulses

THz pulses can be achieved [52]. Compared with inorganic materials, molecular organic
materials are attractive due to large nonlinear susceptibilities, ultrafast response times and
almost unlimited design possibilities [63]. Efficient THz generation in organic crystals DAST,
DSTMS, OH1 can be phase-matched using pulses between 1300 and 1560 nm. Laser sources
such as optical parametric amplifiers [71], Cr: Forsterite laser amplifiers [75][80][81] or even

cheap telecommunication fiber lasers [82] are good candidates for the pump source.

Optical rectification using the tilted pulse front technique in LiNbO3

Lithium Niobate (LiNbO3) has larger THz nonlinear susceptibility (|ds3|= 27 pm/V) [59],
which becomes a good option in strong-field THz generation. It has a much larger bandgap,
which allows high power excitation in the optical rectification process without sizable two-
photon absorption. However, the THz waves, which take the form of phonon-polariton waves
in LiNbO;, have a large phase-velocity mismatch, which makes the collinear velocity
matching impossible. Recently, the tilted pulse-front technique was introduced to overcome
the phase-matching problem by diffracting the NIR pulses off a grating. The generated THz
radiation by the tilted pulse front method will propagate perpendicularly to this front with a

velocity vry,

Vruz = Unpg * COSY. (2.10)
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Figure 2.4. (a) The pulse front of near-infrared pulses at 800 nm generated from a Ti:sapphire laser
amplifier is tilted by an angle of y to fulfill the phase matching condition. The pulse front tilting is
achieved by diffracting the beam off a grating at an incident angle of 60 degrees. (b) Characterization
of the generated THz pulse via electro-optical sampling. Inset, the corresponding Fourier transform of
the measured electric field.

The velocity matching condition can be fulfilled by choosing the angle y. Figure 2.4(a)
sketches the THz generation setup pumped by front-tilted 800 nm pulses generated by a

Ti:sapphire laser. After the diffraction from the grating, the polarization of the 800 nm beam
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2.1 Basic principles of intense THz pulse generation

is rotated 90 degrees. A lens is placed to image the laser spot on the LiNbOs crystal. The
generated THz pulse is propagating perpendicular to the crystal surface. The electro-optical
sampling of the generated THz pulse and the corresponding Fourier spectrum are presented in
Figure 2.4(b). The conversion efficiency persists with relatively high pump power and can be
further improved by cooling the crystal to reduce the THz absorption [55][56]. In the
meanwhile. the bandwidth could be narrowed down via chirped-pulse DFG in LiNbOs single
crystal [60], or periodically poled LiNbO; (PPLN) [52][60]-[62].

Optical rectification in large organic crystals

Large organic crystals with significant nonlinear susceptibility and low absorption in the THz
range open up new possibilities in THz generation. THz waves generated via optical
rectification in organic crystals has been first demonstrated in DAST crystals in 1992 and
investigated by many other researchers [63]. More novel organic crystals have been
manufactured and commercialized, such as DSTMS [69], OH1 [71], HMQ-TMS [75], BNA
[78]. The properties of widely used materials for THz generation are listed in Table 2.1, in

which the organic crystals show clear edges over the conventional nonlinear crystals.
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Figure 2.5. (a) Tabletop terahertz source based on the partitioned DSTMS. The crystal is pumped by
an optical parametric amplifier (OPA). The THz beam is separated from the residual pump by a low-
pass filter (LPF). THz electric field (b) and corresponding spectrum (c) obtained by optical rectification
in a patterned DSTMS crystal structure. Adapted from Ref. [69].

Good phase-matching condition in organic crystals requires NIR beams beyond 1 pm,
which can be obtained from optical parametric amplifier [71], Cr: Forsterite laser

amplifier[75], or fiber laser at telecommunication wavelengths [82]. In Figure 2.5, single-
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2. Generation of intense narrowband CEP-stable THz pulses

cycle THz fields up to GV/m between 1 and 5 THz can be achieved in large piece partitioned
DSTMS crystal powered by NIR pulses generated from laser-driven optical parametric
amplifier [69]. However, due to the vibration modes in the nonlinear organic material, the
strong absorption peaks for certain THz frequencies will make the perfect phase-matching
condition unreachable. One possibility to reduce the absorption is cooling down the organic
material with the cryogenic system [83]. But the usage of coolant and cryostat makes the
setup more complicated, while the organic crystals are not stable at low temperature due to

the chemical composition,

The variety of the optical properties in the THz range in different organic crystals can be
used to fill the THz-gaps. In Figure 2.6, the coherence lengths of THz generation in the DFG
process with different pump frequencies are depicted for DAST, DSTMS and OH1 crystals.
In a broad range up to 11 THz, DAST shows good phase-matching around 1400 - 1500 nm,
except for 1.1 THz. As a derivative material from DAST, DSTMS shows similar coherence
length and the phase-matching condition is quite improved around 1 THz due to heavier
anions [84]. On the other hand, OH1 has the highest figure of merit for THz generation below

3 THz with an optical pump longer than 1 pm.
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Figure 2.6. Coherence length for THz generation in (a) DAST; (b) DSTMS; (c) OHI as a function of
the pump optical wavelength and the generated THz frequency. Adapted from Ref. [49].

Different approaches based on difference frequency generation have been attempted to
reach the higher THz frequencies. Narrowband nanojoule THz pulses widely tunable between
1 and 20 THz were produced by difference-frequency mixing the signal and idler beams from
a nanosecond OPO [85]. THz pulses above 10 THz via DFG between the signal and idler of
sub-picosecond OPAs were generated in DAST [86]. Unfortunately, these THz fields are not

strong enough for the vibration phase control in complex materials.

Compared with the FEL-based THz source, intense MIR-THz pulses can be generated
via frequency mixing in the laser-based setup using nonlinear crystals. Figure 2.7 summarizes

the table-top approaches in generating intense MIR-THz pulses. Notably, due to the strong
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2.2 Demonstration of difference frequency generation in organic crystals

absorption in the nonlinear crystals, in the spectral range between 5 and 15 THz, which is

referred to as “THz-gap”, an efficient table-top source is still not available.

LNO @ DFG in GaSe/AGS

OH1

r rrrrrnrnrnrinri 1 1 1 1 1 >
01 5 10 20 30 40 50 60 THz

Figure 2.7. General table-top techniques of intense THz pulses generation. Below 5 THz, Optical
rectification are widely used in ferroelectric material (e.g. LiNbO3) and large piece of organic crystals
(OH1, DSTMS, DAST). Above 15 THz, frequency mixing using near-infrared pulses can be exploited
in semiconductor emitters like GaSe, AgGaS,. Efficient light source in the “THz gap” is still on
demand.

2.2 Demonstration of difference frequency generation

in organic crystals

Aiming at vibrational phase control of complex materials, a new approach to produce intense
narrowband MIR-THz exploiting DFG in organic crystal DSTMS using chirped near-infrared
pulses from two mutually phase-locked OPAs was investigated. This was used to generate a

narrowband tunable THz source across the THz-gap.

2.2.1 Bandwidth control in difference frequency generation

Notably, general techniques can deliver MIR-THz pulses with relative bandwidths between

10% - 30%. However, the typical linewidth of the vibrational modes (?) in complex
0

materials is in the order of only a few percent. It is crucial to reduce the bandwidth to drive
the target modes independently and effectively. One can either reduce the bandwidth of the
interacting NIR pulses or filter the generated THz with bandpass filters. However, the pulses
generated with these approaches are usually not sufficiently strong enough to effectively
excite the vibrational modes. Besides, the spectrum bandwidth of the MIR-THz pulses will
not easy to be tuned in both cases, which makes it difficult to selectively excite different

phonons. The generation of ultrashort (< 1 ps) frequency (1- 30 THz) and bandwidth (<5 %)
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2. Generation of intense narrowband CEP-stable THz pulses

tunable MIR-THz pulses with high electric field (> 1 MV/cm) is on-demand in our

experiment.
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Figure 2.8. Principle of the narrowband MIR pulse generation. (a-c) Time-frequency Wigner
distributions of the interacting NIR pulses for various chirp configurations; the THz components are
generated at the difference frequency between NIR spectral frequencies at the same time delay. Qi and
Q, are the lowest and highest MIR frequencies, respectively. (d) Corresponding MIR spectra. For
configuration (a-c). Adapted from Ref. [97].

Another approach to generating ultrashort narrowband pulses is chirped pulse DFG in
nonlinear crystals. Narrowband pulses can be efficiently generated via nonlinear interaction
between chirped broadband pulses. This approach has been demonstrated in the generation of
narrowband visible pulses via the sum frequency generation of NIR pulses with opposite
chirp [93] and narrowband THz pulses by difference frequency generation between NIR
pulses with opposite chirp [94][96].

The principle is elucidated in Figure 2.8. Two interacting NIR pulses as a functon of
time and frequency are sketched in (a-c). The generated THz spectrum bandwidth will be
determined by Q; and Q,, which are the lowest and highest MIR frequencies, respectively. In
the case of broadband generation, two NIR beams are consisted with near transform-limited
pulses, all frequency components of the two beams will interact at the same time delay with
the maximum frequency bandwidth. If two pulses are linearly chirped, the THz bandwidth
will be narrowed because the interacting frequency components are reduced. If the same

amount of dispersion is introduced to the two pulses, the narrowest spectrum can be achieved
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2.2 Demonstration of difference frequency generation in organic crystals

in (c). Schematic drawings of THz generation processes for broadband and narrowband

excitation pulses via are shown in Figure 2.9.
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W

Figure 2.9. Schematics of the generation processes for (a) broadband and (b) narrowband THz pulses.

Our approach to intense narrowband MIR-THz is DFG in the organic crystal using
chirped pulses. By stretching the near-IR pulses, we get rid of the THz light generated by the
individual NIR beam via optical rectification, which significantly improves the efficiency.
The optical parametric amplifiers, NIR stretchers and the DFG process in nonlinear organic

crystal DSTMS will be discussed in the follows.

2.2.2 Technical approaches used for narrowband THz

source

Organic crystal DSTMS

Organic crystals based on the charged chromophores and strong Coulomb interaction have
several advantages over non-ionic crystals. They have large molecular nonlinearity and a
higher tendency to override the dipole-dipole interactions, which could form non-
centrosymmetric macroscopic packing [49]. The most widely investigated crystal is DAST,
which has large second-order nonlinear optical susceptibilities xﬁ)l: (420£110) pm/V at 1.9
pm. However, it is still challenging to reduce the growing time of high optical quality DAST

with large dimensions, which usually takes several months.
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2. Generation of intense narrowband CEP-stable THz pulses

As a derivative compound of DAST, DSTMS (C»sH30N>03S) has the monoclinic space
group Cc and shows rather higher solubility in methanol. Larger pieces of DSTMS crystals
can be grown with a spontaneous nucleation method or the seeded solution growth method in
several weeks. Figure 2.10(a-c) depict large piece DSTMS, molecular structures with the

dominant sample morphology.
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Figure 2.10. (a) DSTMS bulk crystal, the large surface is the (001) face. (b) Molecular structures [90]
and (c¢) the dominant sample morphology of DSTMS [49]. (d) Terahertz refractive index and
absorption of DSTMS crystals for polarization parallel to the polar a-axis. Adapted from [92].

DSTMS is another good choice in generating higher frequency THz, due to its good
group velocity matching for broadband THz range at 1350 - 1560 nm pump wavelength
(Figure 2.10(d)). However, the melting point of the material is only 258 degrees and the
damage threshold is ~ 100 GW/cm?, which is much lower than inorganic nonlinear crystals.
So far, the only approach to high pulse energy THz generation is to enlarge the crystal size
and the lower the pump intensity. On the other hand, stretched near-infrared with much lower
peak intensity can also be used to pump the organic crystals for THz generation, which will

be discussed later.

Optical parametric amplifier system

DSTMS crystal has good group velocity matching with 1350 - 1560 nm pump pulses, which
can be effectively generated from the optical parametric amplifier (OPA) pumped by
Ti:sapphire system. The OPA system behaves as a high-efficiency frequency converter, from

800 nm to 1.3 ~ 1.55 um for the phase-matching. Two parallel OPAs work as frequency
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2.2 Demonstration of difference frequency generation in organic crystals

converters are seeded by the same white-light continuum producing signal beams with a

relatively-locked carrier-envelope phase.

In Figure 2.11(a), the optical parametric amplification process can be comprehended in
the picture of energy and momentum conservation of different photons. A pump photon
excites a virtual energy level which is stimulated by a signal photon. This results in the

emission of an identical second signal photon and an idler photon [98][99].
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Figure 2.11. (a) Photon picture of optical parametric amplification: stimulated emission of signal
photons from a virtual level excited by the pump photons. (b) Schematic of the two OPAs used in the
narrowband MIR-THz source. WLG: white light generation. DL: delay stage. Nearly 1% energy of the
6-mJ pulses is used for generating white light pulses in a sapphire plate. The generated white light is
split and seed the two parallel 3-stage OPAs. Around 3 mJ 800 nm pulses are used for pumping each of
the OPAs and approximately 0.9 mJ signal pulses can be generated in the spectra range of 1.3 ~ 1.55
pm.

For high conversion efficiency, two parallel 3-stage OPA seed by the same super-
continuum are designed in our lab. In Figure 2.11(b), about 6 mJ pulses at 800 nm with
horizontal polarization are steered into the OPA system. Nearly 1% of the energy is used for
generating stable white-light continuum in a 5-mm sapphire plate. The polarization of the
super-continuum is 90 degrees rotated. Type Il phase-matching is exploited for all the OPA
stages to take advantage of the high nonlinear susceptibility of the BBO crystals. All the BBO
crystals are cut with 8 = 29.2°,¢ = 0°. The amplification in the first OPA stage is
performed in 2-mm type-1I BBO crystals, with slightly focusing s-polarized seed pulses and
p-polarized pump pulses. The amplified signal beam from the seed is separated from the
generated idler beam and residual pump beam using metallic irises. The output pulse energy

varies from 15 pJ to 30 pJ from 1550 nm to 1350 nm.

Collinear phase-matching is achieved with collimated pump and signal beams sent to the
second and third OPA stages. The parametric amplification process takes place in 3 mm (2™

stage) and 2.5 mm (3" stage) BBO crystals, which are equally pumped by the remained
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2. Generation of intense narrowband CEP-stable THz pulses

fundamental beams. Both the OPAs deliver pulses with a maximum energy of 850 - 900 uJ
tunable between 1550 nm and 1350 nm, corresponding to a photon-conversion efficiency

around 50%, with better performance than the commercial designs.

Near-IR pulse stretching technique

The phenomenon of delaying or advancing some wavelengths relative to others is referred to
as chirp or group delay dispersion (GDD). Electro-magnetic wave at an angular frequency w

can be written in plane-wave solution:
E(w) = |E(w)|exp (iP(w)) (2.11)

where |E(w)| represents the amplitude and ®(w) the spectrum phase. (2.11) can also be

described as a function of wavevector k(w) = —
c/n(w)
?(w) = k(w)z = —= (2.12)

c/n(w)

Particularly, for an ultrashort pulse propagating in a dispersive medium, this frequency-
dependent phase can be expanded as
ad(w) 19%0(w))

D(w) = P(wo) + ——lw,(@ — wo) + -5

lw, (@ — wo)2 4+ (2.13)

The velocity of a certain monochromatic wave is defined as group velocity, which gives
Vg = [0@(w)/0w]|w,- The delay of the group velocity is defined as group delay (GD):

0P (w) _ 0k
dw |0J0 _Z£|w0

GD(wy) = (2.14)

Then the group delay dispersion (GDD) can be defined as the second-order expansion

coefficient

0%20(w) _ 0%k
20z lwo =255 lwg

GDD(w,) = (2.15)

Higher-order dispersion, i.e. the third-order dispersion (TOD), will not be discussed in this

chapter.
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2.2 Demonstration of difference frequency generation in organic crystals

For a Gaussian pulse oscillating at wg with pulse duration of t;;,, the pulse shape will
still be Gaussian after a linearly dispersive component with pulse duration 7,,;, which is
given by

GDD(wq)

Tout ~ Tin 1+ ( )2 (2~16)

Tin

Narrowband pulses THz were generated using linearly chirped pulses with different
approaches. Linear chirp can be introduced to the NIR beams propagating in highly dispersive
materials such as ZnSe, CdTe and Si [97][100]. However, there are disadvantages, for
example, the introduced chirp is fixed for certain wavelength by the length of the dispersive
materials. Further, the intensity of the propagating beam has to be lowered to avoid even
higher order dispersion and self-phase modulation (SPM). On the other hand, chirp mirror
pairs can be used to introduce linear negative chirp, however, high-quality chirp mirrors

beyond 1 wm are usually not available.

Stretchers and compressors composed of gratings or prism pairs can continuously
introduce linear dispersion. Prism pairs with transparent dispersive materials like SF-10 can
be used for a broadband spectrum range. However, compact geometry is not achievable.
Metallic gratings are widely used to compress and stretch pulses, especially in the commercial
femtosecond laser system. However, the diffraction efficiency in the range between 1.3 um

and 1.55 pum is unfortunately quite low.

Interestingly, the transmission gratings designed for telecommunication wavelengths
with low loss and high damage threshold can be used in our approach. A stretcher consisted
of four pieces of transmission gratings is depicted in Figure 2.12. This geometry is compact
and it is additionally easy to switch from broadband to narrowband generation. The total

amount of negative dispersion is described as

2.2 2
GDD(wo) = — 5 [1 = (—m == — sin (0))2] /2L, (2.17)
0 0
where o, m, A, 0, and L, denote the central frequency of the wave packet, the diffraction
order, the grating period, the incident angle on the first grating, and the separation between

each grating pairs, respectively.
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2. Generation of intense narrowband CEP-stable THz pulses
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Figure 2.12. Schematic representation of the stretcher used in the experiment. The stretcher is made by
two transmission grating pairs. The total amount of negative dispersion introduced by the stretcher is
proportional to the distance Lg between the gratings constituting a pair.
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Figure 2.13. (a) Spectra intensity of the two NIR beams with central wavelength at 1475 and 1550 nm
and ~ 30 nm bandwidth as the pump and signal in the DFG process. (b-¢) Wigner map as a function of
frequency and time for the two NIR beams before (b) and after (¢) the transmission grating stretcher. (c)
depicts the two stretched pulses with roughly the same GDD (the slope of the frequency-time trace). (d)
Beam profile after the stretcher measured with CCD camera for NIR light.

The duration of the stretched NIR pulses is in the range of picoseconds, which is much

longer than the incoming pulses (Toyt > Tin). Expression (2.16) can be simplified by
Tout © GDD/[Tip (2.18)

The duration of the output pulses 7,,; will be linearly proportional to the separation

distance L,. In the experiment, high-efficiency transmission gratings (almost 95% diffraction
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2.2 Demonstration of difference frequency generation in organic crystals

efficiency between 1.4 pm and 1.55 um) with 966.2 lines/mm and incident angle 0 of 48.3°

have been used.

In our setup, two identical pulse stretchers were used to introduce equivalent amounts of
negative linear dispersion to the signal beams from the OPAs at 1475 nm and 1550 nm
wavelengths. Figure 2.13 shows the Wigner map retrieved from SHG-FROG measurements,
without (b) and with (c) the stretchers. Without stretching, both the NIR pulses are near
transform-limited with 100 fs duration. By fine-tuning L, of both stretchers, the time-
frequency traces of the two NIR pulses can be adjusted parallel to each other, shown in Figure

2.13(c). After the stretchers, the pulses are stretched to 600 fs with GDD ~ -80000 fs*.

The far-field beam profile of the stretched beams was monitored using CCD camera. In
Figure 2.13(d), the spot sizes of both beams were adjusted to be 2 mm (FWHM) using two
sets of telescopes with perfect Gaussian shape. No hot spot is recognized due to the filtering
effect in the stretcher to the co-propagating visible light. Further stretching of the pulses can
be easily achieved by enlarging L,. The investigation of the relation between the generated

MIR-THz bandwidth and the NIR pulse length will be discussed in the following sections.

2.2.3 Results: Intense narrowband THz pulse generation

The schematic drawing of the optical setup can be found in Figure 2.14. A commercial
Ti:sapphire amplifier, delivering 800-nm wavelength pulses with 7 mJ and ~100 fs duration at
1 kHz repetition rate was used to feed the whole system. Two homemade OPAs were seeded
by the same supercontinuum to generate CEP-stable THz radiation in the DFG process [102].
Each OPA generated signal output pulses of ~800 puJ energy and ~120 fs duration, which
were tuned between 1.35 and 1.5 pm. The near-IR beams were collimated to diameters of
about 2 mm, keeping the incident fluence below the DSTMS crystal’s damage threshold of
150 GW/cm?. Efficient DFG in the nonlinear DSTMS crystal requires type-0 phase matching,
facilitated by polarizing both near-IR beams along to the crystal a-axis and choosing a quasi-
collinear geometry with <0.1° angle [101]. The generated THz fields were transmitted
through three 20-THz low-pass filters to block the residual near-infrared beams and
characterized by either Fourier-transform interferometer (FTIR) or by electro-optic sampling
(EOS) in a 100-um thick GaSe crystal. For the latter, ~50 fs gating pulses were obtained by
spectral broadening and compression of a low-energy replica of the fundamental 800-nm

beam, using a thin sapphire crystal and a prism compressor (SF-10).
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Figure 2.14. Narrowband THz setup. A Ti:sapphire regenerative amplifier serves to pump two separate three-
stage optical parametric amplifiers seeded by the same white-light continuum. The signal output pulses, tuned
between 1.35 and 1.5 um wavelength, are linearly chirped by sets of high-efficiency transmission gratings and
used for the DFG process in the DSTMS nonlinear crystal. The generated THz electric fields are characterized via
FTIR or electro-optic sampling in a GaSe crystal, the latter using ~50 fs gate pulses.
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Figure 2.15. (a) The THz electric field generated by DFG in a 480 um thick DSTMS crystal as detected via
electro-optic sampling in a GaSe crystal of 100 um thickness. (b) Corresponding power spectrum (black) and
spectral phase (red). (¢) Retrieved pulse duration from the EOS measurement (red) and the constructed transform
limit pulse from the measurement (blue).

Figure 2.15(a) shows the electro-optic sampling measurement of a CEP-stable THz
electric field generated in a 480 um thick DSTMS crystal by mixing two OPA signal
wavelengths tuned to 1475 and 1550 nm, respectively. The corresponding power spectrum
with a flat spectra phase is plotted in Figure 2.15(b), which is centered at 10 THz with <1-
THz bandwidth. The center frequency is in agreement with the difference of the two near-IR

frequencies of 209.6 and 199.8 THz.
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2.2 Demonstration of difference frequency generation in organic crystals

The retrieved THz pulse and the corresponding transform-limited pulse according to the
EOS measurement are shown in Figure 2.15(c). The THz pulse duration is calculated to be
~420 fs (FWHM), which is close to the transform-limit shown in blue. The dispersion is
reduced due to the narrow spectrum of the THz pulses, which warranties the generation of

near transform-limited pulses.

The pulse energy of the electric field transient shown above, measured by a commercial
thermopile detector (Ophir Optronics, Model 3A-P-THz), was more than 5 pJ. Two parabolic
mirrors were used to first collimate and then focus the THz beam onto the electro-optic

detection crystal. A spot size of 180 um was determined from knife-edge measurements,

resulting in a peak electric field of > 6 MV/cm (Epeqr = \/ZZOWpulse/Apulse Tpuise With Zy

the vacuum impedance, Wuise, Apuise and tuise the energy, area, and duration of the THz pulse).

The corresponding peak intensity was 46.8 GW/cm?.

2.3.4 Results: Frequency tunability and bandwidth control

These THz pulses can be frequency-tuned by changing the delay between the two chirped
near-IR pulses. To characterize the generated narrowband pulses in broad spectrum range, we
used Fourier-transform infrared spectroscopy (FTIR) (see appendix A). In our experiment, a
pyroelectric detector is applied in the FTIR measurement for its high sensitivity and wide
detecting range. A compact FTIR is placed in the vacuum chamber for THz pump spectrum
characterization. Figure 2.16 shows how different delays change the generated frequency in
the nonlinear crystal. The experimental data on the right confirms the tunability between 9.5

and 11 THz, which is limited by the bandwidth of the NIR pulses.

The central frequency of the THz fields could be further tuned by adjusting the
wavelengths of the two mixing near-IR beams. The type-0 phase-matching condition in
DSTMS is directly determined by the frequency-dependent refractive index along the
crystallographic a-axis [101]. Due to the vibrational absorption, the phase-matching
conditions for a desired THz output frequency is not only sensitive to the difference in the

near-infrared photon energies, but also the frequencies themselves.
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Figure 2.16. (a) Schematic explanation of the relationship between the delay of the two stretched NIR
beams and the central frequency of generated MIR-THz pulses [97]. (b) Normalized Fourier transform
amplitude of the generated THz transient around 10 THz at different time delays of the two interacting
NIR beams. (¢) The central frequency of the generated THz transient as a function of time delay.
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Figure 2.17. (a) Normalized FTIR interferograms and (b) the corresponding Fourier spectrum of the THz fields,
tuned by changing the difference frequency between the two linearly-chirped near-IR pulses.

Figure 2.17(a) shows the FTIR traces of THz transients tuned across a broad spectral
range below 20 THz. In Fig. 2.17(b), the corresponding Fourier spectrum confirms the
tunability between 4 and 18 THz. To achieve maximum pulse energy at a desired THz
frequency, the center wavelengths of the two NIR pulses were tuned simultaneously. For

example, efficient 4.5 THz pulse generation was realized by mixing the two signals at 1395
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2.2 Demonstration of difference frequency generation in organic crystals

and 1425 nm wavelength. The amount of chirp on the two near-IR pulses was kept constant
throughout the measurements to control the spectral bandwidth below 1 THz. The pulse
energy for these different frequencies varies between 3 and 7 uJ, due to the wavelength-

dependent THz absorption in DSTMS.
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Figure 2.18. (a) Interferograms for the THz fields generated by using near-IR pulses with different
duration. (b) The corresponding relative bandwidth Av/vo (FWHM) of the THz fields shown in (a).

The control of the spectrum bandwidth was also investigated by sending NIR beams with
different pulse duration. In Figure 2.18, the FTIR measurements for the generated THz
transients generated with different NIR pulse duration together with the relative bandwidth Av
/vy are reported. Stretched NIR pulses with 200 fs to 1.5 ps duration were used in the DFG
process and relative spectrum bandwidth down to 2% can be achieved. The relative
bandwidth Av/Ay could be further minimized by sending even longer NIR pulses. The
conversion efficiency of the THz generation could be compensated at the same level by

keeping the peak intensity the same on the DSTMS crystal.

2.3.5 Results: Carrier envelop phase (CEP) stability

The carrier-envelope phase (CEP) stability is a big asset in vibrational control of complex
materials as it enables to explore the coherent perturbation of electronic, magnetic, and
vibrational modes on the sub-cycle phonon timescale [104]. The CEP of a laser pulse is the
relative phase between the electric field profile and its intensity envelope. A schematic
explanation of carrier envelop phase offset is depicted in Figure 2.19(a). Due to the dispersion
of the ultrashort pulses, the group velocity is not equal to phase velocity, which leads to the
carrier envelop phase offset. Usually, the ultrafast pulses delivered from laser source is not

CEP stable, which needs additional device with a close loop to stabilize.
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Figure 2.19. (a) Example of carrier-envelope phase shift. (b) CEP stability characterization of
narrowband pulses. Due to the passive stabilization in the difference frequency generation process, the
recorded electro-optical sampling over 240 minutes (4 hours) with negligible drift proves the generated
pulses to be CEP stable. Inset: EOS traces measured with of 1-hour interval.

In phase-sensitive or time-resolved gating measurements like EO sampling, the
examined pulses need to have a reproducible electric field profile, which means CEP stability.
CEP stable THz pulses can be generated starting from non-CEP stable sources by using the
phase relations between the pulses involved in nonlinear optical processes. Frequency mixing

between two pulses with CEP of ¢, and ¢, generates a pulse with absolute phase given by

[103]

Qpr = @1 — @ — /2 (2.19)

In the narrowband approach, the two interacting near-IR pulses are the signals from two
parallel OPAs, which are seeded by the same super-continuum. Their carrier-envelope phases
are mutually phase-locked, which can be written in the form of ¢, = ¢, + Ag, in which Ag
is constant. Then the generated THz pulses will process a phase of Agp — m/2, which is

passively stabilized.

However, due to the environment changes such as humidity, temperature or air
fluctuation, the generated THz pulses always present a long-term drift in the CEP. If this drift
cannot be ignored, fine CEP control on one of the interacting near-infrared beams will be

needed to actively stabilize the carrier-envelope phase [105].

The CEP stability of the generated THz pulses was characterized by sampling the
electric fields over 4 hours. In Figure 2.19(b), the phase drift of the electric field of the
generated pulses is relatively small in this time interval. A quantitative analysis yields an
accumulated phase shift only about 0.14 pi (or ~440 mrad) and residual fluctuations of 0.03pi

(or ~95 mrad), which is more stable compared with the previous work [105].
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Summary

First, the common techniques of the generation of intense THz pulses have been reviewed.
Narrowband THz pulses can be produced by Free-electron lasers throughout the MIR-THz
range, however, the carrier-envelope-phase stability, flexible tunability and unlimited access
are unfulfillable. Alternatively, intense pulses below 5 THz or above 15 THz can be achieved
via optical rectification and difference frequency generation in nonlinear optical crystals,
respectively. So far, the vibrational phase control of materials in the frequency gap between 5

and 15 THz is still challenging with the conventional approaches.

To overcome the limitations, I introduced a new approach of CEP-stable THz generation
based on chirped-pulse difference frequency generation in nonlinear organic crystals DSTMS,
which bridging the “Terahertz-gap”. THz pulses with energy up to 7 pJ can be achieved by
pumping the optical parametric source with 7-mJ 800-nm pulses delivered from a Ti:sapphire
system. The corresponding conversion efficiency from the fundamental light wave to the THz
wave is around 0.1 %. The tunability can be extended to nearly 100 THz with the aid of GaSe
and AgGaS, crystals, occupying the spectrum range of the FELs THz source.

This novel narrowband THz source has been exploited for THz spectroscopy
investigating nonequilibrium physical properties of materials. This includes studying high
temperature light-induced superconductivity, which has been an elusive goal of physicists for
many years. Before these results are presented in Chapter 4, the background of

superconductivity will be reviewed in the next chapter.
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Chapter 3

3. High-temperature superconductivity in

copper oxides

Superconductivity, was first discovered by Heike Kamerlingh Onnes in 1911 while
investigating mercury at cryogenic temperature. When a material becomes superconducting
below its critical temperature, it exhibits two peculiar behaviors. First, the electrical resistance
drops to zero, indicating lossless electronic transport. Second, if the superconductor is placed
in a weak magnetic field, the flux is expelled thanks to the Meissner-Ochsenfeld effect. Over
the past decades, it has been a central topic to establish the theoretical explanation of the
microscopic mechanism of superconductivity. In the meantime, many experimental
investigations have been undertaken to increase the critical temperature of the
superconducting state by either fabricating unconventional materials or by investigating

existing compounds in extreme conditions, for example using high pressure techniques.

Before the discovery of cuprate superconductors, the highest achieved superconducting
transition temperature was below 40 K. In 1983, Bednorz and Miiller started to investigate
the so-called oxide superconductors. The idea was to create conducting oxides containing
Jahn-Teller ions, which could be characterized by strong interaction of the electrons with
local distortions of the crystal lattice. In 1986, they observed a dramatic drop of the resistivity

in samples with varying ratios of La’" and Ba®" at temperatures below 35 K [106]. Within a
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short period, many scientists confirmed superconductivity in these new types of oxides with
the form La,.\MxCuQs, where M = Ba, Sr, Ca [107]. Superconductivity was then found in the
YBa,;Cu30¢+ compounds above 90 K, which is higher than the boiling temperature of liquid
nitrogen [54]. Even higher critical temperatures were found in other cuprates like
BixSrCaCuyOs+y [108] and T1.Ba,CuszOg+, [110]. So far, the record is held by the Hg-based
copper oxide with Tc ~ 138 K at ambient pressure [111], which can be increased up to 164 K
under hydrostatic pressure [112].

In this chapter, I will first give a phenomenological introduction on the basic aspects of
superconductivity. Then [ will start introducing superconductivity in the cuprate
superconductors, describing their crystal structure, their phase diagram, and the peculiar

Josephson physics.

3.1 Conventional superconductors

After H. K. Onnes discovered superconductivity in mercury, superconducting behavior was
also recognized in other elemental (e.g. lead) and alloy superconductors (e.g. Nb-Ti). Most of
these compounds are categorized as conventional superconductors, in which the mechanism
of superconductivity can be explained by BCS theory and its related extensions. As shown in
Figure 3.1(a), through the superconducting phase transition, superconductors manifest
dramatic drop down to zero in the electrical resistance, differing from the normal metal with a
finite value. In the meantime, if the superconductor is placed in a weak magnetic field, the
interior magnetic flux will be expelled, depicted in Figure 3.1(b). The applied magnetic field
penetrate into the superconductors and the decays exponentially as B(x) = B(0)exp(—x/A.),

where B(0) and A, denote the field strength at the surface, and the London penetration depth.

Superconductors can be classified into two categories based on their magnetic properties.
In type-I superconductors, a relatively weak applied magnetic field H < H.| (H.: is the critical
magnetic field) will be completely expelled when the material is cooled below T.. However,
in type-II superconductors, two critical magnetic fields H.i and He (He < He) can be
identified. If the applied magnetic field H < H.;, the material still behaves like a perfect
diamagnet. When H. < H < H., there undergoes a mixed state of superconducting and
normal state regions, which is also referred to as the vortex state. The superconducting

material will be completely transformed into the normal state only when the applied magnetic
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field exceeds H.,. Conventional superconductors can be either type-I or type-1I. Most of the

elemental superconductors are type-I, while the alloy superconductors are usually type-II.
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Figure 3.1. (a) The resistance as a function of temperature for a superconductor (red) and normal metal
(blue). (b) Left: depiction of the expulsion of an external magnetic field B by a spherical
superconductor (Meissner effect). Right: A magnetic field is applied perpendicular to the surface
normal of a superconductor. The magnetic field decays exponentially inside the material. B(0) defines
the magnetic field at the surface. From Ref. [113]. (¢) Schematic phase diagram as a function of
temperature and applied magnetic field for Type I (left) and Type II (right) superconductors.

The pairing theory proposed by Bardeen, Cooper, and Schrieffer in 1957 describes the
microscopic mechanism of superconductivity in conventional superconductors, which based
on the -electron-phonon coupling [124]. A schematic explanation of how BCS
superconductivity appears is displayed in Figure 3.2. In metals, normal electrons carry charge.
The moving e