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Abstract

In this work, | describe experiments utilizing high-field terahertz (THz) pulses to initiate nonlinear
responses in several classes of materials. We have developed several methods for interrogating the
nonlinear THz response of materials including collinear and noncollinear THz-pump/THz-probe
spectroscopy, and THz-pump/optical probe spectroscopies including THz Kerr effect spectroscopy. We
have observed nonlinear free-carrier absorption, occurring through the saturation of free-carrier
mobility in bulk semiconductors. We have demonstrated that highly energetic electrons in the
conduction band can generate electron-hole pairs in indium antimonide, and have elucidated the
dynamics of the carrier generation process. We have observed nonlinear conductivity responses in
graphene, showing that a strong THz pulse can heat the electron distribution leading to saturable
absorption in the THz range. We have demonstrated THz-induced optical anisotropy in simple liquids,
allowing for the measurement of subsequent orientational dynamics. We have driven nonlinear
vibrational dynamics in ferroelectrics, demonstrating that the strong anharmonicity of lattice vibrational
modes can induce an anisotropic optical response. We have begun to study nonlinear vibrational
responses in molecular crystals, which is of importance in mode coupling and energy transfer processes
in the THz range. Finally, we have driven nonlinear metamaterial responses in gallium arsenide and
vanadium dioxide. In GaAs, we have shown that metamaterial properties may be tuned by an intense
THz field if the substrate material (GaAs) is changed by the incident THz pulse, and we have
demonstrated carrier multiplication locally in the metamaterial split ring resonator gaps where
substantial electric field enhancement occurs. In VO,, we have shown that THz radiation can drive an
insulator-to-metal phase transition, opening up new possibilities in the control of the states of matter
with THz fields. This work has demonstrated only a few of the capabilities made possible by the
interaction of intense THz radiation with matter, and provides a general framework to open up new
research in a nascent field.

Thesis Supervisor: Keith A. Nelson
Title: Professor of Chemistry
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Oh, the thinks you can think up if only you try!”
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Chapter 1

Introduction

The terahertz (THz = 10" Hz) region of the electromagnetic spectrum corresponds to the
frequency range of v = 0.1-10 THz (A = 3000-30 um, 1 THz =1 ps = 102 s=33cm’ =4 meV =
300 um). Light at these frequencies lies in between microwave and infrared frequencies. As a
result, technologies in this range have been limited since it is in the upper limit of what is
possible with electronics and the lower limit of what is possible with optics.

At microwave frequencies, state-of-the-art electronics can now respond on the tens to
hundreds of picoseconds timescale, pushing ever farther into the THz range [1, 2]. Optical
methods of generating and detecting THz radiation have advanced significantly as well. Though
phenomena in this range have long been observed in Fourier-transform infrared spectroscopy
[3], research at the lower frequency limits of the THz region (0.1-5 THz) had not come into the
popularity it sees today until the development of coherent broadband THz sources in the 1980s

from David Auston’s research at Bell Laboratories [4-7].
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David Auston’s work had demonstrated some of the first broadband THz sources,
including sources based on phonon-polaritons in LiTaOs;, and photoconductive (or Auston)
switches. His work pioneered both free-space and polaritonic THz generation and detection
platforms. Auston switches and all-optical methods of measuring THz pulses allow for the
determination of the full phase and amplitude of the THz electric field. This direct measurement
is not possible in other regions of the spectrum where heterodyning is necessary to back out
the phase and amplitude of a given light pulse. Auston had also demonstrated one of the first
THz time-resolved experiments studying free-carrier absorption in photo-excited GaAs on a
picosecond timescale [8].

Including free-carrier absorption, a wide variety of physical phenomena occur at THz
energies. As a result, THz spectroscopy has garnered widespread interest as a tool to
understand such processes. For example, free carriers in semiconductors can strongly absorb
THz radiation and there is a peak in the absorption spectrum of free carriers in doped
semiconductors in the THz range [9]. The hydrogen-like impurity states in semiconductors also
lie in the THz range along with intersubband transitions in confined semiconductor
nanostructures [9, 10]. In molecular systems, rotations and collective vibrations may also occur
at THz frequencies. In the solid state, THz frequencies correspond to the energy scales of
phonons, magnons—various quasiparticle entities arising from lattice, spin, and electronic
degrees of freedom [7, 11-15]. The superconducting gap spans THz energies in many
superconducting materials [16, 17] and the continuous conductivity background in several
classes of conductors (metal conductors, Mott insulators, magneto-resistive systems, etc) [18,

19] goes through the THz range.
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The wealth of systems with both specific and non-specific responses in the THz range
has opened up a wealth of research in chemistry and physics. Specifically, the dynamic THz
responses of materials following ultrafast optical excitation have been found to provide useful
insights in understanding the various systems listed above. Their studies have motivated time-
resolved THz spectroscopy, including nonlinear optical-pump/THz-probe spectroscopy [8, 18,
20]. However, studies using a THz field instead of an optical field to initiate a nonlinear change
in a material response have been largely limited by technological capabilities.

Until recently, the only ultrafast (femto- to pico-seconds) THz sources available with
enough power to generate nonlinear responses were free-electron lasers (FELs). At longer
(nano- to micro-second) timescales, with intense THz lasers (often molecular lasers and FELs),
several groups have demonstrated THz saturable absorption, dynamical carrier generation via
impact ionization, the Poole-Frenkel effect, and classical nonlinear optical phenomena such as
second harmonic generation (SHG) [21]. Recent advances in high power ultrafast THz
generation [22, 23] have enabled observation of the dynamics of the above processes at the
relevant fundamental timescales, and have opened up new possibilities due to the wealth of
phenomena at THz energies.

In the low THz range (0.1-3 THz), there have been several demonstrations of
nonlinearities in bulk and confined semiconductor structures, nonlinear vibrational absorption,
molecular orientation and alignment among other things [21, 24-28]. In the multi-THz range
(>10 THz) sometimes classified as long-wavelength IR, nonresonant and resonant effects in

semiconductors and superconductors have been observed as well [29, 30].
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An alternative to free-space nonlinear THz spectroscopy has been developed in this
work using metamaterials. Metamaterials are subwavelength structures engineered to have
particular electromagnetic responses [31-33]. Due to the scale invariance of electromagnetism,
metamaterials can be designed for any part of the electromagnetic spectrum. The strong
response of metamaterials to their environment and their ability to greatly enhance (by orders
of magnitude) THz field strengths [34] makes them ideally suited to the study of nonlinear
effects in many systems. Experiments involving the interaction of THz material responses with
THz metamaterial responses will be discussed later in this work.

In this work, | will present several experiments that have revealed novel responses
under THz excitation, probed in a variety of frequency ranges. First, | will discuss THz generation
schemes and spectroscopies that have enabled the observation of THz-induced nonlinear
phenomena. Then | will present work utilizing our techniques to study electronic nonlinearities,
vibrational nonlinearities, and finally, systems where both nonlinear electronic and vibrational
responses may be strongly coupled.

This work will demonstrate only some of the scientific capabilities that nonlinear THz
spectroscopy has allowed access to. Though still in its infancy, | believe studying nonlinear
interactions in the THz range will continue to advance our fundamental understanding of

several classes of systems of both basic scientific and practical significance.
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Chapter 2

THz Generation and Detection

The field of nonlinear optics has enabled spectroscopies in several portions of the
electromagnetic spectrum. Nonlinear spectroscopies in the mid-IR to the ultraviolet (UV) make
use of pulses generated through nonlinear optical processes—from parametric amplification [1-
3] to high harmonic generation [4, 5]. The first demonstrations of nonlinear optics followed
shortly after the invention of the laser—which provided the high intensities of light required to
drive nonlinear optical processes—in the form of second harmonic generation [6]. The first
demonstrations of optical rectification followed soon thereafter [7], forming the basis for
broadband THz generation. In this chapter, | will discuss nonlinear optical methods for
generating THz radiation, which have been incorporated in nonlinear THz spectroscopic
methodologies described later in this work. Then | will describe ultrafast methods for THz
detection in a related process—electro-optic sampling—which allows for the measurement of

the full amplitude and phase of a THz pulse.
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2.1 Optical Rectification
Nonlinear optical processes may be described perturbatively through an expansion of the
polarization, P, of a material in the light-matter interaction [8]

P(t) = yVE® +xPE2O +xPE O+ (D)
where y™ is the susceptibility, and E(t) is the electric field. Y forms the linear response term
for the polarization, which dominates the expansion at low light intensity. At high intensities,
the higher order terms of the expansion become significant. Perturbative optical nonlinearities
may be accounted for by considering the dependence of the polarization on the field. For
example, in second order processes (y(?), the polarization scales as the square of the incident
electric field.

Both second harmonic generation (SHG) and optical rectification are second order
nonlinear optical processes. Whereas SHG can be described as a process where two
interactions between the incident light field and matter give y® (2wy: w, + wy)—two fields at
a frequency wy yield one field at twice the frequency 2wy—optical rectification is a process
where two interactions between the incident light field and matter give ¥ (0: wy — wy)—two
fields at a frequency wy yield one field at ‘zero’ frequency. In the far-field, since the emitted
light must integrate to zero as a result of Maxwell’s equations, optical rectification with
ultrashort optical pulses gives rise to ultrashort pulses with bandwidths in the THz range.

Whereas SHG is a special case of sum frequency generation, optical rectification is a
special case of difference frequency generation. As a result, THz generation by optical

rectification may be thought of as a process where different frequencies within the bandwidth
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of the optical generation pulse mix, forming light at the difference frequency. As such, typical
bandwidths of ultrashort THz pulses generated by optical rectification are limited by the
generation pulse bandwidth. However, the bandwidth of ultrashort THz pulses is often limited
by the material response of the generation crystal, where strong lattice phonon absorptions
tend to give bandwidths less than the transform-limited bandwidth.

Several materials have proved useful for optical rectification, resulting in generation of
light pulses with bandwidths throughout the THz region of the spectrum. In this section, | will
describe THz generation in the nonlinear crystals zinc telluride (ZnTe) and lithium niobate

(LiNbO3, LN).

2.1.1 Collinearly Phase-Matched THz Generation in Zinc Telluride

Conventional THz time domain spectroscopy makes use of relatively weak THz pulses generated
in either ZnTe, or photoconductive (Auston) switches. In this section, | will focus on THz
generation by optical rectification in ZnTe.

ZnTe has been used for THz generation due to its nonlinear properties and the fact that
simple, collinear THz-optical phase matching can be achieved in fairly thick crystals. The second
order nonlinear polarization for optical rectification is described by

P@ = y@EE* (2)
The subsequent radiated field is related to the second order polarization by a second derivative
[9]. Since femtosecond pulses can typically be described with Gaussian envelope functions, the
resulting emitted THz electric field from optical rectification is the so-called Mexican hat

function (second derivative of a Gaussian).
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Figure 1: THz index of refraction and coherence length in ZnTe. (a) THz index of refraction from
0-4 THz. There is significant dispersion over the range due to a strong 4 THz phonon mode in
ZnTe. (b) Coherence length calculation where the phase matching is determined by the
difference between the group index of the optical generation pulse at 800 nm and the THz
index. For 1 mm thick ZnTe crystals, effective phase matching occurs up to about 2.5 THz.

As discussed above, ultrashort THz pulses generated by optical rectification are typically
limited by the material response. For the broad bandwidth that can be achieved with
femtosecond pulses, it can be difficult to phase match the entire available THz bandwidth. This
is due to strong phonon absorptions in the nonlinear crystal, which introduces significant
dispersion near phonon resonances, and which lie in the THz range. A coherence length
calculation (figure Figure 1) in ZnTe shows that it is difficult to generate THz frequencies above

about 3 THz in crystals as thick as 1 mm [10]

e

dng, (A4
Wrhz |Nopt — Aopt W — Nrpg ((1))

L= (3)
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dnopt(lopt)

where /. is the coherence length, n,,; — Aoyt i

is the optical group index (n,,; —

(9 )'O . . .
Aoptdn%(lpt) = 2.85 + 0.48 = 3.34 at 800 nm since the group velocity of the optical pulse,

and not its phase, needs to travel with the phase of the generated THz pulse), and nyy, =

2 2
\/(289.27 — %)/(29.16 — =I12) [10] is the THz index of refraction.

800 nm
100 fs

99% BS

4” EFL

LIA

pellicle N4

black PE PD2

optical block

1 mm

ZnTe 4" EFL
2” diam

Figure 2: ZnTe THz generation and electro-optic THz detection setup. A femtosecond 800 nm
optical pulse generates THz pulses by optical rectification in ZnTe. The optical beam is filtered
from the generated THz pulse with an opaque piece of black polyethylene, and an electro-optic
sampling pulse is split off early to detect the THz pulse at a focus in an electro-optic crystal. In
this case, the electro-optic crystal is ZnTe as well.

The experimental setup for THz generation by optical rectification in ZnTe is illustrated
in figure 2. Collinearly phase matched THz generation results in a straightforward experimental
setup, where a femtosecond optical pulse pumps a nonlinear THz generation crystal. After the
femtosecond pulse exits the nonlinear generation crystal, the optical pump is blocked and the

emitted THz field is directed onto an electro-optic sampling crystal for detection.
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The details of electro-optic sampling will be discussed later in this chapter. Figure 3
illustrates the results from a typical ZnTe generation scheme in a 1 mm thick crystal. The
spectrum extends to about 2.5 THz. The dips in the spectrum correspond to rotational modes of

water vapor in the air over the THz beam path.
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Figure 3: THz electric field generated in a 1 mm thick ZnTe crystal measured by electro-optic
sampling. (left) The THz electric field in the time domain from generation in ZnTe. The
oscillations after the THz pulse are from the free-induction decay (FID) of water vapor rotations
in the air. (right) The Fourier-transform amplitude spectrum of the THz pulse. The dips in the
spectrum correspond to the water rotational modes. The spectrum extends to about 2.5 THz.

THz generation in ZnTe is a straightforward method due to the collinear phase matching
considerations, yielding pulses up to about 2.5 THz limited ultimately by the phase-matching of
the optical pump and generated THz fields (due to the material response of the ZnTe
generation crystal). However, pulses generated with this method cannot provide large fields (>
100 kV/cm) unless large-area crystals are utilized [11, 12], since multiphoton absorption leads
to a saturation of the generation efficiency at higher pump fluences [13]. For efficient high-field

THz generation, we must use crystals that can generate THz radiation more efficiently. This
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requires a novel phase matching scheme in the nonlinear crystal, lithium niobate (LN), which

has a larger second-order nonlinear coefficient for optical rectification.

2.1.2 Noncollinearly Phase-Matched THz Generation in Lithium Niobate: Tilted
Pulse Front Generation

The breakthrough that has enabled nonlinear THz spectroscopies has been high-field THz
generation in lithium niobate [14, 15]. LN has a much larger nonlinear optical coefficient for
optical rectification. However, there is a fundamental problem with generating THz pulses in
lithium niobate due to the large mismatch between the phase velocity of the generated THz
pulse and the group velocity of the optical pump pulse [14, 16, 17]. This is analogous to an
acoustic wave front propagating from a body moving faster than the speed of sound. Since the
optical generation pulse propagates faster than the generated THz pulse (figure 4), the
generated THz pulse travels at an angle with respect to the propagation vector of the optical
pulse, just as an acoustic wavefront propagates at an angle with respect to a body moving
faster than the speed of sound. This is called Cherenkov radiation, and this limits the phase, or
velocity, matching in optical rectification in LN. To overcome this limitation, velocity matching

of the THz and optical pulses have been achieved with tilted pulse front (TPF) excitation.
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opt_i—cal

optical

Figure 4: Cherenkov radiation from optical rectification in LN. (@) When an optical pulse
propagates (vertical axis) through lithium niobate, the velocity mismatch between the optical
pump pulse and the generated THz pulse causes the THz pulse to propagate at an angle with
respect to the optical pulse. (b) With tilted pulse front excitation, half of the Cherenkov cone is
velocity matched with the optical by tilting the intensity front of the optical pulse with a grating.

For TPF, the optical intensity front is tilted with a grating and subsequently imaged onto
a lithium niobate prism, such that one half of the generated Cherenkov cone co-propagates
with the optical pulse (figure 4b). As a result, the generated THz radiation is coherently
summed as it propagates in the prism. An in-depth description of the generation process is

given in [18]. The TPF generation scheme is illustrated in figure 5.
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Figure 5: Tilted pulse front THz generation scheme. The intensity front is tilted by a grating. The
tilted angle is fine-tuned with a single lens. The one lens image temporally focuses the
femtosecond pulse as well as tunes the tilt angle in space to achieve noncollinear velocity
matching of the optical and generated THz pulses in the LN prism. The red lines in the width of
the beam are cartoon indications of the tilt of the intensity front of the optical pulse throughout
the setup.
With TPF excitation, THz generation efficiencies have been demonstrated to be about 0.1% in
energy, and THz pulse energies as high as 40 W with a 40 mJ 800 nm pump at 10 Hz repetition
rate have been achieved. For the nonlinear measurements described in this work, 1.5-7.5 uJ
THz pulses have generated with 5-7.5 mJ 800 nm pump pulses at 1 kHz repetition rate with
pulse durations of 35 and 100 fs. Figure 6 is a plot of a typical THz pulse generated by TPF

excitation along with its bandwidth. The bandwidth is similar to that with optical rectification in

1 mm thick ZnTe.
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Figure 6: THz electric field obtained from tilted pulse front excitation in LN. (left) The time-
domain THz electric field. (right) The Fourier-transform amplitude spectrum. The spectrum
extends to about 2.5 THz in this case.

2.2 Broadband THz Generation in a Two-Color Plasma

Optical rectification schemes for THz generation have been found to be quite useful for
bandwidths up to a few THz. However, all optical rectification methods are ultimately limited by
the material response, where phonon dispersion and absorption limit the bandwidth of the
generated THz pulses. Most efficient nonlinear optical crystals exhibit strong responses above a
few THz. However, recent breakthroughs in THz generation from a plasma in air have opened
up the THz spectrum through to the mid-IR [19-22]. Many studies have aided in the
development of ultrabroadband THz sources from an air plasma [23-26]. With this method,
there are no strong absorptions that limit the spectral bandwidth, since the generation scheme
relies on tunnel ionization where liberated electrons are accelerated in the laser field. With this
method, a femtosecond laser pulse is mixed with its second harmonic to introduce an
asymmetry in the pumping electric field which subsequently generates a local nonlinear current

in the plasma that radiates an ultrashort THz pulse. Though large peak electric fields (> 100
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kV/cm) have been measured with this method, the extreme broad bandwidth of the radiated

field results in relatively weak spectral brightness at a given frequency.

The generation scheme is illustrated in figure 7. An 800 nm femtosecond optical pulse is

passed through a barium borate (BBO) crystal to generate the second harmonic at 400 nm. The

copropagating fundamental and second harmonic are focused in air to form a plasma, where

the pulse fluence is above the ionization threshold of air. Imaging the plasma focus onto an

electro-optic crystal allows for the measurement of the emitted THz field by electro-optic

sampling. With electro-optic sampling, the detected bandwidth is limited by the gate pulse

duration (discussed in the next section) and the material response. Typically, the material

response is the main limiting factor for measurement of the detection bandwidth.
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Figure 7: Two-color plasma generation setup. A femtosecond (100 or 35 fs) 800 nm, 0.9 mJ pulse
is passed through a BBO crystal to generate the second harmonic. The fundamental and second
harmonic are focused in air to form a two-color plasma, which radiates an ultrabroadband THz
pulse. The optical light is filtered from the THz pulse with a high-resistivity silicon wafer, and the
transmitted THz pulse is measured with electro-optic detection in GaP.
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More recent studies have used the air plasma to subsequently measure the THz pulse as
well [27, 28]. In this case, since the plasma response is frequency-independent for the relevant
frequency range, the coherent detection of the generated ultrabroadband THz pulse is limited
by the gate pulse duration only.

Figure 8 is a typical THz pulse generated by a two-color plasma in air, measured with
gallium phosphide (GaP) as the electro-optic crystal. The detection bandwidth is limited by the
GaP which exhibits a strong phonon absorption near 8 THz [26]. If ZnTe is used as the electro-
optic detection crystal instead, the detection bandwidth is limited to below 4 THz (ZnTe has a
strong 4 THz phonon mode). This generation and detection scheme can be used in a non-
degenerate THz pump-probe setup where modulations of higher lying THz spectral responses

can be probed following excitation with a strong THz pulse generated in LN using the tilted

pulse front.
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Figure 8: THz pulse generated by a two-color plasma. The pulse was measured with electro-optic
sampling in GaP. The bandwidth extends to about 6 THz.
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2.3 Electro-optic Sampling

We have discussed several methods for generating ultrashort THz pulses by a variety of
methods. In this section, | will discuss the detection of ultrashort THz pulses by electro-optic
sampling. A unique feature of THz spectroscopy is the measurement of the full amplitude and
phase of the THz pulse. We can achieve this with electro-optic sampling, which relies on the
linear Pockels effect where the polarization of an optical pulse may be modulated by the THz
pulse. In the Pockels effect [8], a DC field can modulate the polarization of an optical pulse.
Since the generated THz pulse is much longer in time than the optical generation pulse (figure
9), we can use the femtosecond optical pulse to gate the THz pulse in time. The THz electric
field is averaged over the duration of the optical gate pulse (figure 9). At sufficiently low THz
electric fields, the polarization modulation is linearly proportional to the THz electric field in

zinc blend crystals [29, 30]

Al _ ~ (wn3Ey,1aq L wn3Epy,1aL
— = lim sin = (4)
I AI-0 c C

where Al /I is the difference in intensity of the two photodiodes in figures 2 & 7 normalized to
their sum, w is the optical angular frequency, n is the refractive index of the electro-optic
crystal at the optical frequency, Ery, is the THz electric field, ry; is the electro-optic tensor
element used for <110> oriented zinc blend crystals, L is the thickness of the electro-optic
crystal, and c is the speed of light in vacuum. For simplicity, small Al/I is preferred such that
linearity can be assumed. We can easily stay in the linear regime with attenuators in the THz

beam path when the THz electric field is large. The above equation has been derived

41



considering zinc blend electro-optic crystals when the THz and optical gate pulse are co- or

cross-polarized [29, 30].
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Figure 9: Electro-optic sampling measurement of the THz electric field generated by TPF. The
THz pulse is depicted in blue, and the optical gate pulse is a Gaussian with duration ~70 fs
(green). The electro-optic effect may be thought of as a quasi-DC electric field averaged over the
duration of the gate for each THz-optical gate delay time. The THz electric field can be mapped
out by variably delaying the optical gate with respect to the THz pulse.

By spatially overlapping a THz field with an optical gate (figure 2 & 7) at a recombination
optic—in this case a pellicle beam splitter that is transparent to the THz and partially reflecting
to the optical—and by variably delaying the optical gate pulse with respect to the THz pulse, we
can measure the temporal profile of the THz electric field. The polarization rotation is measured
by a balanced detection system [29, 30] where the rotated optical gate pulse is passed through
a quarter waveplate—such that the pulse is elliptically polarized, instead of circularly polarized

without any polarization modulation—and then a Wollaston prism is used to separate out the

different polarizations. Each polarization is detected with a photodiode, and the difference
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signal is the balanced polarization modulation. Since the THz pulse is optically gated, the
inherent limit in the detection bandwidth corresponds to the pulse width of the optical gate.
Typically, for optical rectification in nonlinear crystals, the material response supports a

bandwidth smaller than the bandwidth of the optical gating pulse.

2.3.1 Optical Gate Duration Effects in Electro-optic Sampling

The optical gate duration may affect the measurement of a THz pulse if the duration of the gate
is comparable to one lobe of the THz pulse. We can think of this effect as a simple convolution
of the THz electric field with the optical gating pulse: EMeasured — Erpn,QE gq¢e (figure 10).

Since the THz detection bandwidth is typically limited by the electro-optic crystal response, a

longer gate pulse yields a lower measured peak THz electric field.
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Figure 10: Effect of optical gate pulse duration on electro-optic sampling peak field. (a) An
idealized THz pulse (second derivative of a Gaussian). (b) Amplitude spectrum of the THz pulse
in (a). (c) Fraction of the peak electric field after convolution of the THz pulse with a Gaussian
optical gate pulse. The duration of the optical gate is on the horizontal axis. The vertical axis is
the fraction of the THz peak field strength given after convolution with the optical gate pulse.
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Assuming a linear response in the electro-optic detection, and since the optimal pulse
duration for the highest generation efficiency may not be transform-limited, this may affect the
guantitative measurement of peak THz electric fields (a small portion of the optical generation
pulse is typically split off to use for electro-optic sampling). For example, if the gate pulse is 200
fs and the THz pulse in figure 10a is being measured with electro-optic sampling, the measured
peak electric field will be 80% of the actual electric field (the measured field by electro-optic
sampling with a delta function gate pulse). A solution to this problem is to use shorter pulses
for electro-optic detection with compressed pulses from the oscillator seed for the laser

amplifier [31].

2.4 Conclusions

Several advances in THz generation have opened up new spectroscopic capabilities in the THz
range. In particular, nonlinear THz spectroscopy has been made possible by the generation of
high-field THz pulses in LN with TPF. We are interested in the dynamic responses initiated by
strong THz electric fields, and as a result, we can incorporate the different THz generation
schemes to design nonlinear THz spectrometers with probes throughout the THz to mid-IR and

optical ranges. These spectroscopies will be discussed in more detail in chapter 4.
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Chapter 3
Data Analysis

In the previous chapter | discussed methods for generating and detecting ultrafast THz pulses.
When interrogating samples with THz radiation, we need a way to take the measured
information (the THz electric field) and turn it into something useful. Since we measure the
amplitude and phase of a THz electric field, we can extract useful physical quantities. Typically,
these are the complex index, which by arithmetic manipulation is related to the complex
dielectric function or complex conductivity. | will focus on the extraction of the complex index
for a transmission measurement with an air reference. Then | will briefly describe how to
extract the same parameters on thin film samples. Finally, | will describe how to fit our THz

dynamic measurements to various decay functions.
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3.1 Extracting Complex Material Parameters in Transmission Experiments

For THz transmission experiments, we measure the THz electric field after it passes through a
sample and then compare the transmitted THz field to a reference field, which is typically that
of the same pulse that has passed through only air. Comparing the frequency dependent

responses after Fourier transformation allows us to extract the complex index.

3.1.1 THz Transmission

We measure the THz electric field in our experiments. The frequency dependence of the
transmission through a sample can easily be obtained by Fourier transformation of the
reference THz electric field E,..(t) and the THz field transmitted through a sample E,p, (t) by

the following expression

|[° Egam(®)e™tdt|
1[5 Epop(t)eiwtdt|

Tg(w) = (1)

where Tg(w) is the field transmission, and |f_°°ooE(t)e‘i“’tdt| is the amplitude of the Fourier
transform of the reference or sample field. The power transmission Tp(w) is simply given by the

square of the field transmission

® —iwt 2
Tp(a)) = [TE(O))]Z — |f_°o ESam(t)e dtlz
1. B et

(2)

This may in turn be related to the absorbance A(w) by

A(w) =-In(Tp(w))  (3)
In some experiments, we are interested in averaging transmission effects over the

entire spectrum, which we call the integrated transmission (T')
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[ Ekm(t)dt

()= [ EZp(t)dt

(4)

which can be related to an averaged absorption over the bandwidth (a.g) by:

1 (-1

where d is the thickness of the sample and (n) is the average index over the bandwidth given

C'Tdelay

by the time delay of the main pulse through the sample (n) = n

, where c is the speed of

light in vacuum and tyeqy is the delay of the pulse compared to that of the reference THz electric
field. The factor before the averaged transmission comes from the Fresnel equations for
reflection losses. For experiments where air is not the reference, the 1 in equation 5 is replaced

by the refractive index of the reference material.

3.1.2 Complex Index of Refraction and the Absorption Coefficient

The derivation for the extraction of the complex index from experimental determination of a
THz electric field passing through a sample is taken largely from [1]. The transmission calculated
above only takes advantage of the amplitude of the Fourier transform of the THz electric fields.
However, we can also make use of the phase of the Fourier transform to extract the full
complex index of refraction of the sample material

n=n+IiK (6)

where n is the real index of refraction and « is the extinction coefficient. If a plane wave

E(z,t) = Eye!®*?=®D js travelling through a medium with complex index 7, with k = nTw =

(n + ix) %, the intensity is given by
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. 2 lznw—zxw/c—iwt) —LGw_ZKa)+l.wt) 2 _2kwz
| <« EE* = Egje ¢ e c c =Eje ¢ (7)

k is related to the Beer’s Law (I (z) = I,e~%%) absorption coefficient, a, by

_Zrcw 3
a=— (®

In order to extract the complex index from the THz transmission, let’s look more closely at the

equation governing propagation of a plane wave through a material with complex index 7.
E(zt) = Egeitkz—ot) — Eoei[(n+ix)%z—wt] _ Eoe—x%zﬁn%z—iwt ©

Separating the time-dependent term (E,(t) = E e ~“t), we get

w ., W
E(z,t) = Eg(t)e e me? (10)
We are interested in the frequency-dependent complex index for a sample of thickness d, so
after Fourier transformation in the time domain and propagation for a thickness z = d through a

sample, we get

E(w) = Ey(w)e @ ed+in(@zd (11)
Just as in calculating the effective absorption in equation 5, we need to account for Fresnel
reflection losses at the front and back sides of our sample. The transmission coefficient for the
electric field going from a medium of refractive index n;, to a medium of refractive index n; at
normal incidence is

2ny
T=———
ny, +n,

(12)

For a given sample, there is a reflection off the front surface (n; to n,, i.e. air to sample) and the

. 2n 2n
back surface (n, to n;—sample to air), T = —— - —2

, where n; =1 for air yields
n1+n2 n1+n2
4nsam((‘))

T = Croam(@) + 12

(13)
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We can multiply the Fresnel loss term by equation 11 to obtain the THz electric field after it has

passed through the sample

_ 4nsqm (@) —k(w)2d+in(w)2d
Esam(w) = Eo(w) ((nsam(w) n 1)2> e (14)

We consider a reference THz electric field, E..f, that only travels through air

Erer = Eg(@)e'c®  (15)
which experiences no Fresnel reflection loss and which does not absorb or disperse the THz
electric field. We can now express the complex transmission as a ratio of the sample and
reference fields, as in the case when only considering the amplitude of the Fourier transformed

THz electric fields (equation 1)

Esom(w) _ ( 4ngam(w) 2) e—}csam(w)%dﬂ[nsam(w)—1]%61 = Aei® (15)
Eref((‘)) (nsam(w) + 1)

The real (dispersive) part of the complex index can be extracted from the phase term,
¢ = [nsam((‘)) - 1]%d

Mam(@) =2 +1 (16)

The imaginary (absorptive) part of the complex index can be extracted from the amplitude

_ Angam(w) ) —Ksam(w)ed
term, A4 = ((nsam(w)ﬂ)z € ‘

Ko (@) = ——In [A ((nsam(w) al DZ)] (17)

wd Anggm(w)

which is related to the absorption coefficient, a, by equation 8

¢=-2m lA <("5am(“’) i 1)2>l (18)

d ANsam (w)
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We have formulated a method to extract the complex index of refraction from THz
electric field measurements. It is worth mentioning that the real (n) and imaginary (k) parts of
the complex index of refraction are related fundamentally through the Kramers-Kronig

relationship [1-3]

nw)=1+ %foo a’f,(f,()u dow' (19)
1(* -1
k(w) = —;ﬁm%dw’ (20)

This reflects the fact that if one part of the complex index is determined across a wide
frequency range, the other part can be derived accordingly.

One practical consideration that must be taken into account when extracting the
complex index from experimental measurements is the unwrapping of the phase in the Fourier
transform of the THz electric fields. For a strongly dispersive sample, the resolution in the
frequency domain must be fine enough to ensure that no adjacent discrete frequency points
change by more than a factor of 2rr. This may be easily averted by sufficient zero-padding of

experimental data in the time domain prior to Fourier transformation.

3.1.3 Complex Dielectric and Conductivity

The extraction of the complex index of refraction from experimentally determined THz electric
fields is straightforward. However, it may be of interest at times to extract related quantities,
such as the complex dielectric function or the complex conductivity. These follow from simple
arithmetic expressions. The complex dielectric function may be calculated from the complex

index by [4-6]
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€=¢, +ie, =A% =n? —k? + 2ink (21
So it follows that the real and imaginary parts of the complex dielectric function are
€, = n? — k2 (22)
€, = 2nk (23)
We can do a similar manipulation to find the complex conductivity [4]
G =01 —i0, = —lwé = —iw(e + i€;) = we, — lwey (24)
so it follows that the real and imaginary parts of the conductivity are
0, = WE, = 2NKWE (25)

0, = we; = w(n? + k?)e, (26)

3.1.4 Extracting Complex Material Parameters in Thin-Film Transmission

We are often interested in the properties of thin films. We can extract thin film quantities in
transmission measurements as well. In the limit of high conductivity we can extract the

complex conductivity with the Tinkham formula [4, 5, 7, 8]

A ts 1
6(w) = (1+ns)t——ns—1 7 d (27)

where ng is the substrate refractive index, tf and t; are the complex transmission coefficients
(t = Et(w)/E;(w), the complex ratio of the transmitted and incident THz electric fields) of the
film + substrate and substrate respectively, Z, is the vacuum impedance, and d is the thickness
of the film. For poorly conducting thin films, the complex material properties may be extracted
using the previous expressions detailed above using the small film thickness value of the film.

However, this may lead to large errors since the film thickness values are typically quite small.
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3.2 Fitting to a Convolution

We perform several experiments interrogating the dynamics of THz pump-induced changes.
Often, the changes decay on the timescale of the THz-pump pulse itself. On this timescale, it is
important to take into account the duration of the pump pulse when extracting decay
constants. Often, the effect depends on the intensity of the THz pulse (Iyy, < EZy,). For these
measurements, we deconvolve the duration of the pulse from the subsequent dynamics by
performing an iterative least squares fit of the signal, S, to the experimentally measured square

of the THz-pump field and a decay function, D
Srie = Efp,(0)®D()  (28)

where D can be any decay or rise function. For single exponential decays, we use

D=0(MAe s (29)

for biexponential decays, we use
_t _t
D = 0(t) (Ae 71 4+ Be T2> (30)
for exponentially rising signal, we use
_t
D = 0(t)A (1 —e ) (1)
for exponentially rising signal with a subsequent exponential decay, we use
_t _t
D =0(t)|A <1 —e Tl) + Be 72] (32)

where 6(t) is the Heaviside step function, A, and B are scaling factors, and t, 17, and 1, are decay

constants.
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3.3 Conclusions

We have discussed the extraction of relevant physical quantities from measurements of THz
electric fields in thick samples and thin films. These data extraction techniques will be used

throughout this work to describe nonlinear THz spectroscopies in several classes of systems.

57



References

[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

58

B. M. Fischer. "Broadband THz time-domain spectroscopy of biomolecules: A
comprehensive study of the dielectric properties of biomaterials in the far-infrared."
(PhD) Fakultat fur Mathematik und Physik, Albert-Ludwigs-Universitat Freiburg im
Breisgau: Freiburg, Germany (2005).

R. D. L. Kronig. "On the theory of dispersion of x-rays." J. Opt. Soc. Am., 12, 547 (1926).

H. A. Kramers. "La diffusion de la lumiere par les atoms." Atti Cong. Intern. Fisica,
(Transactions of Volta Centenary Congress) Como, 2, 545 (1927).

C.-W. Chen, Y.-C. Lin, C.-H. Chang, P. Yu, J.-M. Shieh and C.-L. Pan. "Frequency-
Dependent Complex Conductivities and Dielectric Responses of Indium Tin Oxide Thin
Films From the Visible to the Far-Infrared." Quantum Electronics, IEEE Journal of, 46,
1746 (2010).

J. J. Tu, C. C. Homes and M. Strongin. "Optical Properties of Ultrathin Films: Evidence for
a Dielectric Anomaly at the Insulator-to-Metal Transition." Physical Review Letters, 90,
017402 (2003).

D. Nakamura, Y. Imai, A. Maeda and |. Tsukada. "Superconducting Fluctuation
Investigated by THz Conductivity of La;,SrySCuO,4 Thin Films." Journal of the Physical
Society of Japan, 81, 044709

M. Tinkham. "Energy Gap Interpretation of Experiments on Infrared Transmission
through Superconducting Films." Physical Review, 104, 845 (1956).

R. A. Kaindl, M. A. Carnahan, J. Orenstein, D. S. Chemla, H. M. Christen, H.-Y. Zhai, M.
Paranthaman and D. H. Lowndes. "Far-Infrared Optical Conductivity Gap in
Superconducting MgB, Films." Physical Review Letters, 88, 027003 (2001).



Chapter 4
Methods

The development of high-field THz sources capable of driving nonlinear material responses [1,
2] has led to the development of spectroscopies making use of such sources. Several nonlinear
THz spectroscopic methodologies have been developed in our lab, analogous to spectroscopies
in other, more established wavelength regimes. These spectroscopic methods include:
nonlinear transmission spectroscopy [3-5], collinear and noncollinear THz-pump/THz-probe
spectroscopy [3-5], THz-pump/optical probe spectroscopy—including THz Kerr effect
spectroscopy [6] where the polarization of the optical probe is measured—and THz field
induced second harmonic generation (TFISH) [7, 8]. In most of these spectroscopies, we are
interested in initiating a change in a material with a THz pulse and then measuring the system
response due to the strong excitation. These techniques can interrogate several types of effects
ranging from resonant to nonresonant effects, and perturbative to non-perturbative effects. In

this chapter, | will describe the experimental methodologies outlined above in detail.
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4.1 Nonlinear THz Transmission Spectroscopy
Using the microjoule THz pulses from our tilted pulse front generation scheme, we can measure

high-field effects in materials with nonlinear transmission spectroscopy (figure 1) [3-5].

EO sampling
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EFL 3" Sample EFL 4”

7.5m)
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N2 P -
|
|z
N THz 800 nm pulse for EOS
800 nm wnregrld pulse readout of THz field
generation polarizers
pulse
EFL7.5" EO N4 WP
lens LN crystal > dia EFL 75" pelicle  Crystal

grating dry air purge

Figure 1: Nonlinear THz transmission setup. The output of an amplified laser system is split into
two arms with a 99% beam splitter. The 99% reflection is used to generate high-field THz pulses
while the 1% transmitted arm is used for electro-optic detection of the THz electric field. A pair
of wiregrid polarizers is used to variably attenuate the THz pulses in order to measure field-

dependent effects.
The output of the lithium niobate generation crystal is imaged onto a sample using a flat mirror
to redirect the beam to a more convenient direction and a pair of off-axis parabolas as the
focusing optics. A second pair of off-axis parabolas images the THz pulse at the sample onto an
electro-optic sampling crystal. A time-delayed optical readout pulse is used to gate the THz field

in time, and the THz electric field coming out of the sample is measured by changing the
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relative delay of the THz and optical pulses. A pair of wiregrid polarizers at the output of the
generation crystal is used to variably attenuate the THz pulse. Frequency-dependent
transmission and integrated transmission may be determined by comparison to a reference

material—often dry air.

4.2 THz-Pump/THz-Probe Spectroscopy

When we see significant nonlinear transmission in a material, we are often interested in the
dynamics of the THz-induced change. To measure the dynamics we can use one THz pulse to
induce a change, and then a second time-delayed THz pulse to probe the changes as a function
of delay time after the initial THz excitation. These are THz-pump/THz-probe spectroscopies.

We have developed two classes of these measurements: collinear and noncollinear [3-5].

4.2.1 Collinear THz-Pump/THz-Probe Spectroscopy

For collinear THz-pump/THz-probe measurements, we generate two THz pulses that are time-
delayed with respect to one another with the same generation crystal. We do this by splitting
the optical generation pulse into two arms that are recombined on the tilted pulse front grating
at a shallow angle. The relative time delay is achieved by an optical delay line as shown in figure
2. With the tilted pulse front technique, the grating is imaged onto the lithium niobate
generation crystal to achieve noncollinear velocity matching in the generation medium. Since
the two optical generation pulses are recombined on the same spot on the grating, they are
imaged with approximately the same tilt in their intensity fronts, yielding two time-delayed THz

pulses. The THz pulses are steered to a sample and finally to an electro-optic detection crystal
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with the same four parabolic mirror setup described for the THz nonlinear transmission
measurements. The THz pulses are detected with electro-optic sampling using an optical
readout pulse that is split off earlier in the setup. Typically, large pump-induced changes are
observed by chopping the probe arm of the optical generation pulses and measuring the signal
with a lock-in amplifier at the chopping frequency. For sensitive detection of the pump-induced
changes, where small changes in the probe are expected, we can perform differential chopping,
where both the pump and probe generation arms are chopped to separate out the pump-

induced changes in the probe. This is discussed in more detail later in this chapter.

¢ EO sampling
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800 nm pulses - i and probe readout of THz field
for THz generation < pulses
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[ 7
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grating dry air purge

Figure 2: Collinear THz-pump/THz-probe setup. The 800 nm THz generation pulse is split into a
pump and a probe arm that will generation the THz-pump and THz-probe pulses respectively. An
optical delay stage delays the pump with respect to the probe, yielding variably time-delayed
THz pulses from a common lithium niobate generation crystal. A small portion of the optical
beam is split off for electro-optic measurement of the THz electric fields. Pump, probe, and both
pump and probe contributions may be observed with different chopping schemes.
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Using a common generation crystal to generate two time-delayed THz pulses presents a
problem in this technique because when the two optical generation arms overlap in time,
highly nonlinear mixing of the optical and THz pulses occurs in the generation crystal. This
obscures the dynamics near the pump probe overlap time (time-zero). As such, we may only
observe dynamics longer than about twice the THz pulse duration, or when the two generated
THz pulses are sufficiently separated in time. However, for samples with low dispersion, low
absorption, and large nonlinearity, we may overcome this limitation by observing dynamics
initiated by the round-trip reflection of the pump pulse in the material (figure 3). Another
solution to the problem, when the sample exhibits high dispersion, large absorption, or weak

nonlinear response, is to go to a noncollinear geometry.
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Figure 3: lllustration of nonlinear effects near time zero in a collinear THz-pump/THz-probe
experiment, and of THz-pump/THz-probe signal from a low dispersion/low absorption substrate
material after round-trip reflection of the THz pump in the substrate. THz-pump/THz-probe
peakscan data is shown for graphene on a fused silica substrate. The nonlinear effects in the
generation crystal are shown in red. The pump-probe signal after sufficient temporal separation
of THz pump and THz probe pulses is shown in green. Pump-probe signal initiated after a round-
trip of the THz pump pulse in the fused silica substrate is shown in blue. Since the optical
generation pulses are separated in time by 20 picoseconds in the blue region, early time
dynamics are not obfuscated by nonlinear interactions of the pump and probe pulses in the
generation crystal.
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For THz-pump/THz-probe experiments, full frequency-resolved information may be
obtained by measuring the full THz probe field with electro-optic detection. The full probe field
is measured for each delay time between the THz pump and the THz probe such that the time-
dependent evolution of the probe transmission can be determined from Fourier transformation
of the probe pulse.

Another method to measure dynamics in our pump-probe setup is to sit on the peak of
the probe THz electric field at the appropriate electro-optic sampling delay and measure its
evolution as a function of THz-pump/THz-probe delay time. We call this a pump-probe peak-
scan measurement. Pump-probe peak scans work best for samples with flat responses in the
THz range such that there is a minimal frequency-dependence to the response in the sample

material.

4.2.2 Noncollinear THz-Pump/THz-Probe Spectroscopy

For noncollinear THz-pump/THz-probe measurements, two separate generation schemes are
used. As shown in figure 4, THz pump pulses are generated by tilted pulse front generation in
lithium niobate, and the THz probe arm is generated by a variably time-delayed optical pulse by
one of several different generation mechanisms. Any collinearly phase-matched generation
scheme can be used ranging from optical rectification in ZnTe [9], two-color plasma generation
[10], to optical rectification in GaSe [11-15]. The THz pump and THz probe pulses are collimated
using two separate parabolic mirrors. Each pulse is directed onto a common large parabolic

mirror focusing each beam to the same spot where we place a sample. A second large parabolic
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mirror collimates each arm and then a second pair of parabolic mirrors individually focuses

each arm to an electro-optic crystal such that the electric field of either arm can be measured

independent of the other. Similar chopping schemes used for the collinear pump-probe setup

are also used in the noncollinear measurements.
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Figure 4: Noncollinear THz-pump/THz-probe setup. An 800 nm amplified optical pulse is split
into three arms. Two arms are used for the generation of the THz pump and THz probe pulses.
The third arm is used for electro-optic sampling of the THz electric fields. The THz pump pulse is
generated by tilted pulse front excitation in lithium niobate, and directed onto a sample with a
pair of off-axis parabolic mirrors. The THz probe pulse is generated by one of a variety of
collinearly phase-matched methods including optical rectification in ZnTe, GaP, or GaSe, or
broadband generation by two-color mixing in a laser-induced plasma. The THz probe pulse is
directed onto the sample with a pair of off-axis parabolic mirrors. The THz pump and THz probe
arms are separated spatially since different generation schemes are used. However, they are
focused to the same spot on the sample since both beams hit a common large diameter off-axis
parabolic mirror immediately before the sample (any parallel beams hitting a parabola will focus
to the same spot). For clarity, the THz pump and THz probe pulses are shown horizontally
displaced. They are vertically displaced in the actual setup. The electric field of either the THz
pump or THz probe pulse is measured independently with electro-optic sampling. For higher
frequency THz to IR probe frequencies, other probe detection schemes may be used.
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The variety of probe generation schemes gives flexibility in the different effects that
may be probed. This technique provides a versatile platform for probing spectroscopic changes
from the single to several THz range. It can also be modified to enable probing in the mid-IR
(~3-10 micron), where the coupling between collective and local vibrational motions can be

observed.

4.3 THz-Pump/Optical-Probe Spectroscopy

THz-pump/optical-probe spectroscopies are also useful in studying a variety of systems where
the THz-induced nonlinearity can change the response in the optical regime. Simple
experiments can be performed in collinear or noncollinear geometries in both reflection and
transmission (figure 5). Furthermore, THz-induced optical anisotropy can be readily observed
with a setup similar to electro-optic sampling of THz transients. That is to say, we can probe

polarization dynamics with THz Kerr effect spectroscopy [6].

4.3.1 THz Kerr Effect Spectroscopy

A THz electric field can be used to induce optical anisotropy in a material either resonantly
(coupling through a dipole) or nonresonantly (coupling through the polarizability) with THz Kerr
effect spectroscopy. This is analogous to optical Kerr effect spectroscopy where an optical pulse
is used to induce an anisotropy in the polarization of a material. In either case, we can
sensitively measure the induced anisotropy by analyzing the polarization of a time-delayed
optical probe pulse. The setup is shown in figures 5c and 5d. The optical probe is overlapped

with the THz pump pulse in space and variably delayed time and then the polarization rotation
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is measured with either crossed polarizers, or with a quarter waveplate and polarizing beam

splitter.
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Figure 5: THz-pump/optical-probe schemes. In all setups, a polarizer in the probe arm can set
the relative polarization angle between the THz pump and optical probe. A pair of wiregrid
polarizers is used in the THz pump arm to variably attenuate the THz field for determination of
the field-dependence of the measured effects. (a) THz-pump/optical-probe in either
retroreflecting geometry or transmission. For TFISH measurements, the photodiode is replaced
with a photomultiplier tube (PMT) or avalanche photodiode (APD) and a short-pass filter to
block the fundamental from hitting the detector. (b) noncollinear geometry where the optical
probe is at an angle with respect to the THz pump field. (c) THz Kerr effect setup in transmission
for dynamic polarization experiments. A quarter waveplate and polarizing beam splitter
(Wollaston prism) are used to heterodyne the measurement. They also allow for balanced
detection. Both heterodyning of the signal and balanced detection increase the signal-to-noise
ratio of the measurements [16]. Note that the input polarization of the optical probe may be
turned to 45 degrees with respect to the THz pulse, and then the waveplate and Wollaston
prism may be replaced with a second polarizer set to 90 degrees with respect to the first
polarizer with a single photodiode to measure polarization dynamics as well. (d) THz Kerr effect
setup in retroreflecting geometry.
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4.3.2 THz Field Induced Second Harmonic Spectroscopy (TFISH)

Another way to probe THz-induced responses is with THz-induced second harmonic generation
(TFISH) [7, 8]. Here, a THz pulse is used to break the symmetry of a material such that the
second harmonic of an optical probe pulse can be generated. Since even-order nonlinear
processes are allowed only in noncentrosymmetric materials, TFISH measurements on
centrosymmetric materials provide a way to observe THz-induced distortions in symmetry. The
setup is similar to a THz-pump/optical-probe setup, except that the fundamental of the optical
pulse is filtered out (figure 5a). The induced second harmonic signal tends to be very weak, so
sensitive detection devices are needed such as photomultiplier tubes or avalanche

photodiodes.

4.4 Differential Chopping

All of the time-resolved spectroscopic techniques described in this chapter involve several
pulses of light. In particular, the THz-pump/THz-probe methods require sensitive detection of
potentially small changes in the THz probe pulse to observe any nonlinear response. For large
THz-induced nonlinear responses, changes in the THz probe pulse are easily detected by
chopping the probe arm of the experiment. This is atypical of pump-probe experiments in the
optical and IR regimes, where pump-induced modulations of the probe are measured by
chopping the pump arm of the experiment. For smaller changes in the probe field, it can be

useful to isolate the nonlinear component of the signal with differential chopping [17, 18]. This
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pump-induced nonlinearity remains in the electro-optic signal (figure 6).
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Figure 6: Time schematic of differential chopping. The pump/probe pulses are separated in
time by much smaller increments than adjacent pulses in the pulse train, so only the pulse train
is illustrated (red). The pump arm (blue) of the experiment is chopped at a quarter of the laser
repetition rate (f/4) such that 2 pulses are unblocked, and 2 pulses are blocked for each period.
The probe arm (green) is chopped at half the laser repetition rate (f/2) such that 1 pulse is
unblocked and 1 pulse is blocked for each period. The lock-in waveform is shown as a square
wave (black) at the difference frequency (f/2 - f/4 = f/4). However, for differential chopping to
work, the proper phase for the lock-in waveform must be chosen. Here it is 90 degrees out of
phase with the pump. The result is that over one detection period, (a) the response from both
the pump and probe going through the sample is detected, (b) the response from only the pump
is subtracted away, (c) the response from only the probe is subtracted away, and (d) the effect
of both the pump and probe being blocked is zero, leaving only the pump-induced change in the
probe remaining. A f/2-f/4 scheme is shown for clarity. However, in the experiments described
in this work, a f/4 - f/6 = f/12 was used to take into account the fact that the lock-in amplifier
applies a sine wave and not a square wave for the lock-in waveform. Using a data acquisition
card, we can instead apply a square wave and we can detect the signal at f/4.

allows us to subtract out the linear responses of the pump and the probe such that only the
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For our experiments we would like to measure the induced change in the probe due to the
pump. In experiments in the collinear geometry, the pump response is always present at the
detection crystal at any moderate time delay. In experiments in the noncollinear geometry,
some of the pump light may be scattered in the probe arm of the experiment. In either case, we
would like to minimize the signal at the electro-optic sampling crystal due to the THz pump
field. Another way to portray this is:
Esignal = Epump+probe - Epump - Eprobe

where the pump-induced changes in electric field are expressed by Esjgna, the superposition of
the pump and probe fields is Epump+prove, the pump field is Epump, and the probe field is Eprope.
Differential chopping allows one to isolate Esjzna by locking-in at the difference frequency at the
proper lock-in phase. When the phase is properly chosen, the detection scheme is as follows.
Epump+probe is the electric field when both the pump and the probe are unblocked—they both go
through the sample (‘a’ in figure 6). In this case, the nonlinear transmission of the pump and
the nonlinear response of the probe are both present. E,ymp is the transmission of the pump
field without the probe (‘b’ in figure 6). Any nonlinearities in the pump transmission are
subtracted out by judicious choice of the lock-in phase. Eyqope is the transmission of the probe
field without the pump (‘c’ in figure 6). Since the probe field should be too weak to induce any
nonlinearities, this is just the linear response of the sample to the probe field. This is subtracted
from the sum as well (since the amplitude of the lock-in waveform is -1 at this part of the
detection period). The last portion of the signal is zero (‘d’ in figure 6) since both the pump and
probe are blocked, and this contributes nothing to the differential signal. With the proper phase

the desired signal is isolated.
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4.6 Conclusions

The rest of this work will describe the uses of these experimental setups to study
nonlinear THz responses in a wide variety of systems. The development of these methodologies
has enabled the study of physical and chemical properties including electronic transport
phenomena in solid state materials, nonlinear lattice responses related to phase transitions,

and energy relaxation.
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Chapter 5

Electronic THz Nonlinearities in
Semiconductors

The study of hot carrier effects plays a central role in the advancement of semiconductor
science. Properties of hot carriers are influenced by both the carrier-carrier interactions and
carrier-lattice interactions. Information about these scattering processes, which determine
high-field transport phenomena in semiconductors, is highly valuable because they constitute
the basis of many ultrafast electronic and optoelectronic devices. With the advent of ultrafast
lasers, the dynamics of hot carrier effects have been studied intensively on the picosecond and
femtosecond time scales. In a typical experiment, new carriers are generated by an optical
pump beam with a photon energy, €,,, above the bandgap, &,, of the semiconductor. The newly
generated electrons and holes share the excess energy €,4-€4 in a ratio inversely proportional to
their effective masses and subsequently undergo cooling processes mediated by carrier—carrier

and carrier—phonon scattering. The dynamics of these cooling processes can then be monitored
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by short probe pulses of appropriate wavelength. This technique has successfully been applied
to a large range of semiconductors and semiconductor nanostructures, and a substantial
amount of basic information has been collected in this way [1].

With photo excitation, an equal number of electrons and holes are created. Hence, most
ultrafast optical studies are performed in the presence of a plasma containing both types of
carriers. Experimental observations can be complicated by the dynamics that involve both
electrons and holes. When properties such as the coupling to the phonons and carrier—carrier
scattering are different for the two components and the density of carriers is time-dependent, a
direct interpretation of the experimental data is further hindered. Near-IR pump/THz probe
experiments also suffer from this shortcoming [2-4].

In this chapter, | discuss results from nonlinear THz transmission and THz-pump/THz-
probe measurements used to monitor the intervalley and intravalley dynamics of extremely hot
free electrons in bulk semiconductors (gallium arsenide [GaAs], germanium [Ge], and silicon
[Si]) and the generation of new carriers by impact ionization in InSb. In our experiments, we
achieved THz electric field strengths of up to 150 kV/cm at the semiconductor surface. Fields of
this magnitude and correspondingly hot electrons are present inside different fast
semiconductor devices such as Gunn diodes and avalanche photodiodes.

Electron heating by the THz pulse and strong intervalley scattering cause a large fraction
of the electrons to scatter out from the initial lowest energy conduction band valley into side
valleys. Based on a rough estimate, electrons can reach an average energy on the order of 1 eV.
Since free-carrier absorption is proportional to carrier concentration and carrier mobility, and

because different conduction band valleys usually have significantly different mobilities from
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each other, the change in the distribution of electrons amongst the different valleys causes a
change in THz absorption. This behavior has been observed with nanosecond transmission
experiments with field strengths up to 10 kV/cm [5]. In the experiments here, we have the
additional capability to monitor the change in THz absorption using a variably delayed single-

cycle THz pulse, enabling us to resolve the carrier dynamics on the picosecond time scale.

5.1 Experimental Technique

The experimental setup shown in figure 1 was used to elucidate the dynamics of hot carriers in
doped semiconductors. We generated single-cycle THz pulses by optical rectification of pulses
from a femtosecond laser using the tilted-pulse-front method [6]. This technique uses a tilted
intensity front of a femtosecond laser pulse to achieve velocity matching between the phonon-
polaritons inside lithium niobate and the femtosecond laser light [7]. The tilted pulse front
enables the use of high optical pulse energy to build up large THz field amplitudes while
averting unwanted nonlinear optical effects. THz pulse energies greater than 10 pJ can be
achieved using this method [8]. Because the angle of the pulse front tilt can be arbitrarily

chosen, the method can also be adapted for other materials and wavelengths [9].
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Figure 1: Schematic illustration of the experimental setup. Collinear THz pulses are generated by
tilted pulse front excitation in LiNbO3 (LN) and detected electro-optically. This is discussed in
detail in chapter 4.

For our experiments a regeneratively amplified titanium sapphire laser system with 6 mJ pulse
energy and 100 fs pulse duration at a repetition rate of 1 kHz was used. The optical beam was
split using a 10:90 beamsplitter into two parts that were recombined under a small angle at the
same spot on the grating. The 10% part was passed through a chopper wheel (not shown in
figure) and was used to generate the THz probe. The 90% part was variably delayed and was
used to generate the THz pump pulse. The single-cycle THz pulses were focused onto the
sample using a 90-degree off-axis parabolic mirror pair with 190 and 75 mm focal lengths. The
ratio of focal lengths allows us to reduce the beam diameter at the sample to about 1 mm.
Another off-axis parabolic mirror pair with focal lengths of 100 and 190 mm was used to image
the sample plane onto the ZnTe detector crystal for electro-optic sampling of the THz field using

balanced detection and a lock-in amplifier [10]. Because larger than 2m phase shifts are
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routinely observed with thicker ZnTe crystals, we used a ZnTe compound detector with an
active layer of 0.1 mm and a total thickness of 1.1 mm to ensure the linearity of the detected
signal and to eliminate THz pulse reflections [11] within the crystal. Selective chopping of the
probe beam provided excellent suppression of the pump pulse. Spectral analysis of our THz
pump-probe results was conducted in the 0.2 to 1.6 THz range where the spectral amplitude
was sufficiently high. A pair of wiregrid polarizers was used to attenuate the THz pulses for
intensity-dependent studies. We measured the THz fields E(t) that reached the ZnTe crystal
with and without the sample in the beam path and calculated the effective absorption

coefficient

Jo Esam(t)dt> n

Sy B2, (t)dt

1 2
aeff = —Eln T< -

where d is the sample thickness, tqx is the time window of the measurement, and T is a factor
accounting for reflection losses at the sample surfaces. The quantity a.s is equivalent to the
energy absorption coefficient averaged over our bandwidth. Referencing the recorded data
against the electric field measured without the sample enables us to compensate nonlinear
effects within the LN generation crystal to a large degree. Only in a time interval of +1 ps
around the overlap time of the pump and probe does the data become unreliable.

The same setup can be reconfigured for intensity-dependent transmission studies by
simply blocking the optical pulse used to generate the THz probe beam, chopping the portion
used to create the THz pump, and changing the angle between the first and second THz

wiregrid polarizers to vary the intensity of the THz pump pulse.
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5.2 Hot Electron Dynamics in GaAs, Ge, and Si

5.2.1 Saturation of Free-Carrier Absorption in n-Type GaAs

Free-carrier absorption is readily observed in bulk doped semiconductors in the THz range,
where there is often a peak in the absorption spectrum [2, 12]. The free-carrier absorption

coefficient (a;) in semiconductors can be described approximately using the Drude model [13]:

EwWpY e’Ncy __ eNy*u
nc(w? +y?) gnem*(w? +y?) gnec(w? +y?)

(2)

ac (w) =

where &g is the permittivity of free space, €, is the relative permittivity of the semiconductor in
the absence of free carriers, w, is the plasma frequency screened by &, y is the momentum
relaxation rate, n is the real part of the refractive index, c is the speed of light in vacuum, N, is
the free carrier concentration, m” and e are the effective mass and electric charge of the free
carrier and u = e/(m*y) is the carrier mobility. Note the overall magnitude of the free-carrier
absorption coefficient, a, is proportional to the free-carrier concentration and the mobility,
and inversely proportional to the effective mass. Linear THz-TDS measurements of n-type GaAs
revealed the Drude behavior of GaAs that is dependent on both the doping concentration and
mobility of the sample.

In order to investigate free-carrier absorption in strong THz fields, nonlinear THz
transmission measurements were performed on a 450 um thick, n-type GaAs wafer with a
carrier concentration of 8 x 10" cm™ at 300 K. THz pulse energies and peak fields of up to 2
and 150 kV/cm, respectively, were used. Figure 2a illustrates the averaged THz absorption

(obtained by calculating a.s in equation 1 from experimental data) between 0.35 and 1.5 THz
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for a range of peak fields. At THz fields smaller than 10 kV/cm, the absorption approaches the
values obtained in linear THz transmission experiments conducted using a spectrometer with
photoconductive switches. Starting at peak fields of 30 kV/cm, we observe a drastic drop in the
absorption coefficient. At fields larger than 100 kV/cm, the saturation effect appears to level off
slightly. Figure 2b shows the corresponding absorption spectra for various selected field
strengths above 50 kV/cm. Even though the overall spectrum does not change in shape, the

absorption drops uniformly over a broad frequency range.
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Figure 2: (a) Average THz absorption in n-type GaAs for peak fields between 1 and 150 kV/cm.
The inset shows the simplified band structure of GaAs. (b) Frequency-resolved absorption
spectra at selected field strengths.

The decrease in absorption can be explained qualitatively by the change of carrier
mobility due to the acceleration of the free electrons in the conduction band by the electric
field of the THz pulse. Taking into account energy relaxation during the 1 ps pump pulse
duration, we estimate the average carrier energy just after the pump pulse to be in the 0.5-1.3

eV range, exceeding the energy necessary for carriers to cross into the side valleys. These
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values are consistent with Monte-Carlo simulations that show that electrons can reach ballistic
velocities of up to 108 cm/s within 30 fs in external electric fields [14]. The ballistic acceleration
competes with phonon scattering processes after 30 fs, leading to an average heating of the
electron gas on a time scale faster than the THz pulse duration of 1 ps.

Electrons with these high energies can scatter into satellite valleys (L and X) of the
conduction band, which have an energy separation from the bottom of the zone center (I'-
valley) of 0.29 eV and 0.48 eV, respectively. The effective mass at the zone center is 0.063mq
leading to high mobility and high THz absorption. The effective mass in the side valleys is much
higher (0.85my), resulting in much smaller mobility.

In addition to the difference in mobilities among the initial and side valleys,
nonparabolicity of the valleys can also result in a decrease in mobility and a concomitant
decrease in THz absorption that accompanies the increase in carrier kinetic energy within a
single valley. Energy-dependent effective mass and nonparabolicity parameters reported for
GaAs [14] indicate that adding 0.3 eV of kinetic energy to electrons in the lowest-energy valleys

reduces their THz absorption by 2/3.

5.2.2 Time-Resolved Absorption Measurements of Hot-Carrier Relaxation in
GaAs

With simple intensity-dependent transmission measurements we are unable to observe
relaxation of the excited carriers back into the I valley after the strong heating of the electron
gas by the THz pulse. This cooling process, which includes distinct intervalley and intravalley

relaxation processes, can only be observed via time-resolved measurements.
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Figure 3a shows the time-resolved absorption upon THz excitation of the n-type GaAs
sample. The equilibrium frequency-averaged absorption of 125 cm™ drops below 30 cm™
immediately after the arrival of the THz pump pulse. The drop in absorption occurs on the same
timescale as the time resolution provided by our pulses. A complete recovery of the absorption
is reached after 7 ps. An exponential fit of the absorption (solid curve in Figure 3a) yields a
carrier relaxation time of t, = 1.9 ps. In the spectrally resolved data (shown in Figure 3b), we
observe that the equilibrium Drude form of the spectrum is fully restored by about 5 ps. Similar
to the field-dependent nonlinear transmission measurements shown in Figure 2a, the time-
resolved absorption spectra in our pump-probe measurements can be fit to a simple Drude
model. Keeping the carrier concentration at the constant value obtained from Hall
measurements by the manufacturer, we can extract an averaged effective mass. The result of
the time evolution of this quantity for different pump strengths is shown in Figure 4. At high
field strengths the average effective mass exceeds a value of 0.3mg suggesting that a sizeable
fraction of the carriers is scattered into the side valleys with higher effective mass. As the pump
intensity is decreased, the average effective mass decreases as well. At the lowest intensity (the
data at 7% of the maximum intensity in figure 4) the magnitude of the time-dependent
response goes to zero, which is consistent with the nonlinear transmission measurements
presented in figure 2. Qualitatively we also infer a rise in the momentum scattering time from
the slightly longer relaxation time observed at high pump field strengths, although the data

guality does not allow us to make quantitative conclusions.

83



140

—_—
Q
~—

120

—_
[ox] (=]
[=] (=]

absorption (cm™)
3
probe delay (ps)

£
(=]

P
(=]

L Il 1 | 1 Il

-5 0 5 10 15 20 25
delay (ps)

frequency (THz)

Figure 3: (a) Recovery of the frequency-integrated absorption as a function of THz probe delay
after the arrival of a strong THz-pump pulse at t=0. (b) Frequency dependent absorption
coefficient (cm™) as a function of probe delay times, revealing the relaxation of the excited
carriers back to their equilibrium Drude-like behavior 5 ps after the arrival of the pump pulse.

From our data, we infer that the relaxation time from the L-valley is much larger than the
scattering time into it, and we account for this by considering the difference in the number of
final states for both processes. Additionally, repeated scattering from the upper -state to the
L-valley make the L-valley’s relaxation time appear longer. A detailed discussion of intervalley
scattering in GaAs is presented in section 5.2.5 in relation to experiments on germanium and

silicon.
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Figure 4: Average effective mass, relative to the electron mass, obtained from Drude fits to the
absorption spectra for different pump field strengths.

5.2.3 Saturation of Free-Carrier Absorption in n-Type Ge

We have also studied nonlinear free-carrier absorption in n-type germanium (Ge). Results of
nonlinear transmission measurements in a (111) oriented sample are shown in Figure 5. The 6-
mm-thick sample contained phosphorus impurities [15], identified by THz time domain
spectroscopy (THz-TDS) [16] using low THz fields at 10 K, making the sample n-type with a free-
electron concentration of n = 5 (+ 2) x 10 cm™ at room temperature. THz pulse energies and
peak intensities reached 2 ) and 150 MW/cm2, respectively. At THz pulse energies larger than
0.2 W, we observe strong saturation of the free-carrier absorption (Figure 5b). The absorption
spectra at different field strengths, obtained by Fourier transformation of the THz field profiles,
are shown in the inset of Figure 5a. At the maximum field strength, the absorption spectrum is

strongly saturated over the frequency range between 0.2 and 1.8 THz. At low THz fields
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corresponding to pulse energies below 10 nJ, the shape of the absorption spectrum approaches
the familiar Drude model shape observed in low-intensity THz-TDS measurements at room
temperature (dotted line in Figure 5a). An unexpected behavior is apparent in the absorption
spectra at intermediate pulse energy (100 nl). In this case the absorption is still substantially
saturated at low frequencies but at frequencies above 1.0 THz the absorption is increased
relative to the low-intensity values. This behavior was not observed in similar intensity-
dependent transmission measurements in GaAs or Si, although these materials also showed

strong saturation of free-carrier absorption at high THz pulse energy.
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Figure 5. (a) Incident (dotted black) and transmitted THz pulse field profiles for 6 mm thick

germanium at 100%, 33% and 7% of the maximum THz field strength. The temporal profiles are
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normalized to the second negative peaks. The inset shows the corresponding absorption spectra
and the low-field (dashed) absorption spectrum measured with 9 orders of magnitude lower THz
pulse energies. (b) Frequency-integrated THz absorption versus THz pulse energy for GaAs
(squares) and Ge (triangles), at room temperature. Also shown is the Ge absorption integrated
in the 1.0-1.3 THz range (open circles) which highlights the increase in absorption at
intermediate THz field levels. The solid and dotted curves are results of model calculations.

Figure 5b shows spectrally integrated absorption data from intensity-dependent
transmission measurements for Ge and n-type (100) oriented GaAs [17] (carrier concentration
Nc = 8 x 10" cm, thickness 0.4 mm) in which the incident THz pulse energy was varied by three
orders of magnitude. At intermediate THz pulse energies (100 nJ) the spectrally integrated
absorption in Ge is greater than in the unperturbed sample by up to 10% and up to 30% when
integrated only in a frequency range between 1.0 and 1.3 THz. In contrast, the absorption in
GaAs decreases monotonically with increasing THz pulse energy. This unusual behavior of Ge

was not observed in earlier absorption saturation measurements [5] conducted with

narrowband 40 ns duration pulses at 606 GHz frequency.

5.2.4 Time-Resolved Absorption Measurements of Hot-Carrier Relaxation in Ge:
Comparison to GaAs and Si

To examine the dynamics of the electronic responses, THz-pump/THz-probe measurements
were performed as described above. Figure 6 displays THz probe field profiles after
transmission through the Ge sample for 1, 3, and 5 ps delay between the pump and the probe
pulses. The corresponding absorption spectra are plotted in the inset. For short probe delays
the absorption spectra of Ge (and not of GaAs and Si) are significantly different from a Drude-
type free-carrier spectrum. At low frequency the absorption shows a narrow peak and at higher

frequency the absorption is flat. For intermediate delays this flat part increases with increasing
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negative slope and the narrow peak becomes less pronounced. For long delays, the spectrum
develops into a Drude-type form. The absorption measured at long delays is somewhat larger
than the linear absorption because the probe pulse, though much weaker than the pump, still
induces some nonlinear absorption as shown in Figure 5b. Contrary to Ge, GaAs and Si showed
strong saturation at all frequencies measured, exhibited Drude-type spectra at all delay times,
and recovered, but did not exceed, the original absorption strength over all frequencies at long
times. The saturation and time-dependent recovery of the spectrally integrated absorption is

shown in Figure 7 for Ge, GaAs, and n-type (100) oriented Si (0.45 mm, N, =5 x 10 cm™).
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Figure 6. The incident (dotted black, scaled by a factor of 0.5) and transmitted THz probe field

profiles for 6 mm thick germanium measured with the THz-pump/THz-probe setup for 1, 3, and

5 ps probe delays, respectively. The electric fields are measured in arbitrary units but the scale

for the different transmitted traces is the same. The inset shows the corresponding absorption

spectra, the linear absorption spectrum (dotted black), and a fit to the sum of two Drude-type
components at 1 ps (red triangles).
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5.2.5 Intervalley Carrier Scattering

The observed saturation and subsequent recovery of the free-carrier absorption can be
explained qualitatively in terms of electron scattering amongst different valleys. The inset of
Figure 7a shows the simplified conduction-band structure for Ge. The L valley has the lowest
energy and it is initially populated. In GaAs, the conduction band structure has different relative
values for the I, L, and X valleys. The T valley has the lowest energy and is occupied initially
before the arrival of the THz pulse. For Si, the X(A) valley has the lowest energy.

A simple estimate based on the amount of absorbed THz energy and the number of
carriers in the illuminated volume indicates that the average energy deposited per free carrier
at the highest pump pulse intensity was 2.1 eV in GaAs and 0.9 eV in Ge, providing access to
side valleys [13] at higher energies: the L (0.31 eV) and X (0.52 eV) valleys in GaAs and the I
(0.14 eV) and X (0.19 eV) valleys in Ge. The energized electrons may be scattered into the side
valleys during the THz pump pulse because the intervalley scattering time is typically on the
subpicosecond time scale [18]. Since the mobility in the X valley of Ge is nearly five times
smaller than in the initial L valley, scattering into the X valley decreases the free-carrier
absorption according to equation 2. In the L and X valleys of GaAs the effective mass is about
three and six times larger, respectively, than in the initial valley [19]. Assuming comparable
scattering rates in the different valleys, this means correspondingly lower mobilities in the L
and X valleys. Therefore scattering into these side valleys results in a decrease in the THz
absorption. Besides the mobility differences of the initial and side valleys, the nonparabolicity
of the valleys can also result in a decrease in mobility and THz absorption with increasing carrier

kinetic energy within a single valley.
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Figure 7. Spectrally averaged THz probe pulse absorption versus delay for (a) Ge, (b) GaAs, and
(c) Si. The insets show (a) schematic illustrations of the conduction band structure for Ge and (b)
the states and transfer rates of a simplified rate equation model.

After the THz pump pulse leaves the sample, the electrons scatter among the initial and
side valleys, the average electron energy decreases (losing energy to the lattice) [20], and the
absorption recovers. A three-level rate equation model for the populations of states in the

initial and side valleys in GaAs (neglecting the high-lying X valley) was successfully
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demonstrated earlier [20] to simulate optical-pump/THz-probe experiments [4]. The inset of
Figure 7b shows an extension of this model to four states to take into account the
nonparabolicity of the initial valley. From the populations nj(t) obtained for the different states i
in the model, the overall absorption coefficient was calculated as a(t) « );; u;n;(t), where y; is
the mobility of state i. For GaAs, using this simple model and the previously reported intervalley
scattering rates [20] ¥s3 = 2 ps ' and ¥z = 20 ps ™ and intravalley relaxation rate [14] y5, = 20 ps’
! yielded a good but not perfect fit to the measured spectrally averaged time-dependent
absorption, shown in Figure 7b, with the best-fit parameter value y3, =9 ps™. A rate equation
model of this sort, however, is inadequate to describe the dynamics of highly excited free
carriers in detail. Monte Carlo simulations taking into account the full band structure [19] can
provide more reliable results. In the absence of such calculations, we fit the spectrally
integrated absorption recovery dynamics to single or multiple exponential decays in order to
obtain approximate time scales for overall energy relaxation of the hot carriers in the different
samples. For GaAs and Ge we obtained good fits (see Figure 7) with single-exponential decay
times 1, = 1.9 and 2.7 ps, respectively. For Si, a biexponential decay was necessary, with distinct
time constants t,; = 0.8 ps and 1,, = 24 ps. Since in Si, there is only one rather high-lying (L) side
valley (about 0.8 eV above the bottom of the conduction band) that is accessible energetically,
the fast decay may reflect the rate of relaxation out of this valley and the slow decay the
cooling of the electrons in the initial nonparabolic [19] X valley.

Our most striking results are from Ge, where we observed increased (rather than
decreased) absorption at intermediate THz pulse energy (Figure 5b) and non-Drude-type

transient absorption spectra for short probe delay times (Figure 6 inset). Compared to GaAs and
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Si, Ge is unique in that it has an intermediate-energy I valley whose mobility is higher rather
than lower than that of the initially occupied (L) valley. Although the population of the I valley
is usually neglected for static cases [21] since the density of states (DOS) is 50 and 150 times
lower than in the initial (L) and the highest lying (X) valleys, respectively, its dynamical effects
are strongly evident in our pump-probe and nonlinear transmission measurements. As we will
discuss, both unusual observations can be explained assuming significantly larger I valley
population than that expected from the DOS and a thermalized electron energy distribution
among the valleys.

The non-Drude transient absorption spectra may arise from different Drude-type
spectra associated with the different valleys, one component corresponding to a narrow
absorption band from the I valley and another component corresponding to an extremely
broad absorption band from the other low-mobility valleys. As shown in the inset of Figure 6, a
good fit to the observed absorption spectrum at 1 ps probe delay is possible assuming that
2.4% of the conduction-band electrons are in the I valley and the momentum relaxation time is
~3 times longer (1.4 ps™) than in the L valley. The T valley population calculated from the DOS
and thermalized electron energy distribution is only 0.5% (five-fold smaller) assuming parabolic
bands and about 0.02% (120-fold smaller) taking the nonparabolicity of the L valley into
account.

We used a simple model to estimate the carrier absorption saturation as a function of
THz pulse energy, assuming that the overall absorption was the sum of absorption by electrons

in the different valleys and accounting for the nonparabolicity of the lowest valley only. The
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energy dependent distributions of electrons in the three valleys were calculated from the DOS

gi(E) < (m})3/? and the Fermi-Dirac distribution Fi(E), and the absorption was calculated as

ax Y [ gBREREE @)

where in the lowest valley only, m; and u; were treated as functions of E.

For GaAs this simple model resulted in monotonically decreasing THz absorption as a
function of THz pulse energy (or electron temperature), with a good fit to the measured data
(Figure 5b) assuming an electron temperature of 2200 K upon irradiation by a 2 wJ THz pump
pulse. As indicated by the dotted curve in Figure 5b, the result of a similar calculation for Ge
also shows monotonically decreasing absorption with increasing THz pulse energy, without the
maximum in absorption seen experimentally at intermediate THz pump pulse energies.
However, a good fit is obtained with the same momentum relaxation rate found above, y = 1.4
ps™!, for the T valley, with the population in the T valley 50 times higher than its expected
thermalized population and with an electron temperature of 11000 K at 2 ) THz pump pulse
energy, i.e., five times higher than the electron temperature in GaAs. Of course, comparable
electron temperatures are expected for a given THz pulse energy in GaAs and Ge at the input
faces of the samples. However, the electron temperature at the output face is eight times
larger for Ge than for GaAs because far less of the THz pump pulse is absorbed in the Ge sample
than in the GaAs sample. As a result, the average electron temperature throughout the sample
is significantly larger in Ge than in GaAs. The electron temperature in Ge corresponds to an

average electron energy of 0.95 eV. When accounting for 20—-30% energy dissipation to the
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lattice during the pump pulse [18], this corresponds to a total absorbed energy of 1.2 eV,
comparing favorably to the estimate of 0.9 eV mentioned above.

Like the non-Drude transient absorption spectrum in Ge, the increased absorption in Ge
at moderate THz pulse energies can be accounted for by the high mobility of the I valley but
only assuming a substantially higher transient population in that valley than determined by DOS
considerations. This extra population might be caused by direct acceleration of the electrons by
the THz field (without phonon scattering), which is possible since the THz pulse duration is
comparable to the electron-phonon scattering time. A strong increase in THz absorption was
also observed in InSb by high intensity THz transmission [22] and THz-pump/THz-probe [23]
measurements and this effect was explained by the impact ionization process (this will be
discussed later in this chapter). Although Ge has a band gap and impact ionization threshold
[19] more than three times larger than InSb, the field of the THz pulses with the highest energy
should be enough to achieve electron energies larger than the band gap, in the absence of
significant energy relaxation during the pulse. Hence, from a purely energetic point of view we
cannot rule out impact ionization as the cause of a small absorption increase at intermediate
energy. However, this explanation is unlikely for two reasons. First, increased absorption from
impact ionization in InSb was observed to occur after the THz pulse [23] but not during it.
Second, the largest effect of impact ionization should be expected at the highest THz energies

and not at intermediate energies.
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5.2.6 Saturable Absorption and Dynamics in GaAs, Ge, and Si: Conclusions

We have investigated the differences of intervalley and intravalley dynamics of hot free
electrons in bulk semiconductors in the absence of band-to-band excitation by time-resolved
and frequency-resolved THz-pump/THz-probe measurements. We have observed unique
effects in bulk Ge that we attribute to a significantly higher than thermalized population of the
I valley of the conduction band whose mobility is higher than that of the lowest-energy valley.
The behavior is simpler in Si and GaAs, whose side valleys have lower mobilities than their
initially populated valleys. Although the empirical Drude model should not be adequate for the
highly excited electron distributions that we generate, the qualitative features of our data are
reproduced. More quantitative insight can be achieved by Monte Carlo simulations [19] taking
into account the contributions of different scattering mechanisms and the full band structure
which are beyond the scope of this work. Experimentally, direct observation of the intervalley
and intravalley dynamics might be achieved by following pulsed THz excitation with infrared
probe pulses, in order to monitor absorption or stimulated emission from individual

conduction-band valleys.

5.3 THz-Induced Impact lonization in InSb

Indium antimonide (InSb) is a model system for the study of hot-electron dynamics due to its
low band gap of 170 meV at room temperature [24, 25] and the fact that it has the highest
electron mobility and saturation velocity among all known semiconductors. The wealth of
nonequilibrium transport phenomena that have been observed in this material [1, 26, 27] is of

special interest due to the large nonparabolicity of the conduction band [28] which results in
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negative differential mobility at comparatively low dc voltages and strong interactions of hot
carriers with the LO phonon mode. Some of these properties are exploited for use in a few
types of technologies. The small bandgap in InSb makes it well suited for applications in infrared
sensors covering the wavelength range from 1 um to 5 um [29]. The high mobility of InSb
enables fabrication of transistors with extremely high switching speeds [30]. However, further
technological applications are complicated by the low threshold for impact ionization. As a
result, the elucidation of carrier dynamics on the ultrashort timescale is of great technological
as well as fundamental interest.

Impact ionization by electric fields is a well known effect in InSb [1]. In bulk InSb, impact
ionization is usually observed at relatively low dc fields of several hundred V/cm and occurs
when the electron has acquired enough energy from the driving field to exceed the ionization
threshold [31], usually on the order of the band gap. The balance between the acceleration of
carriers in an applied external field on one hand and the dissipation of energy by collisions with
phonons [32] on the other hand plays a crucial role. Recently, high-intensity THz sources have
made it possible to investigate impact ionization by purely optical methods. Intensity-
dependent THz transmission measurements with 40 ns long pulses [33, 34] and more recently
Z-scan measurement with single-cycle pulses [22] have been performed. In the latter case the
THz pulse duration was as short as the characteristic electron momentum relaxation time 7 =
1-10 ps.

In this section, | will discuss experimental observations of carrier generation in InSb at
80 and 200 K due to impact ionization induced by below-bandgap infrared (IR) radiation on the

picosecond time scale, where wt = 1. Near single-cycle pulses with field strengths up to 100
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kV/cm and a duration of 1 ps were used. The rise time of the THz pulses was less than the
electron momentum relaxation time of T = 2.5 ps in InSb at 77 K. This leads to highly
accelerated carriers that can cause carrier multiplication through impact ionization [17]. THz
radiation can also be used as a very sensitive probe to directly monitor free-carrier behavior in
semiconductors [35]. Because of the small bandgap, undoped InSb has a high intrinsic carrier
concentration of 2 x 10*® cm™ at room temperature. Even at 200 K the absorption still exceeds
200 cm™ at frequencies below 1 THz. At temperatures of 80 K, the intrinsic carrier
concentration is on the order of 10° cm™, and the remaining carrier concentration is dominated
by impurities. The combination of sub-bandgap direct excitation of doped semiconductors and

time-resolved spectroscopy provides an excellent tool for observing carrier dynamics [17, 36].

5.3.1 Experimental Setup

The experimental setup shown in Figure 1 was used for collinear THz-pump/THz-probe
measurements. Spectral analysis of our THz-pump/THz-probe results was conducted in the 0.2—
1.6 THz range where the spectral amplitude was sufficiently high. A pair of wire-grid polarizers
was used to attenuate the THz pulses for intensity-dependent studies. The samples were an n-
type Te doped and a nominally undoped InSb wafer, each 450 um thick, with carrier
concentrations at 77 K of 2.0 x 10" cm™ and 2.0 - 4.9 x 10" cm™ respectively. The mobility at
77K as specified by the manufacturer was 2.5 x 10° cmz/V-s and 0.5 x 10° cmZ/V-s for the
undoped sample. The THz fields were polarized parallel to the (100) axes of the crystals. We
measured the THz fields E(t) that reached the ZnTe crystal with and without the sample in the

beam path from which we calculated the effective absorption coefficient (equation 1).
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5.3.2 THz-Induced Impact lonization Dynamics in InSb

Figure 8 shows time-resolved absorption traces for the doped sample at 80 and 200 K covering
a probe delay range of up to 30 ps. At both temperatures, the absorption increases after THz
excitation and reaches a plateau after 30 ps with a total increase in absorption of 80-90 cm™.
This rise is caused by the generation of new carriers through impact ionization. Unique to the
measurement at 200 K is an initial dip in the absorption immediately after THz excitation. The
drop in absorption in this case is caused by a decrease in the mobility of the hot electrons as a
result of both the strong nonparabolicity of the I valley in the conduction band of InSb [37] and
scattering of the hot electrons into side valleys [5, 36, 38]. No such initial decrease is observed
at 80 K. The difference in the early-time absorption behavior is due to the opposing effects of
impact ionization and carrier heating, both caused by the THz pump pulse. Electron heating
leads to a decrease in mobility due to the strong nonparabolicity in the conduction band of InSb
[37] and scattering into side valleys with lower mobility [36], similar to the case of GaAs
discussed in the previous section. The carrier mobility u directly influences the absorption
coefficient a which is described approximately by the Drude model and parametrized by the
plasma frequency w, = (Ne?/egeom*) /? and the momentum scattering rate y in equation 2.
In the low-frequency limit (w < y) the absorption a is directly proportional to the carrier
mobility 4 = e/ym*. Due to the small band gap of InSb, the intrinsic carrier concentration at
200 K is much higher than that at 80 K. The effect of absorption saturation is thus much
stronger at 200 K. After 4 ps, the additional absorption caused by the newly generated carriers

exceeds the saturation effect, the magnitude of which is also diminishing as a result of the
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cooling of the hot carriers, thereby leading to the delayed rise observed in the overall

absorption.
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Figure 8: THz-pump/THz-probe time-resolved absorption data, spectrally averaged over the 0.2-
1.6 THz range, from doped InSb (N, = 2.0 x 10" cm™) at 80 K and 200 K. The deviation starting at
12 ps is due to reheating caused by the THz pulse reflection within the sample.

Comparison between the equilibrium absorption of InSb at 80 K and the value measured
30 ps after intense THz excitation shows an eightfold increase, indicating a similar increase in
carrier concentration from 2 x 10" cm™ to 1.6 x 10™® cm (the absorption is proportional to the
carrier density, see equation 2). The same analysis cannot be applied reliably at 200 K due to
the very large intrinsic carrier absorption, which overwhelms the dynamic range of our

spectrometer system. The absorption at high carrier concentrations (such as those at 200 K)
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takes away all of the spectral density from the low end of our experimental THz bandwidth
(where the absorption is the strongest) such that the measured effective absorption is lower
than what would be indicated by the actual carrier concentration in the sample. This leads to an
apparent saturation of the frequency-averaged absorption shown in Figure 8b. Some signal at t
< 0 appears in Figure 8a because of the nonlinear interaction in the LN crystal between the THz-
pump and -probe fields, the optical pulses that generate them, as well as nonlinear interactions
in the sample.

We employed a simple system of rate equations, displayed below, to model the
dynamics of impact ionization in the first 30 ps, assuming quadratic scaling (as proposed by

Keldysh) [39] of the impact ionization probability above the threshold energy &, = &,

N e — ) N 0 — ) ()

dar
d
== —C(e(®) = e)? -~ O(e(V) — ) = —  (5)

In this model N(t) is the electron concentration, £(t) is the average carrier energy, and 0(t) is
the Heaviside step function. We used a numerical value of C = 7 x 10°° Js™ obtained from by
Devreese et. al. [40]. The energy relaxation time t. was assumed to be time and energy
independent.

A numerical solution, taking into account the reflection at the sample interface, is
shown in Figure 9. The effect of absorption saturation due to carrier heating [36] was
accounted for approximately by assuming a.sr N(t)[ey — e(t)]/ey Where g, is the average

carrier energy immediately after excitation. From this fit we obtained a phenomenological
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relaxation time t. = 7 ps, much longer than the 1.3-2.0 ps calculated for the energy relaxation

time in the dc limit by Kobayashi [41].
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Figure 9: Experimental data for the undoped sample at 80 K (squares) and simulation results for
the carrier concentration (dashed) and absorption (solid line) based on quadratic scaling of
impact ionization rate with carrier energy. Parameters used were: N(t =0) =5 x 102 cm?, energy
relaxation timet,=7 psand g, = €(t = 0) = 1.3 eV.

5.3.3 Intensity Dependence of Impact lonization in InSb

Intensity-dependent experimental results similar to the one shown in Figure 10 indicate
no observable absorption increase for single-cycle THz pulses with peak electric fields lower
than 75 kV/cm. The intensity dependence of impact ionization by 40 ns far-infrared pulses has
been observed by Ganichev [33] using photoconductive measurements. In this case, the
electron concentration change An/ny by impact ionization could be modeled using the Fokker—

Planck equation, leading to a dependence on the applied electric field E given by

2 aen(-5/p) ©
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where A is a proportionality constant.

To check the validity of equation 6 in the regime of very short pulses with high energy,
we performed a series of intensity-dependent pump-probe measurements with the probe delay
held constant at 35 ps after the arrival of pump. Figure 10b shows the intensity-dependent
spectrally averaged THz absorption for the doped InSb at 80 K. We observe saturation of new
carrier generation at high pump fluences. The solid curve shows a fit to the experimental data
using equation 6 with parameter values A = 14.5 and Eq = 104 kV/cm. The parameter E; is a
characteristic field that gives electrons enough energy to create an electron—hole pair. While
the fit gives adequate agreement with equation 6, the critical field Ey is roughly 2 orders of
magnitude higher than that observed in [33] for 40 ns THz laser pulses. This discrepancy can
only be understood when taking into account the fundamentally nonequilibrium carrier heating
induced by the single-cycle THz pulse as opposed to the quasi-CW AC field case in previous

experiments.
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Figure 10: (a) Time-resolved averaged absorption (0.2-1.6 THz) in undoped InSb at 80 K for
various fields. (b) Intensity-dependent average absorption for the doped sample 35 ps after the
THz excitation, the solid line is a fit to Eq. (2).

DC measurements have shown an exponential increase in the carrier-generation rate
[42] in the 250-500 V/cm range and the rate saturated above 800 V/cm at a value as low as
0.007 ps*. In our opinion, ionization of shallow impurities, instead of band-to-band impact
ionization, is responsible for this behavior. For a drift velocity of 4 x 10’ cm/s in fields above 500
V/cm [43] and the dependence of the avalanche multiplication on the electric field [44], we are
able to extrapolate a rate of 18 ps* for a static field strength of 48 kV/cm. The corresponding
single-cycle generation rate of 18 ps* was obtained from the best fit of Figure 9, in which a

peak electric field of 100 kV/cm was used. Consequently, we observed that the peak field
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required for impact ionization by the single-cycle THz-pulse excitation is a factor of 2 larger than
in the static field case. This difference can be attributed to the significantly shorter peak pulse
duration compared to the momentum relaxation time in InSb and the fact that in equations 4

and 5 we followed the average carrier energy and not an energy distribution.

5.3.4 Electron-Lattice Interaction in InSb

In order to elucidate the lattice dynamics further, we performed a series of intensity-dependent
pump-probe measurements with a fixed probe delay. Figure 11 shows the absorption spectra
obtained with different pump intensities at a probe delay of 35 ps for the doped and undoped
samples at 80K. At frequencies below 0.6 THz, we observe the expected Drude-type
contribution from free-carrier absorption which is more pronounced at higher pump fluence. In
addition, we observe a distinct absorption peak at 1.2 THz in the undoped sample and a weak

feature that indicates a similar peak in the doped sample.
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Figure 11: THz absorption spectra at various pump intensities measured at a probe delay time of
35 ps for the (a) doped sample and (b) undoped sample at 80K.

Figure 12 illustrates the appearance of this peak for pump-probe delay times up to 7 ps
in the doped sample at 200 K. The evolution of the low-frequency Drude behavior is clearly

separated from the phonon-mediated peak at 1.2 THz.
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Figure 12: Frequency dependent absorption coefficient of doped InSb for probe delays up to 7
ps at a temperature of 200 K.

The amplitude—but not the frequency—of the peak is highly intensity dependent and appears
to approach its asymptotic value just above 50% of the maximum intensity. The behavior of this
peak suggests that its origin is lattice vibrational rather than electronic. Polar optical phonon
scattering is well known as the dominant energy-loss mechanism for hot electrons in InSb [45].
The main channel of energy loss is through the emission of LO phonons with a frequency of
5.94 THz. These phonons decay into acoustic modes through anharmonic coupling and through
the second-order electric moment of the lattice [46].

A series of sum and difference phonon peaks between 1 and 10 THz has been observed
and assigned in the far-infrared spectrum of InSb [47]. At very low THz fields, produced by a
photoconductive antenna, we also were able to observe some of these weak absorption peaks
in the undoped sample. The assignments reported [47] indicate a 1.2 THz difference frequency
between the LO and LA modes at the zone boundary. The drastic change in the absorption

coefficient of the difference phonon peak is the result of large changes in phonon populations
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due to energy transfer from the hot electrons generated by the THz-pump pulse. Monte Carlo
simulations [48] have shown that substantial phonon population changes can occur even at
comparatively low dc fields. The simulations calculate phonon population changes due to an
applied step-function dc field. Phonon populations begin to change on the picosecond
timescale after instantaneous switching of the applied dc field.

The temporal evolution of the electron-lattice interaction can be studied by separating
the spectrally resolved pump-probe data into two different frequency bands: 0.2-0.6 and 1.0—
1.2 THz. This is illustrated in Figure 13 where data from time-resolved measurements at full THz
intensity and at half the full intensity are shown for the doped sample. For the low-frequency
band, the rise in absorption is almost identical at the two intensities, while the contribution
from the absorption between 1.0 to 1.2 THz is reduced considerably when the THz intensity is
halved. The higher-frequency portion of the absorption spectrum is clearly more sensitive to
the intensity of the THz-pump pulse, as illustrated in Figure 11b. In addition, at the lower
intensity there is a delay of approximately 10 ps before the rise of the absorption signal. This
delay was reproduced qualitatively for all measurements at intermediate THz-pump levels. We
do not have a complete understanding of the intensity dependence of the delay, but we note
that the delay is on the order of the LO phonon decay time in InSb [46] suggesting that it arises
from LO phonon decay into LA phonons. The large fluctuations observed at 12 and 24 ps are
due to THz-pump pulse reflections in the sample that are overlapped in the electro-optic crystal

with the THz probe pulse.
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Figure 13: Time-resolved spectrally averaged absorption for the doped sample at 80 K with
100% pump intensity (black squares) and 50% pump intensity (red triangles). Spectrally
averaged absorption is shown in the range (a) 0.2-0.6 THz, and (b) 1.0-1.2 THz.

5.3.5 Impact lonization in InSb: Conclusions

The presently developed THz-pump/THz-probe technique permits sensitive monitoring of
carrier dynamics in semiconductors on the picosecond timescale. In InSb, we observed the
dynamics of carrier generation by impact ionization, yielding up to a sevenfold increase in
carrier density following intense THz excitation. Our ability to spectrally analyze the time-
resolved signal allowed us to detect distinct features that we attribute decay of electronic
energy into LO and LA modes, giving rise to a difference phonon absorption in our signal.

Monte Carlo simulations are needed for a more in-depth understanding of the interplay



between hot electrons and lattice, taking into account effects such as impact ionization,
intervalley- and polar-optical phonon scattering processes, and changes in phonon population.
Experimentally, a broader probe bandwidth exceeding 2 THz will enable us to monitor the
phonon dynamics directly. Additional effects of the THz fields themselves, including the
possibility of THz-induced band-to-band tunneling [49] that could produce new carriers directly,

also warrant further analysis.
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Chapter 6

Nonlinear Conductivity in Graphene

The discovery of single-layer graphene has generated intense fundamental scientific and
applications-based interest over the past several years. The characteristic linear electronic
dispersion of the material gives rise to massless Dirac fermions which have a constant Fermi
velocity [1]. As a result, graphene exhibits unique carrier transport properties that are of
interest in electronics and optics applications. Advances in large-area graphene fabrication by
chemical vapor deposition [2] have shown promise for the development of practical graphene
electronic and optical devices [3, 4].

The dc to THz-frequency conductivity of graphene can be large compared to the
conductivity at higher frequencies (mid-IR to visible) [5, 6], and several theoretical
investigations have predicted extraordinary effects from both electronic and electromagnetic
stimuli, including nonlinear frequency conversion and nonlinear conductivity effects due to the

strong interaction of low-frequency light with graphene [7-12]. Ultrafast studies of

115



photoexcited carriers in graphene with visible to near-IR pumping and visible to THz probing
have revealed various aspects of inter and intra-band conductivity dynamics [5, 13-15].
However, excitation in the visible to near-IR range is relatively inefficient since the absorption
at these frequencies is weak [6]. Furthermore, the creation of electron-hole pairs in graphene
with optical excitation leads to complicated relaxation dynamics related to electron-hole
recombination.

Tabletop generation of THz pulses with microjoule energies and field amplitudes of
hundreds of kV/cm [16] has enabled nonlinear electronic spectroscopy of conventional
semiconductors [17-19], demonstrating that they can be suitable for applications like ultrafast
THz saturable absorbers [20]. Recent theoretical and experimental work has also demonstrated
that graphene is a good saturable absorber in the near-IR to visible range [3, 4]. Here we
present nonlinear THz transmission results that demonstrate THz-induced transparency in
graphene, and we study the dynamics of the nonlinear response with time-resolved THz-

pump/THz-probe measurements.

6.1 Experimental Setup

The experimental setup is shown in Figure 1. High-field THz pulses were generated by
optical rectification with tilted pulse front (TPF) excitation in lithium niobate (LN), giving pulse
energies in excess of 3 W at 1 kHz repetition rate [16, 21, 22]. THz pulses were collimated and
focused onto the sample with a pair of off-axis parabolic mirrors, and the transmitted THz light
was imaged onto a ZnTe electro-optic sampling crystal for detection. The maximum THz energy

at the sample was 1.5 pJ and the spot size was 1 mm, giving a maximum fluence of 190 p/cm?.
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THz fluence-dependent transmission measurements were performed by varying the THz pulse
transmission through a pair of polarizers prior to the sample. The time-dependent THz field
profile after passing through the sample E.m(t) or with the sample removed E.f(t) was
measured by electro-optic sampling with a variably delayed 800-nm readout pulse. Fourier

transformation of the field profiles yielded the THz spectra Es;m(w) and Eef(w).

¢ EO sampling

delay stage LIA
99% reflector
800 nm EFL 3" EFL 4"
6.5 mJ, 100 fs Sample
PD1 | PD2
90% =
reflector )‘/IZ ’P7
> | gzl
RM /4
pump-probe
delay stage THz pump - 800 nm pulse for EOS
800 nm pulses . = and probe readout of THz field
for THz generation pulses
— EFL7.5" . ZnTe N4 WP
lens At LNcrystal 2" dia EFL7.5" pellicle 100 um
grating dry air purge

Figure 1. Experimental setup for both THz transmission and THz-pump THz-probe spectroscopy.
In transmission experiments, the optical pulse that generates the THz probe pulse is blocked.
The transmitted THz field is overlapped with a variably delayed 800-nm readout pulse in a ZnTe
electro-optic sampling (EOS) crystal, and the THz-induced depolarization of the readout pulse
reveals the time-dependent THz field profile. EOS — electro-optic sampling, RM — recombination
mirror, EFL — effective focal length, LN — lithium niobate, P — polarizer, WP — Wollaston prism, PD
— photodiode, A/2 — half waveplate, A/4 — quarter waveplate, LIA — lock-in amplifier.

THz-pump/THz-probe measurements were performed in a collinear geometry by
splitting the optical pulse used for THz generation into pump and probe pulses with an

adjustable time delay between them and then recombining them in a common LN crystal [17-
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19]. The transmitted THz fields were measured by electro-optic sampling in ZnTe [23, 24]. For
the time-resolved measurements, the peak amplitude in the transmitted THz probe field profile
is reported as a function of THz pump-probe delay.

Graphene samples were grown on a copper substrate by chemical vapor deposition [2]
and transferred to either fused silica or high resistivity silicon substrates. The graphene
covered roughly half of the substrate area, which allowed us to record reference and sample
scans with a common substrate. Hall effect measurements on several device sizes indicate a
sheet hole concentration of about 5.5 x 10" cm™ for either fused silica or silicon substrate
samples. Based on a linear density of states and a Fermi-Dirac thermal distribution, the Fermi
energy was Ef = -270 meV [25]. All measurements were performed on graphene grown by
chemical vapor deposition (CVD) on copper and transferred to fused silica or silicon substrates
at room temperature. Samples were fabricated by Hootan Farhat and Allen Hsu in Prof. Jing

Kong’s group at MIT.

6.2 THz Saturable Absorption in CVD Graphene

Figure 2a shows the spectrally resolved THz field transmission intensity 7 = | Esam(w)|/| Eref(w) |
for various THz field strengths as a function of frequency, indicating induced transparency with
increasing fluence. This can be attributed to a decrease in carrier mobility as THz excitation
redistributes carrier energies within the conduction band [7, 8]. In this case, the largest effect

comes from redistribution of holes since the sample is strongly hole-doped.
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Figure 2. (a) THz field percent transmission at different pump fluences. The transmission
increases as THz field strength increases. (b) THz power transmission integrated over the entire
THz pulse versus THz fluence. Experiment (dots) and fit to saturable transmission function (line).

Figure 2b shows the power transmission of the entire THz pulse, [EZ2,,(t)dt/
fErzef(t)dt, plotted versus THz fluence. The inset of figure 2a shows representative THz time
and frequency profiles measured in the experiment. The average power transmission went
from 54% at low fluence to 79% at the highest THz fluence. (The peak field transmission
max(Esam)/max(Eref) —goes from 74% to 87% for the steady state transmission) The power
transmission was fit to a saturable power transmission function [20]:

Tiin ¢, Fy/Fsar _
ln[1+TnS(eP ‘- 1)

T(Fp) = Tns Fp/Fsat

(1)

where Tj, and T, are linear and nonsaturable power transmission coefficients, F, is the THz
fluence, and F,,; is the saturation fluence. From our fit, we found Tj;, = 0.54, T,s = 0.82, and F,4: =

20 w/cm?.
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6.3 Modified Drude-Type Conductivity in Graphene

At first glance, the strong induced transparency that we measure is in contrast to expectations
from simple heating in a Drude-like treatment of the frequency-dependent intraband

conductivity o in graphene [5, 13-15]:

Jintra(w) _ 8kBT1n< —Ep Ep ) 1 @

o nh el + el m
where oq is the universal dc quantum conductivity, T is temperature, Er is the Fermi energy, and
T is the momentum scattering time. Here the electron and hole responses are symmetric, such
that electron- or hole-doped graphene should exhibit the same conductivity. Hole-doped
graphene at our carrier sheet densities should only exhibit an intraband response since the
calculated Fermi energy far exceeds the photon energies of our THz pulses. As a result, we
ignore the interband contribution to the conductivity. The conductivity can be related to the

transmission T by:

T(w) =

—| > (3
1+

Zyo(w)
ng+1

where Zj is the vacuum impedance and ns is the substrate refractive index.

Under this treatment, it is assumed that the pump pulse creates a distribution of hot
carriers that thermalize in a short time compared to the experimental time resolution (~100 fs).
The hot carrier distribution induces a decrease in transmission (i.e. increased absorption) based
on equation 2 for the intraband conductivity. However, our experiments show a strong induced

transparency and not induced absorption.
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Theoretical treatments of graphene under a dc bias or ac excitation at THz frequencies
[7, 8] have predicted a very strong decrease in carrier mobility and consequently a decrease in
conductivity at even modest dc and THz field strengths (~1 kV/cm). These studies take into
account damping due to electron-impurity and both electron-acoustic phonon and electron-
optic phonon scattering at typical carrier densities (N = 0.5-1.5 x 10" cm?). By separating the
mobility into impurity, acoustic phonon, and optic phonon contributions at various lattice
temperatures it is possible to assess which scattering mechanisms dominate in the conductivity.
At low lattice temperatures, impurity scattering dominates. At moderate temperatures (T~ 300
K), acoustic phonon scattering becomes significant, and finally at still higher temperatures (T >
700 K) optic phonon scattering becomes significant. For the nonlinear conductivity response,
similar arguments explain the decrease in conductivity with increasing field strength since the
relative change in electron temperature versus lattice temperature decreases with increasing
lattice temperature and increasing field strength. As the acoustic and optical phonon modes are
more populated at higher lattice temperatures, energy dissipation occurs more efficiently,
limiting the electron drift velocity vy and thus the conductivity since vy = uE and o = Neu (at high
hole concentration assuming electron and hole mobilities are roughly equal) where u is
mobility, E is applied electric field, N is the number density of carriers, and e is the charge of an
electron.

Indeed, increasing the scattering rate in the Drude-like conductivity (equation 2) leads
to induced transparency in the transmission. Taking into account that the induced absorption
from heated carriers is weak according to the Drude-like treatment of the conductivity, and

that faster scattering rates lead to strong induced transparency, fits of the power transmission
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(figure 2b) to the Drude-like conductivity give T = 140 fs at the lowest fluence and t = 38 fs at
the highest fluence. This indicates a large change in momentum scattering rate as a function of
pump fluence.

Though empirically similar, it is worth noting that THz-induced transparency in graphene
is quite different from that in conventional semiconductors. In conventional semiconductors,
the mobility is determined by the average effective mass in a given part of the conduction
band, where heating a distribution of electrons in the conduction band leads to inter and
intravalley scattering into lower mobility regions of the conduction band. This is different in the
case of graphene, where the linear dispersion implies zero effective mass for a large range of
energies, and therefore where hotter distributions of electrons or holes do not experience a
different effective mass. Furthermore, there is a symmetry between holes and electrons in
graphene arising from the symmetric linear electronic dispersion. At high THz pump fluences,
the interactions giving rise to the induced transparency or reduced mobility occur through
scattering processes from impurities, and phonon scattering as discussed above. In
conventional semiconductors, the scattering processes are thought to mainly contribute to the
relaxation of energetic carriers after excitation.

This raises a question about the nature of the light-matter interaction in graphene: how
does the THz pulse heat the distribution of carriers? Since the linear dispersion prohibits a
classical acceleration of the electrons in the THz field (carriers have a constant Fermi velocity), a
different mechanism must govern how carriers gain energy in graphene. This points to Coulomb

processes—impact ionization and Auger recombination—as heating and cooling mechanisms in
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graphene along with the impurity- and phonon-assisted effects described above [26, 27].

However, calculations of this nature are out of the scope of this work.

6.4 THz Saturable Absorption Dynamics in CVD Graphene

Time-resolved THz-pump/THz-probe measurements were performed in a collinear geometry as
has been described in previous work [17-19] by directing two variably delayed optical pulses
into the lithium niobate nonlinear crystal to generate a strong THz pump pulse and a weak THz
probe pulse. In time-resolved THz pump-probe measurements, the signal at t = 0 was not
reliable because this corresponded to the two optical pulses that generated the THz pump and
probe pulses overlapping inside the LN crystal where they could interact nonlinearly,
influencing the THz generation process (figure 3). However, there was a significant back-
reflection of the THz pump pulse from the substrate-air interface (~¥35% and 55% reflection of
the THz field per interface in fused silica and silicon respectively), and the reflected THz pump
pulse was sufficiently intense to produce a significant change in probe pulse transmission. Our
signal from each sample therefore consists of two temporally separated components: a signal
that starts at t = 0, which is only reliable at time delays greater than the THz pulse duration of
about 1 ps, and another signal that starts when the THz pump-probe delay time matches the
THz round-trip time tgr (roughly 20 ps) inside the sample. Since the second signal component
permits reliable measurement of the sample response at short probe delay times relative to tgr,
we used this component for our analysis. In principle the signal could be influenced by sample
responses from the first pass of the THz pump pulse through the graphene layer at t = 0 as well

as the second pass at t = tgr, but the sample response does not appear to persist for nearly that
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long. The time-dependent data shown in figure 4 are the second signals in figure 3, with the
time axes rescaled to set t = 0 as the arrival time of the reflected THz pump pulse. These signals
allow us to examine the sample responses with time-coincident THz pump (after reflection) and
probe pulses that were not generated at the same time in the LN crystal, avoiding signal
contributions from unwanted nonlinear optical effects of overlapping optical pulses in the LN.
At three round trip reflections (around 40 ps after time zero) in the substrate material, the
normalized signals look identical. Thus although the signals at 20 and 40 ps are smaller than
that at time zero—due to the Fresnel losses at each interface for each round trip of the pump in
the substrate—the dynamics of the change remain the same. As a result, in the fluence regime
from the first to the third round trip reflection of the pump in the substrate, there does not

appear to be a fluence dependence in the dynamics.
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Figure 3. THz-pump/THz-probe peak field scans for graphene on fused silica (red) and silicon
(blue). The EOS delay was set so that the optical readout pulse was temporally overlapped with
the peak of the transmitted THz probe pulse, and the THz pump-probe time interval was varied.
The large signals at time zero may have contributions from the nonlinear interaction of the
optical pump pulses that were temporally overlapped in the THz generation crystal. The second
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signals are due to reflections of the THz pump pulse in the sample substrates; the time delays
are consistent with the THz refractive indices in fused silica and silicon. The second signals are
reproduced in Fig. 4.

The results, shown in figure 4, reveal recovery of graphene absorption with a dynamical
component that is faster than the time resolution given by the THz pulse and a slower
component that can be fit to an exponential decay with t, = 1.7 ps for graphene on fused silica
and t, = 2.9 ps for graphene on silicon. The difference in decay times may be attributed to
different interactions of the graphene layer with the two substrates. The peak change in AT/T
reaches 12% and 14%, corresponding to absolute transmission of the THz probe pulse of 92%
and 96% (85% and 92% in peak intensity transmission), in the fused silica and silicon substrates
respectively. This is in good agreement with the maximum power transmission obtained from a

fit to the saturable power transmission function (equation 1 where T,; = 0.82) above.
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Figure 4. (a) and (b) THz-pump/THz-probe data from graphene. The zero of time corresponds to
the arrival of the THz pulse in the graphene after an internal reflection at the substrate-air
interface. The data were fit to a convolution of the square of the THz pump field with a
biexponential decay.
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6.5 Conclusions

We observed strong THz-induced transparency in CVD-grown graphene. We believe the effect is
due to redistribution of holes by the THz pulse, which suppresses the carrier mobility through
enhanced scattering processes at higher carrier energies. Time-resolved THz-pump/THz-probe
spectroscopy indicated carrier cooling on a picosecond timescale, which is consistent with
similar studies done with optical pump pulses [5, 13-15]. Our result suggests that graphene may
be suitable for use as an ultrafast THz saturable absorber. Further study is needed to fully
explain the phenomena observed in our experiments including a more detailed theoretical
treatment of scattering processes in graphene to fit our experimental conditions, and
temperature-dependent studies to investigate the effect of lattice temperature on such

scattering processes.
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Chapter 7
THz Kerr Effect in Liquids

The Kerr effect is a change An in the optical refractive index, which is exhibits quadratic
dependence on an externally applied electric field. In the dc limit, this is usually expressed as
An = KAE? with the Kerr constant K and the vacuum wavelength A. At optical frequencies, an
intensity-dependent modulation of the refractive index An = nbI(t) is observed, resulting in
well-known nonlinear optical effects like self-focusing (Kerr lensing), self-phase modulation, and
birefringence that is usually measured through the depolarization of a separate, weak optical
beam in what is conventionally designated as the optical Kerr effect (OKE). The optical Kerr
effect [1-4] can be observed in isotropic materials, including liquids and gases, that do not
possess a second-order contribution y(® to the polarization that leads to a linear dependence
on the electric field (Pockels effect). Using ultrashort laser pulses, information about the

dynamical responses of liquids on femtosecond time scales can be obtained [5-7]. In addition to
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orientational degrees of freedom, molecular vibrations excited through impulsive stimulated
Raman scattering may be observed.

Here we present results in which the refractive index at optical frequencies is perturbed
not by optical pulses but single-cycle terahertz pulses. Processes in the terahertz frequency
range correspond to timescales on the order of molecular relaxation constants in liquids and
glasses, but until recently the terahertz field strengths have been too small to induce
observable higher-order nonlinear effects. Due to the phase-stability of terahertz generation
processes, a femtosecond optical pulse that is used to produce a terahertz pulse can be used to
time-resolve individual cycles of the terahertz field, and we anticipate that the optical pulse can
also be used to time-resolve a Kerr response to individual cycles of the terahertz field. This is in
contrast to all-optical Kerr experiments where only the Kerr response to the intensity envelope
of the optical excitation pulse can be observed. Z-scan measurements [8] of ZnTe during
terahertz generation by an optical pulse [9] suggested significant terahertz-induced Kerr index
change, but conventional OKE and mixed optical/terahertz effects, as well as cascaded y®
effects (present in the noncentrosymmetric crystals), were also present. Here we present
results in centrosymmetric media with only terahertz excitation to demonstrate unambiguously

and generally the terahertz Kerr effect.

7.1 Experimental Setup

The experimental setup is shown in figure 1 and described in chapter 4. Single-cycle terahertz
pulses with energies exceeding 1.5 W were generated by the tilted pulse front technique [10-

12]. This method uses noncollinear velocity matching to enhance optical rectification in lithium
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niobate through tilting of the intensity front of a femtosecond laser pulse with a grating. The
generated field was collimated and focused onto the sample where the terahertz intensity
exceeded 50 MW/cm?. An Infrasil cuvette that is relatively transparent in the far-infrared, with
a path length of L = 5 mm, was used for liquid samples. CS,, benzene and CCl; have low
absorption in the terahertz range, so a 5 mm sample length did not significantly diminish the

terahertz pulse.

(a)
grating wiregrid polarizers
/\ R LiNbO3

2 K\B
polarizer g
4%refl. . \ pellicle beam splitter
4 7 N N
delay stage T Wollaston prism
I _ I PD1
5mJ, 100 fs sample cell

Figure 1: (a) Experimental setup. Terahertz radiation was generated by the tilted pulse front
method and focused onto the sample in a 5 mm quartz cell. Light pulses with 800 nm
wavelength and 100 fs duration were used to probe the sample, and their induced
depolarization was analyzed. (b) The probe polarization at the sample was 45° with respect to
the terahertz polarization.

A weak 800 nm probe beam was passed collinearly through the sample at a polarization
of 45° with respect to the terahertz polarization. A combination of a quarter-wave plate and a
Wollaston prism was used to analyze the change in refractive index. Two balanced photodiodes
and a lock-in amplifier were used to record pump-probe data. In order to assess the field
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strength and temporal shape of the terahertz field at the sample position, electro-optic
sampling [13] with a 0.1 mm ZnTe crystal was used.

Since in our experiment the terahertz excitation pulse and the optical probe pulse travel
through the sample together over a long distance (5 mm), it is important to have good velocity
matching. The time-domain signal is optimal if the phase velocity of the terahertz pulse causing
the birefringence and the group velocity of the optical pulse probing it are identical. In this case
the optical pulse envelope remains fixed at the same part of the terahertz wave cycle as the
two pulses propagate through the thick sample. The matching of the optical (group) refractive
index and the terahertz refractive index in our samples allows us to use long path lengths, thus

enhancing measurement sensitivity to small refractive index changes.

7.2 THz Kerr Effect in CS,, CH,l,, Benzene, CCl,, and Chloroform

Figure 2a shows results of terahertz-pump/optical-probe scans for CS,, CH,l,, benzene,
CClg, and chloroform, normalized to unity. The overall signal levels in the different samples
reflect the differences in electronic and molecular polarizabilities. CS,, CHsl,, and benzene have
the strongest signals, which show slow decays due to the orientational contributions to their
polarizabilities [5, 14] as will be discussed in more detail below. The observed signal from CCl, is
substantially weaker and has no orientational component because of the molecular symmetry.
CHCI3 should show orientational signal but the level is apparently too low to detect above noise
in our current measurements. Surprisingly, nitrobenzene which has a value of 5.8 x 102 m?v?

for x® at optical frequencies [15], roughly twice that of CS,, yielded no measurable signal. This

was also the case for tetrahydrofuran (THF), which is known to have a very low polarizability.
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Figure 2: (a) Terahertz Kerr signals obtained from five different liquids. The dotted line indicates
the square of the electric field measured by electro-optic sampling with ZnTe. (b) The magnitude
of the Kerr signal (shown for CS,) scales quadratically with the applied terahertz field.

The magnitudes of the observed Kerr signals scale quadratically with the terahertz field
amplitude (figure 2b) as expected for a ¥®) process. From the observed magnitude of the Kerr
signal, i.e., from the difference signal AI/I in our balanced detection system, the phase
retardation A¢ of the probe pulse of frequency w accumulated while traversing the sample cell
with length L can be calculated and the change in refractive index An caused by the terahertz

field can be deduced from the expressions

AnwL ny —n, )wl
TzsinAgb:sin p =sin( ad y) (D

At the maximum terahertz pump strength we obtain AI/I of 2.7 x 107, corresponding to an
index change of An=4.3 x 10 in the case of CS,. For a terahertz electric field of 150 kV/cm we

obtain a Kerr constant K of 2.4 x 10™** m/Vv? which is close to the DC value for CS, of 2.8 x 107
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m/V? [16]. In all-optical Kerr measurements, the refractive index change for a weak probe of
linearly polarized light at frequency w’ is connected to the nonlinear refractive index n; by
An(w') = 2n(E(w)E(w)) (2)

and related to the nonlinear susceptibility by n, = %)(fci)xx(w’; w',w,—w), where ny is the
0

unperturbed refractive index. The angled brackets indicate a time average over the electric field
cycles. The nonlinear refractive index can also be given in terms of intensity An = niI where
the relationship between the nonlinear coefficients is given by n} = n,/(gynyc), where &, is
the vacuum permittivity. Table 1 summarizes our results for the observed peak refractive index

change and the derived nonlinear constants for the five liquids.

Liquid An K n,' n, [15] x® T
x10° | (10 m/V) | (10 ecm?/W) | (10" ecm?/W) | (10 m%/V?) | (ps)
Cs, 4.3 2.4 440 332 2.08 1.7
Benzene | 0.5 0.26 56 168 0.22 2.1
ccl, 0.23 0.12 27 15 0.10 -
CHCl3 0.086 0.045 10 30 0.04 -
CH,l, 1.4 0.75 140 147 0.70 13

Table 1: Refractive index change An, nonlinear refractive index n, in terms of intensity, nonlinear
susceptibility )((3)(a)THZ,wTHZ, wopt), and rotational relaxation time constant t, for the
terahertz Kerr effect in various liquids. The measured terahertz pulse parameters used for the
calculation are: duration 1 ps, beam diameter at focus 2 mm, energy 1.5 w. These correspond to
a terahertz peak field of 150 kV/cm and peak intensity of 50 MW/cm? The fourth column
contains reference values from [15].
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Generally, our values for the nonlinear refractive index are on the same order of
magnitude as values reported for all-optical measurements [15]. More quantitative comparison
is difficult because in the available literature we found substantial variation in the reported

values for n, and ¥ from OKE measurements.

7.3 Electronic and Nuclear Components of the Signal

The time-dependent polarization, P, can be expressed using a response function R(t) [17]

(@EPY (t —tHEP (e —17')  (3)

3 1rp(3
P (t,0) = EP" (¢ — 1) j 'R,
0

where t is the delay between the pump and probe pulses £ and E”". The response function

may be further separated into electronic and nuclear degrees of freedom Rﬁ,)d = RS’,zlel +
RE™MC oy electronically nonresonant frequencies, the electronic response function is

ijkl
essentially instantaneous in time and contains no information about molecular dynamics. The
second term contains the inter- and intramolecular contributions to the signal. For anisotropic
molecules the main contribution to the nuclear term is from molecular orientational diffusion,
which can be approximated to have an exponential decay with time constant 7,. The induced
difference An between the indices of refraction parallel and perpendicular to the terahertz field

can then be written as
ng (¢ ~(t-1),
An(t) = nSE% (1) + T—j EZ,,(t) e Todt’"  (4)
0 /-0

where n§ contains the instantaneous the electronic contribution and nJ the orientational

contribution to n,. A fit of Eq. 4 to An(t) for CS, yields ratio n$/n§ of about 0.4; subtraction of
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the electronic contribution from the measured response yields the red trace in figure 3a which
gives the purely molecular orientational contribution with orientational relaxation time 1o = 1.7
ps. In the case of diiodomethane (CH;l,), we observe a strong electronic contribution as well as
a longer exponential contribution with a time constant of 13 ps (figure 3b). This relatively large
value can be explained by the larger moment of inertia of the diiodomethane molecule. The
exponential decay times that we measured are in reasonable agreement with reported values
from all-optical Kerr effect measurements [14].

In CH,l, and CCl,, it can be seen that on the short time scale the nonlinear refractive
index follows the square of the terahertz field. This is in contrast to all-optical Kerr
measurements, where the birefringence change follows the envelope of the square of the
electric field. CH,l, and CCl, are favorable samples for this observation because in the former
the electronic Kerr response, which is the part that follows the square of the pump field, is well
separated temporally from the much slower orientational response, while in the latter there is
no orientational response. A more extensive theoretical model of dynamic responses to
terahertz fields [18] may enable spectroscopic exploitation of the fact that induced responses
with well-defined polarities can be measured. So far we have not observed measurable optical
birefringence in polar liquids although terahertz-induced second-order lattice vibrational
responses were observed optically in ferroelectric crystals [19]. Therefore a strong molecular
dipole does not necessarily facilitate the present class of measurement, and may hinder it
through absorption of the terahertz pulse near the front of the sample. Other probing methods

may enable detection of nonlinear terahertz pumping of molecular dipolar responses.
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Figure 3: Terahertz Kerr signal in (a) CS,, (b) CHyl,, and (c) CCl, (solid black lines). For
comparison, the square of the terahertz electric field profile obtained from EO sampling is
shown (dotted red lines). The dashed (blue) line in (a) is based on a fit to Eq. 4. The insets show
data on a log scale together with exponential fits yielding decay constants of 1.7 ps in CS, and 13

ps in CH,l,.

7.4 Conclusions
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We have observed terahertz-induced transient optical birefringence in liquids. The nonlinear

refractive index n; is generally on the same order of magnitude as in all-optical measurements.
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In materials with a small or slow contribution of molecular orientation such as CCl; and CH,l,,
we are able to observe that the electronic part of the system response follows the square of the
terahertz electric field. Therefore responses to each terahertz field polarity may be observed
distinctly. This may enable novel spectroscopic measurements of responses with well-defined
orientations in addition to alignments. The terahertz Kerr effect may reveal polarizability
dynamics associated with electronic, vibrational, and structural responses in ordered and

disordered solids as well as liquids.
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Chapter 8

Nonlinear Responses in Ferroelectrics

Ferroelectric systems are of great scientific interest due to their strong nonlinear optical
responses and unusually large dielectric constants. Whereas standard ferroelectrics exhibit
macroscopic polar domains, there is a class of systems that blur the distinction between a polar
ferroelectric phase and an isotropic paraelectric phase. These systems are the relaxor
ferroelectrics, in which upon approaching the critical temperature T. from above, ferroelectric
nanodomains coexist with the isotropic paraelectric phase (figure 1) [1-3]. Above T, no polar
domain exists in normal ferroelectrics but polar nanodomains persist well above the dynamic
transition temperature of relaxors. Doping gives rise to dipolar defects, which transform the
material into a relaxor. The impurities distort the highly polarizable host lattice, forming
correlated polarization regions in the host lattice. At high impurity levels, the correlated regions
overlap and the relaxor can enter into a long-range ordered ferroelectric state. It is also

possible to form a dipole glass if the nanodomain orientations are frozen into place before they
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begin to interact as the temperature is reduced and their correlation lengths increase [4]. In
both conventional and relaxor ferroelectrics, the soft phonon mode whose coordinate
corresponds to the collective motions of ions between their positions in the paraelectric and
ferroelectric phases increases its dipole and shifts to lower frequency (i.e. softens) as the critical
temperature is approached from above, and it typically lies in the THz range. In fact, the role of
the soft mode in the ferroelectric phase transition may be exploited to control the ferroelectric
polarization. This has been proposed theoretically by directly driving the soft mode with THz
electric fields in lead titanate [5]. In these studies, the polarization of the driving field has been
found to be an important factor in controlling the ferroelectric state. Polarization sensitive THz
nonlinear spectroscopies can thus be important tools to study the onset of ferroelectricity in

such systems.

Te T
* -

b o o [pe

O
b b o | P
macroscopic paraelectric isotropic
ferroelectric phase paraelectric
phase with regions of  phase

disordered
ferroelectric
nanodomains

Figure 1: Relaxor ferroelectric schematic. At high temperatures, an isotropic paraelectric phase
exists. As the ferroelectric transition temperature T, is approached from above, disordered
ferroelectric nanodomains coexist with the paraelectric phase. Finally, when below T, a
macroscopic ferroelectric phase emerges.
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Near T, the dielectric function €’ can reach extremely high values, on the order of up to 10° at
DC through microwave frequencies. Closely related to this are extremely high electrooptic
effects which are among the highest in known materials [6] and hence of great interest for
technological applications [7]. In the cubic phase above T, potassium tantalate niobate (KTa;.
«Nb,O3 KTN) has inversion symmetry and the lowest order electro-optic (EO) effect is the Kerr
effect [6]. In the other phases, KTN is ferroelectric and the Pockels effect is observed since it
does not have inversion symmetry [7].

Optical Kerr effect (OKE) spectroscopy has been used extensively to study a wide variety
of materials [8-10]. OKE spectroscopy has proved useful for observation of vibrations coupled
to molecular or material polarizabilities [10]. In the far-IR/THz regime, THz-induced Kerr effect
measurements have been performed on liquids [11] showing a similar coupling to the
polarizability (as discussed in the previous chapter). In this case, photon energies are not large
enough to excite vibrational modes through Raman processes. However, THz fields may directly
excite polar vibrational modes, as found in ferroelectric materials. In this chapter, | will discuss
nonlinear THz measurements on the relaxor ferroelectrics (<100> cut) potassium
tantalate/niobate KTa;xNb,Os (KTN, x = 0.018, T = 32 K) and Ky, Li,Ta;xNb,O3 (KLTN, x = 0.345,

y=0.01, T. = 264 K).

8.1 Experimental Setup

The experimental setup is shown in Figure 2 (and has been described in chapters 4 and 7).
Single-cycle THz pulses with energies exceeding 1.5 pJ were generated by the tilted pulse front

technique [12-14]. The generated field was collimated and focused onto the sample where the
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THz intensity exceeded 50 MW/cm? (> 250 kV/cm in field strength). Using a pair of wiregrid

polarizers, the THz pump pulse could be variably attenuated, enabling intensity-dependent

measurements. An ultrafast 100 fs 800 nm probe pulse was spatially overlapped with the THz

pulse and the relative time delay was variably tuned. The polarization rotation of the optical

probe pulse was measured in a balanced and heterodyned setup (similar to balanced detection

for electro-optic sampling). Temperature-dependent measurements were performed in a

closed-cycle liquid helium cryostat with TOPAS polymer windows.

800 nm EFL 3"
6.5 mJ, 100 fs
I N2 P
5% BS I =4
wiregrid
polarizers
N2 lens
|
| \ LN | EFL7.5
crysta 2’ dia
grating

Sample

pellicle

”

} NAaWP |

PD1 miiin

LIA

PD2

Figure 2: THz Kerr effect setup. THz pulses are generated using the tilted-pulse front technique
and focused into a sample. Depolarization of a short 800 nm probe is detected with balanced
photodiodes using lock-in techniques.

8.2 THz Kerr Effect in KTN

KTN is a relaxor ferroelectric material which is essentially a potassium tantalate (KTaOs) crystal

with niobium substitutions. The amount of niobium substitution tunes the ferroelectric phase
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transition temperature T.. The soft mode in KTN corresponds to the collective motion of the
potassium and tantalum/niobium ions in the units cell out of phase with respect to the oxygen
atoms (figure 3). The parent material, potassium tantalate, is a quantum paraelectric so it does
not undergo a ferroelectric phase transition at a non-zero temperature [15]. Upon niobium
substitution, the central cation in the unit cell experiences a displacement from the center and

enables a stable ferroelectric phase above T =0 K [2].

Figure 3: left) Ferroelectric soft mode in KTaO3. (right) Displacement of central cation in [111]
direction upon doping with Nb.

Figure 4 shows THz Kerr effect data at room temperature in a 0.2 mm thick KTN crystal, fit to a
single exponential convoluted with the square of the pump THz field. The decay constant from
the fit was Tt = 5.3 ps. Intensity-dependent THz Kerr effect measurements were performed

(Figure 4a inset) confirming second-order dependence on the THz pump field.
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Figure 4: THz Kerr effect measurements on KTN. (a) THz Kerr effect in KTN at room temperature:
experiment (red), fit (black), reference THz intensity (blue). (inset) Scaling of THz Kerr effect in
KTN at room temperature as a function of relative THz intensity shows linear dependence
confirming second order dependence on THz field. (b) Temperature dependence of the THz Kerr
effect in KTN with fits to a convolution of the square of the THz pump field and a single
exponential for high temperatures (150K and 298K) and a biexponential for low temperatures
(39K and 77K). The faster time constant for low temperature measurements is much slower
than the optical probe pulse duration and slower than the individual lobes of the square of the
THz field.

8.2.1 Temperature Dependence

Temperature-dependent measurements were also performed to observe changes in the Kerr
effect measurement as the Curie temperature was approached from above. The data were fit
to either a single or biexponential decay convolved with the square of the pump THz pulse
(Figure 4b). The THz Kerr effect signal increases as the temperature is decreased. The dynamics
of the signal also change as a function of temperature. As temperature decreases, the time
constant decreases as well, until the data no longer fit to a single exponential. At lower
temperatures (below 80K) fits were performed with a biexponential function, since a single

exponential did not yield a good fit. At low temperature, there is a fast contribution to the
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signal (t = 0.5 ps) as well as a slower contribution (Tt = 5 ps) which is close to the decay constant
at room temperature.

As in our THz Kerr effect measurements in simple liquids, we can calculate the induced
change in refractive index An by the terahertz field

I AnwL n, — N, JwL
T=sinA¢=sin p =sin(x y)

Y]

where Al /I is the signal modulation measured in our balanced detection setup, Ag is the phase
retardation, w is the probe pulse frequency, and L is the sample thickness (or in the case of
poor phase matching, the coherence length). At room temperature with the maximum
terahertz pump fluence, with a coherence length of L = 0.014 mm (at 0.7 THz, which is the peak
of the incident THz spectrum, assuming the optical index is 2.5 and the THz index is 18) we
obtain AI/I = 8.5 x 10™ yielding An = 7.7 x 107° in KTN. The refractive index change 4n ranges

from about 8 x 10°® at room temperature to 15 x 10° at 25K (figure 5).
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Figure 5: THz-induced change in refractive index An as a function of temperature. The induced
change in refractive index changes by about a factor of 2 from room temperature to the phase
transition temperature T..

To further elucidate the nonlinear THz dynamics in KTN, we performed linear THz time-domain
measurements as a function of temperature. As the ferroelectric phase transition temperature
is approached from above (T. = 32 K), the soft mode in KTN redshifts and increases in
magnitude. This is evident in the large decrease in THz transmission and increase in index
(figure 6). The soft mode in KTN with 1.2% Nb doping goes from about 1.5 THz at 100 K to 0.3
THz at the phase transition temperature T. = 25 K [16]. We could not measure the transmission
below 100 K, indicating that the width of the soft phonon as well as its magnitude was large
compared to our experimental bandwidth. For THz Kerr effect measurements, as the index
increases, less of the THz pulse enters the crystal due to Fresnel reflection losses. However, as
temperature is decreased, the magnitude of the THz Kerr effect signal increases, and we get a

separation of timescales from single exponential decay dynamics to biexponential dynamics.
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Figure 6: Temperature-dependent measurements on KTN with linear THz time-domain
spectroscopy (a) Temperature dependence of KTN linear transmission measurements. The
integrated transmission (blue) corresponds to the left axis. The ratio of the peak of the sample
and reference THz electric fields (red) corresponds to the right axis. (b) Temperature
dependence of KTN group index from linear THz transmission measurements. Note that both
figures represent the respective lower bounds of the quantities shown since only the low
frequencies from the pulse are transmitted, and all the high frequencies are absorbed (starting
at about 0.7 THz).

8.2.2 The Origin of the Response

The large THz dielectric response in relaxor ferroelectrics makes phase-matched measurements
on these materials difficult to realize. At room temperature in KTN, the THz index is ~18
whereas the optical (800 nm) index is ~2.5. Although previous studies on simple liquids have
shown that the THz pump field can drive nonresonant electronic nonlinearities, we believe that
this is not the dominant source of signal in KTN. All-optical Kerr effect measurements at several
temperatures have shown that the electronic nonlinearity pumped by optical (800 nm) pulses is
largely temperature independent down to the phase transition temperature (figure 7). If the
KTN THz Kerr effect signal were induced by an instantaneous electronic response, the signal
would be integrated over the propagation direction by the optical probe, yielding an
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exponential decay in the signal as a function of pump-probe delay since the THz pulse would be
absorbed as governed by Beer’s law as it propagates into the crystal and the optical probe pulse
would overlap with it deeper into the crystal at longer delays. In this case, the signal should
decrease with decreasing temperature since more THz pump energy is reflected as the index
increases, assuming the electronic response is temperature independent (confirmed in the all-
optical Kerr effect measurements). In our case, we believe the long-lived signal arises from
resonant dipole-mediated effects as opposed to nonresonant effects through the polarizability.
Our temperature-dependent THz Kerr effect measurements show an increase in the magnitude
of the Kerr effect as temperature is decreased—consistent with the increase in the soft mode
dipole as the phase transition is approached. Though the phase matching in our experiment is
poor, the dipole strength of the soft mode at all temperatures studied was very strong,
minimizing the importance of phase matching since the interaction is strongest near the front
face of the 0.2 mm crystal. As a result, we believe the THz Kerr effect signal in KTN occurs
through a dipole-mediated response where the THz field resonantly pumps the soft vibrational

mode.
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Figure 7: All-optical Kerr effect measurements on KTN at several temperatures. There is no
temperature dependence of the all-optical response, indicating a minimal temperature
dependence of the nonresonant electronic polarizability.

The second-order dependence of the Kerr signal level on the THz pump field strength
suggests that the signal results from two THz dipole interactions. There are two main
explanations for the origin of the signal: 1) the signal occurs through the creation of a non-
equilibrium population induced by the THz pulse, or 2) the signal occurs through the creation of
a 2-quantum coherence of the vibrational soft mode. If the 2-quantum coherence led to the
birefringence response, we would expect that the signal would oscillate at twice the
fundamental frequency as the system evolves through the coherence, instead of the monotonic
decay we observe. Two-quantum rotational coherences induced in polar molecular gases by
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strong THz pulses exhibit this feature in optical birefringence measurements [17]. This suggests
that the signal comes from a non-equilibrium population distribution in the soft mode induced
by the THz field. In this case, the non-equilibrium population of the soft mode changes the
equilibrium bond distances in KTN. This leads to an induced anisotropy in the lattice. The
population decay would then lead to the observed monotonically decreasing decay in the THz
Kerr effect signal.

The separation of timescales at low temperature may be associated with the onset of
ferroelectric nanodomains in the crystal. No other structural changes occur in KTN at the 1.8%
Nb doping level. The crystal structure goes from the cubic paraelectric phase to the
rhombohedral ferroelectric phase at T. = 32 K [2]. The Burns temperature, the temperature at
which ferroelectric nanodomains begin to form [18], occurs roughly 20 K above T, in KTN for
several Nb (1.2-15.7%) dopant concentrations [19, 20]. The macroscopic polarization response
of a relaxor ferroelectric is tied to the formation of polar nanoregions (PNRs, or ferroelectric
nanodomains), suggesting that the onset of the change in the dynamic response may be related
to the formation of PNRs.

The observed effect suggests that experiments using only THz pulses, such as THz-
pump/THz-probe, would be useful in further elucidating the nonlinear vibrational response.
However, practical considerations make this measurement difficult to perform, since the
transmission is very small (~0.2% in THz energy over our bandwidth at room temperature). One
solution to this problem is to attach a crystal of intermediate index (between 1 and 18) before
and after the KTN crystal to reduce Fresnel losses. However, the nonlinear response may be

difficult to isolate since typical high-index materials are often other ferroelectrics that may
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exhibit their own nonlinear responses. Nevertheless, other demonstrations of this method have
been shown in previous work in the group. Another solution would be to go to even thinner
crystals where we can reduce the overall absorption by making the path length shorter, though

we would still lose a significant amount of THz light due to Fresnel losses.

8.3 THz Kerr Effect in KLTN

KLTN is a relaxor ferroelectric crystal similar to KTN in which some of the potassium ions are
substituted with lithium ions. We have performed THz Kerr effect measurements on a 1.9 mm
thick Ky Li;Ta1xNbsO3 (KLTN, x = 0.345, y = 0.01, T. = 264 K). THz Kerr effect measurements on
KLTN showed a fast response (Figure 8) that could not be fit to a convolution with the THz
intensity. However, in this case, the THz absorption is much stronger than in the case of KTN.
This affects the shape of the Kerr effect signal. Assuming a strong lattice interaction with the
THz pump pulse in KLTN as well, the lack of a long-lived response suggests fast lattice dynamics
that cannot be resolved with our current setup. The signal is close to instantaneous with the
square of the pump THz field. As temperature is increased, the lobe of the THz pulse occurring
at longer time delays (~0.5 ps) grows in, suggesting less THz absorption at higher temperatures.
This is consistent with the behavior of the soft mode, which blueshifts as the temperature is
increased above T.. Furthermore, there is some evidence that the dynamics begin to grow
longer at higher temperatures—farther away from T, which is similar to what was observed in

KTN.
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Figure 8: THz Kerr effect measurements on KLTN. (a) THz Kerr effect in KLTN at room
temperature (blue) and the incident THz field (red). (b) Temperature dependence of THz Kerr
effect in KLTN at several temperatures above T, = 264 K. The square of the pump THz field is
plotted in black.

8.4 Conclusions

We have performed THz Kerr effect measurements on the relaxor ferroelectrics KTN (1.8% Nb)
and KLTN (1% Li, 34.5% Nb). The induced change in refractive index was on the order of 10° to
10”. KTN exhibits a long lived decay whereas KLTN shows a fast response that can follow the
evolution of the THz intensity. The response in KTN is thought to arise from nonlinear pumping
of the soft vibrational mode by the THz pump field. Due to the soft mode’s very strong
absorption and broad nature, nonlinear pumping of the soft mode is difficult to observe in
nonlinear THz transmission spectroscopy. We have been able to observe a dynamic response
from the lattice as the ferroelectric phase transition is approached from above, going through
the temperature regime of ferroelectric nanodomain formation. The dynamics change from
single exponential decay to biexponential decay going from high to low temperature near the

Burns temperature, suggesting that the change in dynamics may be related to the formation of
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ferroelectric nanodomains. The fast response in KLTN may be attributed to disorder in the
lattice since it is highly doped with Nb ions. Further studies to model the index modulation from
induced lattice asymmetry will help aid a better understanding of the effect of resonantly

pumping the soft vibrational mode in relaxor ferroelectrics.
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Chapter 9

Metamaterial-Enhanced Nonlinear THz
Spectroscopy

Metamaterials are engineered subwavelength structures that exhibit custom-tailored
electromagnetic responses. For the THz range, metamaterials may by easily designed and
fabricated with current micro-scale photolithography techniques. There has been much recent
interest in the use of metamaterials to induce nonlinear responses in materials. In particular, it
has recently been demonstrated that the antenna-like nature of certain THz metamaterial
structures can enhance electric fields by over an order of magnitude [1]. It has been proposed
to use such enhancements for second harmonic generation in ferroelectric crystals [2]. In this
chapter, | will discuss several experiments that have demonstrated extraordinary nonlinearities
with metamaterial-enhanced THz fields—nonlinear electronic effects in the semiconductor,
gallium arsenide (GaAs), and a THz-induced insulator-to-metal phase transition (IMT) in

vanadium dioxide (VO;). The work in this chapter is a result of a collaboration with Mengkun
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Liu, Kebin Fan, Aaron Sternbach, and others from the research groups of Prof. Richard Averitt

and Prof. Xin Zhang at Boston University.

9.1 Nonlinear Metamaterials: Carrier Mobility Suppression and Impact
lonization in Gallium Arsenide

Nonlinear metamaterials is a rapidly developing field of fundamental interest with significant
technological implications spanning from microwave through visible frequencies of light [3-8].
As with tunable and reconfigurable metamaterials [9, 10], nonlinear metamaterial responses
depend highly on their physical structure and local environment. This is because the most
significant nonlinearities take advantage of the local field enhancement within the active region
of the subwavelength metamaterial elements which, in the case of split ring resonators, are the
capacitive gaps. While the active volume of the enhanced gaps is small in comparison to the
unit cell volume, the field enhancement can dominate volumetric effects leading to
nonlinearities enhanced by two to four order of magnitude [7] in microwave studies.

Advances in nonlinear metamaterials coincide with the development of high-field
terahertz sources capable of generating electric fields sufficient to induce nonlinear responses
in conventional matter [11-15]. For example, in doped GaAs, velocity saturation and impact
ionization have been observed [12, 15]. However, such effects require peak electric fields of
over a hundred kV/cm. In this section, we will demonstrate that judicious incorporation of
metamaterial elements with semiconductors enable significant enhancement of nonlinear
electronic responses at reduced incident field strength compared to driving the same

nonlinearities without metamaterials, due to the large field enhancements provided by
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metamaterials [2, 16-18]. We will experimentally demonstrate different nonlinear responses in
metamaterial split ring resonators on n-type GaAs and semi-insulating GaAs. We will show that
with increasing incident THz electric field strengths, the metamaterial resonance can be
enhanced or quenched as a result of a large change in the local conductivity of the capacitive
gaps. Furthermore, we will demonstrate that around the resonance, the field-dependent
nonlinearity provides a way to sweep the effective permittivity from negative to positive values.
Finally, we will discuss damage to the GaAs due to the large localized THz fields in the

metamaterial gaps.

9.1.1 Metamaterial Resonance Suppression on Moderate-Conductivity
Substrates

To create nonlinear metamaterials, electric inductive-capacitive resonator (ELCR) arrays were
fabricated by conventional microfabrication on a GaAs substrate. In figure 1la we show
metamaterial structures on a 1.8-um-thick doped GaAs film (carrier density n = 1 x 10" cm?),
which was grown on a semi-insulating GaAs (SI-GaAs) substrate using molecular-beam epitaxy
(MBE). The ELCRs (figure 1a) consist of 200 nm thick Au with a 10 nm Cr adhesion layer. The
ELCR dimension is / = 36 um with a period of p = 50 um. The capacitive gap has a width of g =
2.2 um as shown in the inset of figure 1. The small gap width is crucial for the field
enhancement as we will discuss in detail later. Low-field THz-TDS using ZnTe generated
terahertz pulses was first employed to characterize the metamaterial response. In order to
accurately extract the transmission response of the metamaterials, a bare n-type GaAs

substrate was used as a reference. Figure 1b shows that the inductive-capacitice (LC) resonance
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is at about 0.75 THz which is close to the peak frequency of THz pulses generated by tilted pulse

front generation in LiNbO3 [19].
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Figure 1. (a) Image of ELCR arrays on n-type GaAs substrate. The period, p, is 50 um; the length
of ring, I, is 36 um; the gap is 2.2 um. (b) Measured electric transmission of ELCRs on doped
GaAs characterized by a ZnTe based THz-TDS.

High-field THz transmission experiments discussed later were conducted to address the
nonlinear response of the n-doped GaAs. Tilted-pulse-front THz generation in a LiNbO;3 crystal
renders a peak THz field strength of about 400 kV/cm in free space, with a 1 mm beam
diameter at the focus. The field strength could be varied with a pair of wire grid polarizers in
the THz beam path from 24 kV/cm to 400 kV/cm. The detailed experimental setup has been
described elsewhere [11, 12, 20]. All experiments were performed at room temperature in a

dry air environment at ambient pressure.

9.1.2 Recovery of Metamaterial Resonance with THz-Induced Carrier Mobility
Saturation of a n-Doped GaAs Substrate

Figure 2a and b show the experimentally measured transmission of metamaterials as a function

of frequency for various incident (peak) electric fields. With increasing field from 24 kV/cm to
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400 kV/cm, two distinct nonlinear processes were observed. Under the lowest-field irradiation
(24 kV/cm), the transmission response is close to the result shown in figure 1b. The weak LC
resonance indicates a moderately conductive substrate, providing a path for electron flow,
partially shorting the resonator gaps. As the incident field increases from 24 kV/cm to 160
kV/cm, the transmission at the metamaterial resonance (~0.73 THz) decreases significantly
from 65% to about 30%, while the transmission away from resonance on the low frequency end
increases notably (at 0.4 THz transmission goes from from 80% to over 90%). This global change
of transmission over the entire spectrum indicates a global conductivity change in the entire n-
GaAs film, which is comparable to other tunable metamaterial responses [21, 22]. This is
indicative of THz saturable absorption by suppression of the carrier mobility (as discussed in
Chapter 5). With further increase of the THz electric field, a different trend is shown in figure
2b. The on-resonance response starts to be quenched while the off-resonance transmission at
lower frequencies (< 0.5 THz) remains almost unchanged. This on resonance transmission

increment implies a local conductivity increase in the capacitive gaps of resonators.
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Figure 2. (a) & (b) Experimental electric field transmission of ELCR array as a function of
frequency for various incident peak electric fields. (c) Simulated transmission of ELCRs on doped
GaAs as a function of mobility over the entire thin film. (d) Simulated transmission of ELCRs on
doped GaAs as a function of conductivity of within the capacitive gaps. The inset in (b) shows a
SEM picture of an ELCR after high-field (above 160 kV/cm) irradiation. The dotted white region
in the inset indicates the region over which impact ionization produces conductive GaAs. The
inset in (d) shows the simulated on-resonance field enhancement of ELCRs at the interface of
saturated substrate with gold thin film.

The two distinct nonlinear processes happening at different field levels are the result of
two different nonequilibrium carrier transport processes in the n-GaAs film. The first process,
occurring between 0 and 160 kV/cm, can be ascribed to the photoinduced transparency in
doped substrates [12, 23], or saturable absorption. The THz field excitation drives electrons

initially in the lowest-energy valley in the conduction-band (I valley), upon which they can

166



acquire energy on the order of 1 eV, scattering them into satellite valleys (e.g. L valley). Since
the mobility in the side valleys can be one order of magnitude smaller than that in the I valley,
intervalley scattering leads to a less conductive GaAs substrate compared to the low-field
situation where the electrons are all in the L valley (as discussed in chapter 5 and [12, 20]).
Consequently, the LC resonance builds up gradually as the on-resonance transmission
decreases. When the field is above 160 kV/cm, most of the conduction electrons are expected
to be scattered into the side valleys. This is consistent with intervalley scattering studied by
high field THz experiments on doped GaAs without metamaterials, and the field strength and
saturable absorption response are comparable to this demonstration. We note that at the early
stages (24 kV/cm) the field enhancement in the SRR gaps is very small because of the highly

conducting GaAs surface.

9.1.3 Impact lonization in n-Type GaAs with Metamaterial-Enhanced THz Fields

With higher THz field impinging on the metamaterials (at incident field strengths of 160 kV/cm
to 400 kV/cm), the nonlinear response is attributed primarily to another high-field carrier
transport phenomenon—impact ionization. In this field strength regime, there is a large field
enhancement in the resonator gaps due to the prominent on resonant response. Therefore, at
higher THz fields, with large in-gap THz enhancement (since the substrate is more insulating,
the enhancement is much larger), electrons in the conduction band are effectively accelerated
by the THz electric field. The energetic electrons collide with valence band electrons generating
de-energized conduction band electrons and electron-hole pairs, resulting in a large increase in

the carrier density [14].
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9.1.4 Modeling the Nonlinear Metamaterial Response in n-Type GaAs

To verify the nonlinear metamaterial responses caused by the two different carrier transport
processes, numerical simulations were conducted based on the previous interpretation. For the
intervalley scattering-induced resonance enhancement, we modeled the carrier dynamics in
the thin film n-type GaAs with the Drude model. In order to simplify the model, several
assumptions have been made: 1) the electron-phonon relaxation times in the I' valley and L
valley are the same, 2) the average mobility varies by changing the relative fraction of electrons
in the I valley and L valley; 3) at 160 kV/cm field strength, all of the conduction electrons are
scattered to L valley, and impact ionization in the metamaterial gaps is ignored. Initially (at 24
kV/cm incident THz field strength), the fit to the mobility in the n-type GaAs gave u = 4200
cm?/V-s, which is close to the reported value [24]. When all the conduction electrons are
scattered in the L valley (at 160 kV/cm), the fit to the mobility gave u = 400 cm?/V-s, with an
effective mass of 0.55 mg, where mg is the mass of an electron at rest. Between these two
extremes, the mobility can be fit by averaging the electrons distributed in I and L valleys (figure
2c).

At higher field strengths (> 160 kV/cm), as the THz resonance builds up, the in-gap field
enhancement also starts to increase. At 160 kV/cm field level, the in-gap electric field is
estimated to be enhanced by a factor of 15 at the metamaterial resonance with an overall peak
electric field enhancement factor of 4 in the time domain. This is in good agreement with
previously reported values [2]. Thus, with an incident field strength of 160 kV/cm, the

corresponding in-gap field is estimated to be 0.64 MV/cm, which above the 0.47 MV/cm
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threshold for observing impact ionization in GaAs quantum wells [15]. As a simple estimate, we

describe the motion of electrons under an external field with a rate equation

AVO) _ eE®) _ V@) (g
dt me T(E)

where (V(t)) is the average electron velocity, E(t) is the THz field, m, is the electron effective
mass, T = % is the relaxation time, and u is the electron mobility [25]. We assume that impact

ionization happens when the kinetic energy of an electron reaches a threshold energy, E:, = 2.4
eV (assuming impact ionization happens at the L valley and not at the I valley where Ey, = 1.7
eV) [26]. Assuming the impact ionization time is much shorter than the pulse duration, tens of
impact ionization iterations produce numerous carriers. However this may not be the case as
discussed later in this chapter. For now, we will use this simplification so that we can estimate
carrier densities. Model calculations show that with an initial carrier density of 1 x 10 cm, an
incident field of 400 kV/cm (2.4 MV/cm in gap field) can increase the carrier density up to 10"
cm” in the capacitive regions. This process leads to an in-gap conductivity of ~6 (Q-cm)™. The
estimated carrier density (conductivity) is consistent with the experimental and simulation
results (figure 2b and d). The energy conversion efficiency is estimated to be about 4.3 x 10
since only part of the energy is absorbed into the substrate. Importantly, to obtain reasonable
agreement with simulations in the highest field, we must assume an average electron mobility
of 260 cm?/V-s in gaps, which is more than one order of magnitude lower than that of a steady
state in the I valley, while in good agreement with the lower end of the L valley mobility
previously reported with optical excitation [27, 28]. Monte Carlo simulations were also
performed by the Averitt group to address the number of impact ionization events assuming a

1D electron band structure including the I, L and X valleys. The results are quantitatively in
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agreement with the rate equation estimation. Full band Monte Carlo simulations would be
helpful to further address the carrier transport properties, however, it is beyond the scope of

this experimental demonstration.

9.1.5 Impact lonization in Semi-Insulating GaAs with Metamaterial-Enhanced
THz Fields

Taking advantage of the localized enhanced field in the capacitive regions, we also observed a
strong nonlinear metamaterial response on a semi-insulating GaAs (SI-GaAs) substrate with
initial carrier density of 6 x 10’ cm™. The inset of figure 3 shows the fabricated electric split-ring
resonators on SI-GaAs substrate. The size and period of the SRR resonators are the same as
those of the ELCRs on the doped GaAs, which keeps the resonance roughly at the same
frequency. However, we designed a smaller SRR gap, g = 1.3 um, to induce a larger field
enhancement since it is expected to be much more difficult to observe the impact ionization
process in semi-insulating GaAs due to the low initial carrier density.

Figure 3a shows the experimentally measured transmission of the metamaterials as a
function of frequency for various incident (peak) electric fields. At the lowest field (100 kV/cm),
the response is in the linear regime with a characteristic dip in the transmission at the LC
resonance frequency. As the incident field increases, the metamaterial transmission at the
resonant frequency gradually increases and broadens, while there is negligible change at lower
frequencies. It is worth mentioning that even at the highest incident fields, no nonlinear
transmission changes were detected in the bare semi-insulating GaAs substrate. These facts

suggest that the observed nonlinearity arises from changes in the capacitive gap regions.
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Similar to the nonlinear high field results (> 160 kV/cm) in the n-doped GaAs, the results
suggest a large increase in the conductivity in the ESRR gaps, indicating substantial carrier

generation in the SRR gaps via impact ionization.
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Figure 3. (a) Experimental electric field transmission of ESRR array as a function of frequency for
various incident peak electric fields. (b) Simulated transmission of ESRR on SI-GaAs as a function

of conductivity within the capacitive gaps. The dashed curve shows the response when the
entire surface of GaAs substrate becomes conductive with o of 20 (Q-cm)™.
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Simulations were performed by changing the conductivity of the GaAs only in the
vertical gaps as shown in the inset of figure 2b. The plot shows the transmission changes upon
increasing the in-gap conductivity of GaAs from 107 (Q-cm)™* to 20 (Q-cm)™. Clearly, the
simulations show a markedly similar trend to the experimental results. The dashed curve in
figure 3b indicates the simulated transmission response assuming the conductivity of the entire
surface (up to 0.5 pum thick) of GaAs substrate is 20 (Q-cm)™. The large deviation from our
experimental results suggests that the increase in conductivity is confined to the gap region.
The inset of figure 3b shows the field within gaps enhanced by over 20 times on the peak of the
metamaterial resonance. The peak electric field in the time domain is enhanced by a factor of
about 7. Model calculations show that with an initial carrier density of 6 x 10’ cm™, an in-gap
field of 3.5 MV/cm (the highest field estimated based on the enhancement ) can increase the
carrier density by more than ten orders of magnitude up to ~10*® cm™. We note that in order to
get quantitative agreement with the experimental results, the average mobility u should be
assumed to be as low as 230. This suggests that in semi-insulating GaAs the electron mobility is
suppressed prior to the impact ionization process, even though we could not observe the
intervalley scattering process directly from the metamaterial response as in the case of the n-

doped GaAs.

9.1.6 Effect of Strong Carrier Generation on the Effective Real Permittivity

It is well known that the effective nonresonant nonlinearities of materials within the gaps of
SRRs can be enhanced by orders of magnitude, due to the subwavelength field enhancement in

the metamaterials [29]. The present results highlight that this is also the case for resonant
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nonlinearities. For our metamaterials, the nonlinearity corresponds to a change of the oscillator
strength of the LC resonance. This necessarily leads to changes in the effective permittivity and
refractive index at frequencies away from resonance, because of dispersion. This can be
understood by considering figures 4a and c, which show the effective real permittivity as a
function of the incident field strength for metamaterials on n-type GaAs and SI-GaAs,
respectively. These plots were obtained by performing parameter extraction (for a cubic unit
cell) using the full wave simulations of figures 2 and 3 and subsequently mapping the in-gap
conductivity to the corresponding incident peak electric field required to achieve that
conductivity. It is clear that €, shows a different field strength dependence for ELCRs and ESRRs.

For the ELCRs on n-type GaAs, the off-resonance ¢, at 0.82 THz changes from positive to
negative value owing to the intervalley scattering in the doped thin film. With fields above 160
kV/cm, €. increases from negative to positive values. For ESRRs on SI-GaAs substrate, the
induced impact ionization of the capacitive gaps increases the . monotonically from negative

to positive values at 0.85 THz.
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Figure 4. (a) Effective real permittivity €.(w) of ELCRs on doped GaAs for various incident
electric fields. (b) €. as a function of incident peak electric field strength at 0.82 THz for
metamaterials on doped GaAs. (c) Effective real permittivity €,.(w) of ESRRs on SI-GaAs for
various incident electric fields. (d) €. as a function of incident peak electric field strength at
0.85THz for metamaterials on SI-GaAs.

9.1.7 Impact lonization Dynamics in SI-GaAs

Collinear THz-pump/THz-probe measurements were performed to study the dynamics of the

impact ionization process in SI-GaAs. For comparison, optical-pump/THz-probe measurements

were performed as well. Figure 5 depicts dynamic measurements under 400 nm optical pump
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and THz pump conditions. For the optical pump, carriers are generated instantaneously via
direct band-to-band absorption. The metamaterial response was measured as a function of
pump-probe delay time. The transmission signal at 0.8 THz is plotted showing a few-picosecond
risetime in the response, due to the metamaterial response convoluting the true response time.
However, THz-pump/THz-probe measurements reveal much longer dynamics. This suggests
that the impact ionization process continues after the THz-pump pulse passes through the
sample. This is in contrast to what is assumed in other work, where ballistic electron motion on
the order of hundreds of picoseconds [15, 25] is thought to restrict impact ionization to the
duration of the THz pulse, before electron-phonon scattering can play a significant role in the
energy dissipation of the THz-field accelerated electrons. This result indicates that a more
sophisticated model must be used to properly understand impact ionization processes in Sl-

GaAs.

| | =B~ Optical-Pump/THz-Probe
=0~ THz-Pump/THz-Probe
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Figure 5. Comparison of optical-pump/THz-probe (OPTP) and THz-pump/THz-probe (TPTP)
measurements of carrier generation dynamics in SI-GaAs metamaterials. OPTP (blue)
measurements were performed with 400 nm excitation collinear with the THz probe pulse. The
carrier generation dynamics with optical pump should be instantaneous with the excitation,
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however, the metamaterial response time lengthens the response. TPTP (green) measurements
reveal substantially slower generation dynamics, suggesting that the impact ionization process
continues long after the THz-pump pulse has passed.

9.1.8 THz-Induced Damage in GaAs

Over the course of the experiments, continuous irradiation of the sample at the highest THz
field strength (400 kV/cm) resulted in irreversible changes in the capacitive regions as shown in
figure 6. Time dependent damage tests show that the damage does not occur in a single shot
but rather is a cumulative effect over a few hours. As shown in figure 6a, damage only occurs in
the gaps with side bars parallel to the incident electric field. These results are important as they
directly confirm that it is within the capacitive regions that nonlinear effects occur. The cracks
and pinholes extending along the direction of the electric field indicate an avalanche
breakdown process occurring in the SI-GaAs substrate as shown in the inset of figure 6b.
Nevertheless, the effective nonlinear response did not degrade. That is, the field could be
repeatedly ramped up to the highest incident electric field of 400 kV/cm with subsequent low
field and high field transmission measurements yielding data very similar to that in figure 3a.
Figure 6b shows the transmission response measured before and after the damage occurring
with low incident fileld. This indicates the damaged area remains insulating instead of
conducting in contrast to some permanent dielectric breakdown processes that occur in various
dielectric insulators [30]. As a result, the nonlinear electrodynamic response remains

unchanged subsequent to damage in the SI-GaAs.
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Figure 6. (a) Unit-cell view of the field-induced degradation of the SI-GaAs in the ESRR gaps. (b)
Measured transmission of ESRR array as a function of frequency with low incident field before
and after in-gap damage. Inset shows the damage in the gap of an ESRR close to the center of
the THz beam where the electric field is the greatest.

9.1.9 Conclusions

Our results show that metamaterials enable strongly enhanced resonant nonlinearities at
terahertz frequencies. With the incorporation of metamaterials with n-type GaAs, incident

high-field THz pulses induce multiple nonequilibrium carrier transport phenomena in the
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substrate, such as intervalley scattering and impact ionization. The consequent conductivity
change results in an enhancement and diminishment of resonant strength, respectively.
Therefore, the associated effective permittivity shows a V' shape variation between positive
and negative values. With the incorporation of metamaterials with nominally undoped GaAs,
incident fields up to 400 kV/cm lead to a dramatic increase in the impact ionization efficiency in
the capacitive regions of the ESRRs. The real part of the effective permittivity presents a
monotonic increase from negative to positive values as a function of incident field amplitude.
Dynamic experiments suggest that the impact ionization process may take longer to complete
than previously thought, and highlight the fact that these separate transport processes are
highly dependent on each other, complicating the modeling. Nevertheless, simplifications allow
for a rough estimate of the mobility saturation and carrier generation schemes. At the highest
field strengths, prolonged exposure to the THz radiation resulted in damage akin to dielectric
breakdown. As our proof-of-principle results demonstrate, it will be possible to create a host of
nonlinear THz metamaterials which includes, as but one example, nonlinear perfect absorbers

for saturable absorber or optical limiting applications.

9.2 THz-Induced Insulator-to-Metal Phase Transition in Vanadium Dioxide

Electron-electron interactions can render an otherwise conducting material insulating [31] with
the insulator-metal phase transition in correlated electron materials being the canonical
macroscopic manifestation of the competition between charge carrier itinerancy and
localization. The transition can arise from underlying microscopic interactions between the

charge, lattice, orbital, and spin degrees of freedom, the complexity of which leads to multiple
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phase transition pathways. For example, in numerous transition metal oxides, the insulator-
metal transition has been achieved with external stimuli including temperature, light, electric or
magnetic fields, and mechanical strain [32-37]. Vanadium dioxide is particularly intriguing
because both the lattice and on-site coulomb repulsion contribute to the insulator-to-metal
transition at 340K [38]. Thus, while the precise microscopic origin of the phase transition
remains elusive, vanadium dioxide serves as a testbed for correlated electron phase transition
dynamics. We demonstrate a terahertz electric field-induced insulator-metal transition in
vanadium dioxide. This is achieved utilizing metamaterial-enhanced picosecond high-field
terahertz pulses to reduce the coulomb-induced potential barrier for carrier transport [39]. A
nonlinear metamaterial response is observed through the phase transition demonstrating that
high-field terahertz pulses provide alternative pathways to induce collective electronic and
structural rearrangements. The metamaterial resonators play a dual role, providing
subwavelength field enhancement that locally drives the nonlinear response and global
sensitivity to the local changes thereby enabling macroscopic observation of the dynamics [2,
9]. This methodology provides a powerful platform to investigate low-energy dynamics in
condensed matter and, further demonstrates that integration of metamaterials with complex
matter is a viable pathway to realize functional nonlinear electromagnetic composites.

Ultrafast spectroscopic techniques are important for investigating phase transition
dynamics with regards to initiating changes and providing sufficient temporal resolution to
monitor excited states or metastable order parameters not accessible with time integrated
measurements [36, 37, 40, 41]. Indeed, recent ultrafast pump-probe measurements on

vanadium dioxide (VO,) with near-infrared pulses revealed that excitation of electrons across
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the insulating Hubbard gap results in percolative metallicity on a picosecond timescale [40, 41].
DC electric fields (~100 kV/cm) also induce the insulator to metal transition but do not permit
measurement of the field-induced transition dynamics [39, 42]. From existing DC
measurements it is not clear whether ultrafast electric fields could induce the IM transition or

what the time scale would be.

9.2.1 Temperature Dependent THz Conductivity in VO,: Probing Conductivity
Changes with THz Time Domain Spectroscopy

Recent developments have enabled generation of ultrafast terahertz (THz) pulses with 0.1-1
MV/cm field levels [20, 43, 44]. Time-resolved THz-pump/THz-probe measurements have
revealed dynamic electronic responses initiated by such high fields [11, 20]. THz probe pulses
are ideally suited to monitor the insulator-metal transition (IMT) since they provide a direct
measure of the conductivity in the GHz-THz frequency range. Figure 7a shows the temperature
dependent far infrared conductivity (o) of our 75nm VO, film deposited on sapphire substrate
[45]. The results were obtained by fitting a Drude response to the transmission from a
conventional THz time domain spectroscopy (THz-TDS) measurement using low-field THz pulses
[36, 41]. The IMT occurs at 340K, and in the high temperature rutile phase the conductivity of
~5000 (Q cm)™ is comparable to bulk single crystal VO,. Hysteresis, associated with the first-
order structural transition, is also observed. Below 330 K, the conductivity is below our

detection limit with conventional THz-TDS.
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Figure 7: Low field THz characterization of 75nm VO, thin film on sapphire with and without
metamaterials. a) Temperature-dependent far infrared conductivity (o;) of VO, measured by
THz time domain spectroscopy of the bare VO, thin film sample. o; was obtained by fitting the
THz transmission to a standard Drude response. b) Optical image of metamaterial split ring
resonators deposited on VO,/sapphire. The SRR gap is 1.5 um. c) Temperature-dependent THz
transmission spectra of SRRs on VO,.
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9.2.2 Metamaterial Arrays as Local Probes of Film Conductivity and THz Field
Enhancement in Metamaterial Structures for Driving the Insulator-to-Metal
Phase Transition in VO,

For intense THz excitation, we deposited metamaterial (MM) structures that served as local
resonant THz concentrators [1]. Using gold split ring resonators (SRRs), which are essentially
subwavelength LC circuits, the THz electric field inside the SRR capacitive gap can be enhanced
by more than an order of magnitude.

Figure 7b shows an optical image of the 200 nm thick gold SRRs that we deposited onto
a VO, film. The SRR lateral dimension is 76 um with a periodicity of 100 um. For our
experiments, the most important regions are the SRR 1.5 um capacitive gaps that are oriented
horizontally, where enhancement of the vertically polarized THz field occurs. For these SRRs,
the LC resonance, shown in Fig. 7c (300 K data) is at 0.4 THz while the pure electric dipole
resonance (which would occur in the gap with just the two adjacent vertical gold segments
forming a dipole antenna) is around 1 THz. In addition to THz field enhancement in the gaps,
the SRR structures provide exquisite sensitivity for THz probing of small changes in the VO, thin-
film transmission in the vicinity of the phase transition where the conductivity is small.
Although only a small fraction of the THz probe radiation directly irradiates the gaps, the
resonant behavior of the entire SRR array is affected profoundly by the in-gap VO, properties.
Figure 7c shows the frequency-dependent SRR/VO, response as a function of temperature
measured using low-field THz time domain spectroscopy (THz-TDS). The SRR gap is gradually
shorted as the VO, becomes metallic, leading to a transmission increase at the resonance
frequency with increasing temperature. The LC resonance disappears at ~350 K corresponding

to a film conductivity of about 200 (Q cm)™. From 300 K to 340 K, there is a small but
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perceptible redshift of the LC resonance due to increasing permittivity of the VO, film
associated with percolation of the metallic phase. A small hysteresis in the transmission is also
observed (not shown), analogous to figure 7a and to previous experiments performed by
Driscoll et. al. [46]. In addition, the higher-frequency dipolar resonance redshifts since the
effective dipole length is increased as the SRR gaps are shorted. As figure 7c shows, the SRRs
provide enhanced conductivity sensitivity to changes in the material properties within the gaps.
Thus, in the following nonlinear dynamics measurements, SRRs provide local excitation by field
enhancement in the capacitive gaps and global probe sensitivity to the induced changes of the
VO, within the gaps.

Full-wave electromagnetic simulations reveal the spatiotemporal features of the field
enhancement in the SRRs. Figure 8a shows that in the horizontally oriented gaps, there is a 27-
fold field enhancement at the LC resonance frequency. Figure 8b shows the simulated time-
dependent electric field (red curve) in the middle of the horizontal gaps, with the
experimentally measured THz field (blue curve) used as input for the simulation. An incident
peak field amplitude of ~300 kV/cm leads to a peak field of 4 MV/cm in the gap. Fourier
transformation of the time-domain field profiles in Fig. 8b and calculation of the ratio of the
spectral amplitudes yields the field enhancement as a function of frequency as shown in Fig. 8c.
The field enhancement is quite broadband as a result of the breadth and close proximity of the
LC and electric dipole modes. We note that the magnitude of the calculated field enhancement
is consistent with calculated and experimental results recently obtained on simpler antenna

structures [1, 16, 47].
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Figure 8: Full-wave simulations of the electric field enhancement in the SRR and nonlinear
THz transmission experiment. a) Field enhancement as a function of position at the time delay
(2.3 ps) of maximum enhancement factor of 27 in the horizontally oriented gaps. b) Simulated
time-dependent THz field (red) in the horizontal gaps utilizing experimental data (blue) as the
input incident field. c) Frequency-dependent in-gap field enhancement obtained from the ratio
of Fourier amplitudes of the simulated in-gap and measured incident fields in (b). d)
Experimental data showing field-dependent nonlinear THz transmission spectra of SRRs on VO,
at 324K. As the field strength is increased, the transmission at the resonant frequency increases
and the resonance nearly disappears. The dipole resonance frequency redshifts to below 0.8THz.
e) Full wave simulations of THz SRR response with different in-gap conductivity (assuming the
conductivity of VO, only changes in the SRR gaps).



Figure 8d shows the experimentally measured nonlinear response of SRRs on VO, that is
initially in the insulating state (324 K). These single-beam measurements show that with
increasing incident field, the transmission at the LC resonance frequency (0.41 THz) increases.
Given the temperature-dependent data in Fig. 7c, this is consistent with an increase in the VO,
conductivity in the SRR gaps. The higher frequency dipole also redshifts as the in-gap VO,
conductivity increases (peak at ~0.8 THz for the highest incident fields). At the highest field
strength below damage threshold, the average conductivity increase is above 500 (Q cm)™ as
estimated by the dipole frequency shift. Figure 8e shows simulations that assume the
conductivity change occurs only within the horizontal gaps. There is good agreement with
experiment, though the measured resonance does not completely vanish. This is likely because
the Gaussian-like THz beam profile leads to a larger effect in the center of the beam than at the
edge where the THz field is weaker, and averaging of the measurement over the beam profile is

not accounted for in the simulations.

9.2.3 THz Dynamics of the IMT in VO,

While the results in Fig. 8 clearly indicate a nonlinear response, further measurements are
required to determine the dynamic response which could suggest its probable microscopic
origins. Figure 9 shows the time-dependent transmission of a weak-field THz probe pulse that
was variably delayed with respect to the high-field THz pump pulse at an in-gap field strength of
~1 MV/cm (below the damage threshold). Figure 9a plots transmission as a function of
frequency and pump-probe delay showing the temporal evolution of the THz spectral response.

From these data it is clear that the 0.4 THz LC resonance transmission increases while the 1.0
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THz dipole resonance exhibits a frequency shift. These changes occur on a picosecond timescale
as the VO, conductivity increases toward that of the metallic phase. Line scans in Fig. 9b and 9c
more clearly reveal the dynamics. The time constants for initial change in transmission at 0.4
THz and 0.8 THz are 7 ps and 9 ps respectively, comparable to what has been observed in
optical-pump THz-probe experiments and consistent with a percolative phase transition [36, 37,
41]. The intrinsic conductivity response may be even faster as the THz pump fields in the gaps
are time-broadened as shown in Fig. 8b. Nonetheless, it is clear that the THz pump induces a
rapid change in the in-gap VO, conductivity. The change persists with little or no relaxation

during the 100 ps range of our probe-probe time delay.
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Figure 9: THz-pump/THz-probe measurement at 1 MV/cm in-gap field strength and model
calculation. a) Two-dimensional experimental terahertz-pump terahertz-probe data. Line-scans
as a function of time at b) 0.4 THz—the metamaterial LC resonance—and c) 0.8 THz-the
metamaterial dipole resonance. The blue dots are the data and the red curves are exponential
fits. In (b) the data reveal an increase in transmission with a risetime of 7 ps. In (c) there is a
decrease in transmission that results from frequency shifting of the electric dipole resonance (9
ps risetime). Error bars show the standard error of mean (n=8). d) From the in-gap electric field
(red curve), it is possible to calculate the Poole-Frenkel conductivity (green curve) that, as the
inset illustrates, results from the electric field-induced lowering of the confining potential for the
carriers. e) The Poole-Frenkel conductivity releases carriers, leading to an absorbed power
density that heats the electrons and subsequently the lattice, driving the VO, toward the
metallic phase.
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9.2.4 Theoretical Analysis: Impact lonization, the Poole-Frenkel Effect, and
Thermal Effects

There are several possible mechanisms which could be responsible for the THz-induced IMT.
One possibility is impact ionization whereby carriers accelerated by the electric field acquire
sufficient kinetic energy to create additional carriers through collisions. Although impact
ionization plays an important role in the high-field THz response of semiconductors, it cannot
be the origin of the IMT in our experiment because of the low carrier mobility in the insulating
state of VO, (~1 cm?/V-sec). For impact ionization, the carrier kinetic energy should be larger
than the ionization threshold (> 0.67 eV), which requires an accelerated electron speed > 3x10’
cm/s. Model calculations based on a simple rate equation approximate the critical field strength
to be ~25 MV/cm, which is greater than the highest enhanced field strength in our experiments.
The related parameters of VO, are listed in table 1 as summarized from previous experimental

data [38].
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VO,

Insulating state
(room temperature)

Metallic state

Carrier mobility

0.1-1 cm?/V-sec

1-10 cm?/V-sec

Effective mass

1.6-7

1-3

Electron density

10"-10° cm

1-3x10** cm?

Energy gap

0.6-0.7 eV

N/A

Table 1: Electronic properties of VO,.




Since impact ionization could not have initiated the phase transition, other possibilities
must be considered. The THz photon energy (~3 meV) is far lower than the bandgap (0.7 eV)
and the lowest-frequency IR active mode [48] (23.4 meV), ruling out direct electron-hole
creation or coherent vibrational excitation by the THz pump pulse [37, 40, 41, 49].

The Poole Frenkel (PF) effect and thermal effects are the two obvious choices for an
induced conductivity change [50, 51]. Since the initial conductivity at ~320K is quite low (~10 (Q
cm)™?), pure thermal heating (0E%) cannot solely explain the phase transition behavior. An in-gap
field of ~1 MV/cm with the initial low conductivity yields a temperature rise less than 1 K in the
two-temperature model (equations 3 & 4), which is clearly insufficient to explain the measured
change in transmission. Thus, an initial conductivity change must occur before the thermal
effects take over. The PF effect lowers the potential barrier arising from on-site coulomb
repulsion in VO,, yielding additional carriers. When the carrier density approaches a critical
value, typically ~10*' cm™, a phase transition occurs. With a DC field, this requires a critical field
of a few hundred kV/cm [39, 42, 52-55]. Dynamically with ultrafast THz pulses, we found the
critical field to be on the order of 1 MV/cm. Accompanied with the initial conductivity rise
induced by PF effect, heating described by oE? raises the electron temperature, then electron-
lattice equilibration through electron-phonon scattering takes place heating the lattice on the
picosecond timescale.

Our analysis suggests a two-step process for the THz-induced phase transition. First, the
electric field reduces the coulomb-induced activation barrier for carrier motion. This can be

modeled by the Poole-Frenkel (PF) effect described as [51, 55]:
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By (t)|> -

|E
0 = Ooexp|—
B

where ¢ is the conductivity, g, is the initial conductivity, E(t) is the electric field, T is the

temperature, and f = \/m is the PF constant where ¢ is the dielectric constant and 7 is a
constant that depends on the position of the Fermi level. The PF effect contributes to the early
dynamics of the IMT while the THz field is still acting on the sample. The electric field lowers
the potential barrier to carrier hopping, increasing the carrier density [51, 54, 55]. A calculation
of the transient PF conductivity is shown in Fig. 9d along with a schematic illustration of the
field-induced barrier reduction. The peak conductivity change (~150 (Q cm)) is consistent with
the conductivity required to obtain the experimental transmission changes shown in Fig. 8 and
9. In principle, if the carrier number density reaches the critical value (~10%* cm™) obtained by a
modified Mott criterion for VO, [54], the PF effect alone would be sufficient to induce the IMT.

However, as we now discuss, thermal effects rapidly follow the PF dynamics.

9.2.5 The Two Temperature Model: Poole-Frenkel Electron Emission and
Electron-Lattice Equilibration

The PF-induced carrier density increase serves as the initial condition for subsequent electric
field-induced carrier acceleration leading to Joule heating through electron-lattice coupling
[50]. This results in a temperature increase that drives the VO, into the persistent metallic
phase. This can be modeled approximately with the well-known two-temperature model

describing the temporal evolution of the energy density in the electrons and lattice:

dT,

Ce gt

=—G(T,—-T) +a(®E*(t) (3)
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dT;
Ci—r = +G(Te = T) 4

Te (Ce) and T; (C;) are the temperature (specific heat) of the electrons and lattice,
respectively, and G is the electron-phonon coupling coefficient, all of which have been
determined experimentally for VO,. The energy density from the incident electric field is
approximated as a(t)E?(t).

For the numerical calculations, we used a value of 324 K for the initial temperature; 10
for insulating state relative permittivity; 10 (Q cm)™ for the insulating state conductivity; 60
J/mol-K for the lattice specific heat; 4000 J/mol for latent heat (which can be included in specific
heat data as an input term); 1.4x1072 J/mol-K? for the electronic specific heat coefficient; 10'®
W/K-m? for the electron-phonon coupling coefficient; and 4.3 g/cm? for the density [38, 56-58].

Using the PF conductivity calculated in Fig. 9d and the experimental electric field (peak
in-gap field 1 MV/cm), the above equation can be solved for T, and T; as a function of time as
shown in Fig. 9e. The initial electron heating dynamics that approximately follow the THz
intensity profile are followed by equilibration of the lattice and electronic temperatures. The
calculations indicate a rise of the VO, lattice temperature by ~20 K on a several picosecond
timescale, consistent with the measured dynamics. The dynamics are clearly more complex
than our simple model since the field enhancement decreases as the conductivity increases
within the gaps. Nonetheless, THz-induced carrier release and acceleration followed by Joule
heating on a picosecond timescale seems very likely to be the IMT mechanism in our
experiments. The large nonlinear transmission shown in Fig. 8 for the THz pump and Fig. 9 for
the THz probe is only observed within about 30 K of the transition temperature of 340 K, given
the present experimental conditions. We note that a 1 MV/cm in-gap THz field corresponds to
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~2 mJ/cm? in THz fluence, which is similar to the typical fluence threshold of the optically
(800nm) induced IMT [40, 41, 59]. The very different excitation wavelengths act initially on the
system in very different ways, driving the initial responses through different mechanisms. The

extent of lattice heating that sustains the metallic phase at longer times may be comparable.

9.2.6 THz-Induced Damage

At our highest in-gap electric fields of ~4 MV/cm (~30 mJ/cm? fluence), the THz electric
field induces irreversible damage to the VO, metamaterials. As shown in Fig. 10a, the black dots
in the MM side gaps are damage spots to the VO, thin film horizontal gaps. Figures 10b-d show
close-up images of the VO, damage. The damage pattern depends strongly on the field
strength, increasing toward the beam center. The unique SRR geometry allows approximate
visualization of the THz electric field as the damage pattern follows the equipotential lines of

the field (figure 12).
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Figure 10: THz induced damage pattern as revealed by optical and SEM images. a) mm scale
optical image of the THz-induced damage of VO, in the SRR gaps. The black dots are damaged
VO, thin film regions, all in the horizontal gaps. The dashed blue circle approximates the THz
beam waist and the red curve approximates the THz intensity profile assuming a Gaussian
shape. b) SEM image of a single SRR reveals VO, is damaged by the vertically polarized THz field.
Note that the vertically oriented SRR gaps remain undamaged. c) Expanded view of damage to
SRR at the edge of the THz beam and d) damage to an SRR near the beam center where the THz
field is largest. The gold SRRs were post processed with false color.
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The THz damage threshold was measured by gradually increasing the THz field strength
while monitoring the SRR resonance change at 0.4 THz. Above a certain field strength (Figure
11), the on-resonance THz transmission no longer increases, nor does the transmission
resonance fully recover upon decreasing the field. These signatures indicate film damage. The
resulting cracking of the film (figure 10 & 12) forms an insulating gap which enhances rather
than diminishes the SRR resonance. The second (Down1) and third (Up2) scans with varying
pump fluences show that the resulting damage is permanent and that no further damage
occurs after the in-gap VO, is cracked. At higher temperatures, the damage threshold is smaller
due to larger THz absorption in the VO, thin film. After the in-gap VO, film was permanently
damaged, optical microscopy (figure 10) and SEM (figure 10 & 12) were used to characterize
the damage patterns at different positions relative to the THz illumination spot. Severe damage
was found at the center of the beam and different patterns were found in the vicinity of the
THz spot. Figure 10a and 12 indicate that the damage patterns are directly related to the THz
intensity. Different SRR structures with different gap sizes fabricated on VO, thin films were
also investigated and the results were in good accordance with our interpretation. For example,
with simple SRRs with larger gaps deposited (4 um and 10 um), much smaller nonlinear effects

were observed and no damage occurred under the highest field strengths.
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Figure 11: Field strength-dependent THz transmission of VO, with metamaterials at 0.4 THz.
The arrows indicate the directions in which the field is changed. Down1 and Up2 curves indicate
that permanent damage to the film occurred above ~3.5 MV/cm THz field strength.

At the highest THz fluence the temperature rise of the electrons is substantial but the
absolute value is hard to estimate due to the extreme nonlinear nature of this process. The
mechanism for damage is still unclear at this stage and is worthy of further investigation. It
appears that damage process is significantly different from dielectric breakdown since the
damage is along the equipotential lines while typical dielectric breakdown is along the direction
of the electric field. At room temperature, the transmission change is near the detection limit
even when we probe the metamaterials resonance change with enhanced sensitivity provided

by the metamaterials and no damage occurs at room temperature. This indicates the
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importance of the initial carrier density and electron-phonon coupling in the dynamics, which is

consistent with our model calculation.

Figure 12: Damage patterns of VO, metamaterials. a) THz-induced damage at the edge of the
THz pump spot. b) THz-induced damage at the center of the THz pump spot. c) The damage
pattern follows the equal potential lines of the induced high field in the MM gap. d) Simulated
in-plane THz electric field in the vicinity of the MM SRR gap. The color scale indicates the THz
field strength at the resonance frequency.

9.2.7 Conclusions

In summary, we have demonstrated a THz-driven insulator-metal phase transition and shown
that in VO, it is initiated by Poole-Frenkel electron liberation followed by lattice equilibration on
a picosecond timescale. Our work has demonstrated that metamaterial-enhanced high-field

THz pulses can be used to study correlated electron materials in a nonperturbative regime. The
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technique is extremely versatile and can be used to study THz-induced phase transitions in
other correlated materials and transition metal oxides such as high T, superconductors [56, 60]
and THz-induced changes in electronic properties generally. The metamaterial design can be
optimized to balance the requirements in any particular measurement for maximum field
enhancement, bandwidth, and mode volume. Magnetic field enhancement will be also of
considerable interest since SRRs provide temporal and spatial separation of the peak electric

and magnetic fields.

9.2.8 Methods Summary

VO, thin film fabrication: Highly oriented VO, thin films on Al,O3; (0001) substrates were
deposited by reactive sputtering from a vanadium target through reactive bias target ion beam

deposition using an Ar + O, gas mixture [45, 61].

Metamaterial fabrication: Metamaterials (MM) on VO, films were made by stencil deposition
techniques [62]. The shadow masks used as stencils were made from 400nm SiN films with
engraved metamaterial patterning. Once the masks were made, no photo-lithography was
needed for the MM fabrication onto the VO, surface. This prevented chemical contamination,

thus ensuring high quality samples.

High field THz generation and measurement: The output of a 1kHz, 6.5W, 100fs Ti:Sapphire
amplifier was used to generate nearly single-cycle THz pulses via optical rectification in a LiNbO;

(LN) crystal with the tilted pulse front technique [43]. Our peak THz field strength was

197



measured to be 300 kV/cm with an estimated spot size of 1.5 mm. A standard electro-optic
sampling setup was used to measure time-dependent fields. The THz field and a femtosecond
optical pulse were overlapped spatially on a ZnTe (or GaP) electro-optic crystal and the THz-
induced optical birefringence was measured as the femtosecond pulse arrival time was varied,
yielding the THz field temporal profile as in Fig. 8b (blue curve). Fourier transformation yielded
the transmitted THz field in the 0.2-2.5THz frequency range. Measurements with different THz
pump-probe time delays [11, 20] yielded the 2D data shown in Fig. 9a. All the experiments were

performed in a high vacuum cryostat with temperature control.

Electromagnetic Simulations: The simulations in Figs. 8a-c and 8e and Fig. 12d were conducted
using CST Microwave Studio 2011. All simulations were performed with extremely fine mesh
cell settings determined by adaptive meshing results (up to 8 million). All the parameters used
in the CST simulations were those reported from experimental measurements, e.g., the
conductivity in the insulating state at 320K is 10 (Q cm)™ and the relative permittivity of VO, in
the insulating state is ~10. The simulations were performed using a time-domain transient
solver.

Figures 8b and 8c were created by using the temporal profile of the real pulse as the
excitation source, then calculating the temporal profile of an electric field probe defined at the
center of the gap in real space. The resulting curves were Fourier transformed and normalized
to the excitation signal to calculate field enhancement in the frequency domain.

For Fig. 8e we specified a region within the SRR gap consisting of VO, where the

conductivity could range over the values obtained through the phase transition, while
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maintaining the conductivity in the remaining portions of the VO, film at the value for the initial
temperature. We obtained those data sets by sweeping the electrical conductivity across the

values shown in the Fig. 8.
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Chapter 10

Conclusions and Future Directions

Though still in its infancy, nonlinear THz spectroscopy has proven to be of both fundamental
and technological importance in a variety of systems. In this work, we have demonstrated the
ability of high-field tabletop THz sources to drive nonlinear responses in several condensed
matter systems and we have described their implementation into different nonlinear THz
spectroscopic techniques.

We have observed nonlinear free-carrier effects including free-carrier mobility
saturation through direct carrier heating by a THz pulse and the subsequent cooling dynamics,
impact ionization and the timescales of carrier generation, and hole-driven THz saturable
absorption in graphene.

In simple liquids, we have been able to couple the THz electric field to the polarizablity

of a molecule and influence it’s orientation in solution. We also observed that the nonlinear
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coefficients agreed well with similar measurements performed in the optical range (optical Kerr
effect measurements).

In ferroelectric crystals, we have shown that we can drive nonlinear lattice responses
with a THz electric field. This has implications for controlling the ferroelectric polarization with
THz pulses. We saw second order nonlinearities in the driving THz field suggesting the
observation of vibrational population relaxation.

Finally, we have demonstrated metamaterial-enhanced nonlinear THz spectroscopy in
gallium arsenide (GaAs) and vanadium dioxide (VO,). Here we used the inherent field
enhancement in metamaterial antenna structures to drive nonlinear responses in a localized
volume. In GaAs, we have observed nonlinear metamaterial effects stemming from free-carrier
mobility saturation and impact ionization. The free-carrier mobility saturation was similar to the
same effect observed in chapter 5, however, in this case, we used the free-carrier mobility
saturation to control the metamaterial response. With a THz-induced conductivity decrease in
the GaAs, the strength of the metamaterial response increased. Impact ionization in GaAs was
particularly interesting since we could damage the sample from the avalanche carrier
generation process, and because we demonstrated carrier multiplication by a factor of about
10° over a 1.5 eV bandgap with 4 meV photons. Finally, we were able to use our strong THz
fields to induce an insulator-to-metal phase transition in VO,. We have seen that the phase
transition occurs on a picosecond timescale, and that we could also damage the VO, film. The
difference in damage pattern in the GaAs and VO, were indicative of different mechanisms. In

particular, the VO, damage pattern indicated localized heating with respect to the THz electric
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field strength, which is consistent with the dominant carrier generation mechanism at short
timescales via the Poole-Frenkel effect.

These demonstrations show that nonlinear THz spectroscopy can be used to study
several interesting physical phenomena. Now that the general approach has been developed,
we can now study several interesting phenomena in other systems. In the rest of this chapter, |
will discuss some new preliminary results, and offer some new research directions made

possible by the advances in nonlinear THz spectroscopy in this work and others.

10.1 Nonlinear Vibrational Responses in Molecular Crystals

Nonlinear vibrational spectroscopy has proven to be a useful tool in studying anharmonicity,
mode coupling, coherent and incoherent energy transfer, and chemical reaction dynamics [1-6].
The mode couplings of localized vibrations in the mid-infrared (mid-IR) are mediated by the
interaction of the system with a bath of modes [7, 8]. The bath modes consist of low energy
states, some of which lie in the THz range. As a result, it is important to understand how energy
transfer and coupling occur in the THz range, since the low energy modes can influence the
movement of energy in higher-energy degrees of freedom. In addition, the low-energy modes
have great importance in their own right as they mediate intermolecular interactions including
collisions and chemical reactions. However, technological complications have thus far limited
the advancement of nonlinear vibrational THz spectroscopy. The development of high-intensity
THz radiation and its incorporation into nonlinear spectroscopies have enabled the study of
nonlinear vibrational effects in the THz range. Recent measurements have suggested THz ladder

climbing in amino acid crystals with nonlinear THz transmission spectroscopy [9]. Other
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nonlinear measurements of THz electronic transitions in quantum well structures have
demonstrated time-domain techniques to study dynamics with THz pulses [10-12]. In this
chapter, | will discuss time-resolved THz-pump/THz-probe measurements on THz vibrations in a
molecular crystal, tartaric acid, and some of the implications these measurements have on the

understanding of coupling in condensed matter systems.

10.1.1 Experimental Setup

The experimental setup is shown in Figure 1. 7.5 mJ, 100 fs pulses at a 1kHz repetition rate
were used to generate two separate THz beams that were noncollinearly recombined with a
large parabolic mirror. The pump arm used 90% of the optical pulse to generate THz pulses by
tilted pulse front generation yielding ~6 W THz pulses at the output face of the lithium niobate
generation crystal, and about 3 W at the sample focus. 10% of the optical pulse was used to
generate the THz probe by collinear optical rectification in zinc telluride. About 1% of the
optical beam was split off as a probe for electro-optic detection of the THz pulses. The sample
was a 10% wt 1.3 mm thick pellet of L-tartaric acid in a high-density polyethylene powder
matrix. For peak-scan measurements where the electro-optic sampling delay was set to the
peak of the THz probe field and the pump-probe delay was scanned, we only chopped the
probe arm of the measurement. For full frequency-resolved pump-probe measurements, we
also chopped only the probe field, since this offered better signal-to-noise than differential
chopping for the same acquisition times. This results because a small amount of pump light
leaked into the probe direction, and because differential chopping with a lock-in amplifier

requires that we lock-in at f/12 (1 kHz/12 = 83.3 Hz) making the data acquisition longer for the

210



same signal-to-noise ratio compared to chopping at f/2 (1 kHz/2 = 500 Hz). Both methods

showed excellent suppression of the THz pump. All experiments were performed at room
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Figure 1: Noncollinear THz-pump/THz-probe setup. An 800 nm amplified optical pulse is split
into three arms. Two arms are used for the generation of the THz pump and THz probe pulses.
The third arm is used for electro-optic sampling of the THz electric fields. The THz-pump pulse is
generated by tilted pulse front excitation in lithium niobate, and directed onto a sample with a
pair of off-axis parabolic mirrors. The THz probe arm is generated by optical rectification in ZnTe.
The THz probe arm is directed onto the sample with a pair of off-axis parabolic mirrors. The THz
pump and THz probe arms are separated spatially since different generation schemes are used.
However, they are focused to the same spot on the sample since both beams hit a common
large diameter off-axis parabolic mirror immediately before the sample (any parallel beams
hitting a parabola will focus to the same spot). For clarity, the THz pump and THz probe arms are
shown horizontally displaced. They are vertically displaced in the actual setup. The electric field
of either the THz pump or THz probe pulse is measured independently with electro-optic

sampling.
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10.1.2 THz-Pump/THz-Probe Spectroscopy on Tartaric Acid

Figure 2 is the linear THz transmission of a tartaric acid pellet showing absorption features at
1.1 and 1.8 THz. These resonances can be pumped within the bandwidth of the THz pump pulse

in nonlinear pump-probe measurements.
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Figure 2: Linear THz optical density of a tartaric acid pellet. There are resonances near 1.1 and
1.8 THz.

Figure 3 illustrates results from a pump-probe peak scan measurement, where the electro-optic
sampling delay was set to the peak of the probe THz pulse and the pump-probe delay was
scanned. There are clear oscillations near the arrival of the THz pump pulse at 0 ps on the plot.
The Fourier transform of the signal reveals weak features at 1.1 and 0.7 THz. Full frequency-
resolved THz-pump/THz-probe measurements were performed where a full electro-optic
sampling trace of the transmitted THz probe pulse was measured as a function of pump-probe

delay. The results are shown in figure 4.
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Figure 3: THz-pump/THz-probe peakscan of a tartaric acid pellet. There are clear oscillations
occurring after the overlap time. The Fourier transform of the data shows poor signal-to-noise.
However, there may be dips in the spectrum at 1.1 and 0.7 THz, corresponding to the 1.1 THz
mode in tartaric acid and the difference frequency between the 1.1 and 1.8 THz mode.

Frequency-resolved pump-probe measurements were performed in a noncollinear geometry to
have a clear view of time-zero dynamics that are typically obscured in collinear pump-probe
measurements. The probe was chopped and compared to a reference of air. The transmission
was calculated from the electro-optic sampling traces of the reference and sample and the pre-

time zero contribution was subtracted from each pump-probe delay transmission trace. The
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results are plotted in figure 4a. There is a beating of the differential transmission as a function
of pump-probe delay time centered at 0.7 and 1.1 THz, just as in the peak scan from figure 3. A
Fourier transform along the pump-probe delay axis reveals diagonal components to the signal
at 0.7 and 1.1 THz (figure 4b). There may be a weak cross peak above the diagonal between the

two diagonal features.
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Figure 4: Noncollinear THz-pump/THz-probe spectroscopy of a tartaric acid pellet. (a) Time-
frequency plot of the THz-pump/THz-probe measurement with the pre-time zero transmission
subtracted from the experimental transmission at each pump-probe delay. This eliminates the
linear response of tartaric acid from the THz probe pulse. The horizontal axis is the Fourier
transformed electro-optic sampling axis. The vertical axis is the pump-probe delay time. The
out-of-plane axis is the differential transmission—the transmission of the probe with the linear
response from the pre-time zero signal subtracted out. There is a clear beating of the difference
spectrum at 0.7 THz and 1.1 THz. (b) Fourier transform amplitude of the pump-probe delay axis.
The 2D transform shows a peak at the difference frequency on the diagonal (0.7 THz) and a
weaker feature at the 1.1 THz diagonal.

The 0.7 THz feature on the diagonal is atypical of a nonlinear spectroscopic measurement, since
there is no apparent Feynman diagram that can lead to such an effect. However, we explain the

response by modeling the third order response from a coupled pair of anharmonic oscillators.

10.1.3 Modeling the Nonlinear THz Response

Most of the discussion in this section has been taken from [5, 6][13], unless otherwise cited. We
may model perturbative nonlinear spectroscopies using a density matrix formalism assuming a
static system Hamiltonian and a time-dependent perturbation describing the light-matter
interaction
H=H,+V(t)=Hy+u-E(t) (D
The nonlinear polarization may be expressed as a perturbative expansion
p=p0 L p@ .. .4 pm (2)

The polarization is the average dipole moment per unit volume, so we can describe the
polarization P as the expectation value of the quantum mechanical dipole operator normalized

by the number density N of oscillators in the system, where each order of the polarization
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expansion is related to a different order of the density matrix. The expectation value of an
operator is simply the trace of the operator multiplied by the density matrix p

P =N(u) =NTr(up) = N[Tr(up®) + Tr(up®) + -+ Tr(up™)] (3)
where higher orders of the density matrix occur through multiple light-matter interactions

accounted for by u - E(t). The linear response function is given by

RO = (£)0Trik@ u®lpg) @)

In our pump-probe experiment, we are interested in the third order polarization, since it
is the lowest order nonlinearity allowed in the far field. Since tartaric acid is non-
centrosymmetric, there exist even orders of the polarization. However, since we are using a
polycrystalline sample where the crystal sizes are smaller than the interaction volume of our
THz pulses, the even orders of the polarization spatially cancel out, leaving only odd orders of

the polarization to be observed in the far-field. The third order response function is given by

.03
l
RO(y,10,75) = (3) 0)0G0)Tr {[[li(er + 72 + 7). 1y + 1)L k@D RO o} )
Using the formalism outlined above, we can model third order nonlinear perturbative
spectroscopies assuming a two-dimensional anharmonic oscillator model with bilinear coupling

starting with two separate harmonic oscillators [1]

2 2

1 2 2 1 2 2 1 3 3 Pm Pn
H(er Qn) = _”lmwm,OQm + _”lnwn,OQn + anQan + = (gmmem + gnann) + + (6)
2 2 6 2m,, 2m,

In this case, we choose modes m and n to correspond to the 1.1 and 1.8 THz modes in tartaric
acid, and we add in phenomenological bilinear coupling and anharmonicity constants, V,,, and
Immm/mnn  Tespectively. For simplicity, we assume the dipole operator is proportional to

displacement Q [1, 14]
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M(Q,,Q,) = 1 Om + 1700 (D)
The assumptions of bilinear coupling and a linear dipole in the displacement have been made
for simplicity in the calculation. The important features of this calculation are the
anharmonicity in the modes and the coupling between them. The correspondence to the
experimental results discussed below would result from other considerations of the

anharmonicity of the modes and their coupling.

10.1.4 Combination Bands and Difference Frequency Effects

The above model was used to calculate the third-order response function of a coupled pair of
anharmonic oscillators with a common ground state. The potentials were populated thermally

with a Boltzmann distribution yielding the initial diagonal populations of the density matrix.

e_Ei/kBT

P = S e En/ksT (8)

where pf)’i is a diagonal element of the density matrix, E; is the energy of mode i, kg is
Boltzmann’s constant, and T is temperature. Since the states involved in the calculation scale
approximately as n’ in the expansion of the two-oscillator basis to a combination band basis, it
was not computationally practical to consider room temperature calculations. However,
temperature-dependent effects up to 100 K demonstrate the same properties we are
interested in.

The calculated linear response (equation 4) of the Hamiltonian given by equation 6 is
plotted as a function of frequency and temperature in figure 5a. In the simulation, 15 basis

states were used for each oscillator, giving a total of 136 combination states, with w,, = 1.2 THz,
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wp = 1.9 THz, Vyy = 0.2 THz, g117 = 0.12, g22> = 0.095, and unity linear dipoles ,ufi), /JLS). As
expected for an anharmonic oscillator that is softer than a harmonic potential, both modes
redshift as they are thermally populated, and the overall strength of the response goes down.
Figure 5b illustrates the equilibrium population in the lowest energy modes in the combination

band basis (up to 6 THz). At higher temperatures (100 K) the distribution is flatter, such that

higher energy populations contribute more significantly to the calculated polarization.
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Figure 5: (a) Calculated linear response of two coupled anharmonic oscillators. The response in
each mode shifts to lower frequency and the response decreases in magnitude as a function of
increasing temperature. (b) The occupation in each of the energy states calculated in the
combination basis. The inset shows the occupation fraction on a log scale. As temperature is
increased, the distribution flattens out, making populations lying at higher energies contribute
more to the polarization.

A third order calculation where two light-matter interactions occur with a first pulse, and one

light-matter interaction occurs with a second pulse was performed on the system at several

temperatures. This is different from a two-pulse echo calculation where one interaction occurs

with a first pulse and two interactions occur with a second pulse. The second scenario is

minimized in our experimental setup since the pump pulse is over an order of magnitude higher
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in energy than the probe pulse. Figure 6 illustrates the results of the third order calculation. At
zero frequency in the pump-probe axis (vertical), there are features at 1.2 and 1.9 THz
corresponding to the population relaxation component of the signal. There are also weaker
features at 1.9 and 1.9 THz on the diagonal possibly corresponding to 2 quantum transitions in
the pump field interaction, with weak evidence of cross-peaks resulting from inter-mode

coupling.

Magnitude R B 1=1K Magnitude R 31225k

{@3\

Figure 6: Third order nonlinear response calculation results. (a) T=1 K. (b) T=25K. (c) T=50K.
(d) T =75 K. There is a weak temperature-dependence in the 2D pump probe spectra, however
the qualitative features remain the same.
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If we look closer within the spectral range of our measurement, we can see temperature
dependent effects that form a feature at the difference frequency of 1.9 — 1.2 THz = 0.7 THz on
the diagonal of the 2D spectrum (figure 7). This feature only grows in at higher temperatures.
Even at 50 K, the feature is not present. As a result, the calculations suggest that the prominent
diagonal feature at the difference frequency of the two modes in our pumping bandwidth (1.1
and 1.8 THz) arises from populating combination states where allowed transitions of the dipole
matrix given by equation 7 allow for absorption and emission at the difference frequency.
Phase-matching considerations were not accounted for in these calculations. The full
third-order response is calculated at once. If the specific interactions leading to the diagonal
feature are found to be poorly wavevector matched, then this would imply that phasematching
considerations in noncollinear THz experiments are greatly relaxed. However, more study is
required to confirm both the diagonal difference frequency feature and phase matching
considerations. In particular, higher-temperature scaling of the difference frequency diagonal
feature would be useful to further elucidate the origin of the effect. This would require time-
intensive simulations with a larger basis set of states to do properly since it takes a considerable
number of basis states from each oscillator for the dipole matrix to converge at higher thermal

populations of the density matrix.
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Figure 7: (a) & (b) Calculated third-order pump-probe response at T = 50 K. The boxed out
portion of (a) is shown in (b). (c) & (d) Calculated third-order pump-probe response at T = 75 K.
The boxed out portion of (c) is shown in (d). Of note at T = 75 K is the prominent feature at ~0.75
THz on the diagonal.

10.1.5 Nonlinear Vibrational Responses in Tartaric Acid: Conclusions

We have started to observe what may be third order nonlinear vibrational effects in the
molecular crystal, tartaric acid. We observe a prominent difference frequency peak at 0.7 THz
on the diagonal of our 2D spectrum corresponding to the difference between the 1.1 and 1.8
THz modes in tartaric acid. This feature arises as a result of thermally populating coupled

anharmonic oscillators, where the combinations of populations are taken into consideration.
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Further temperature dependent experiments to confirm the correspondence with our model
are still needed. The results may also indicate that phase-matching constraints in the THz range
are largely relaxed.

The results in this section are an important starting point for realizing two-dimensional
THz vibrational spectroscopy. This is particularly important, since modes in the THz range
coincide with the bath modes of a system, which mediate energy transfer and coupling to
higher energy degrees of freedom. Also, it is particularly relevant in high-energy materials like
RDX, whose detonation is initiated by energy transfer from lower energy degrees of freedom
(acoustic phonon modes) to localized vibrations along the reaction coordinate (N-N vibrations).

We can make further steps to realizing 2D THz vibrational spectroscopy by performing
two-pulse echo experiments in a collinear geometry. Here, since the two-pulse echo should give
a signal at time delays longer than the THz pulse itself, we can easily resolve echo effects in the
time-domain without the limitations of the nonlinear effects that occur at the overlap time of

the pump and probe optical generation pulses in the collinear geometry.

10.2 Impulsive Stimulated Raman Scattering as a Probe

We can also find new ways to probe nonlinear responses initiated by strong THz fields. One way
is to use impulsive stimulated Raman scattering (ISRS) [15-17] to probe changes in Raman
active vibrational modes within the optical pulse bandwidth. This would be a powerful way to
track changes in systems that undergo structural changes upon excitation—whether it is from
ferroelectric domain switching, or going from an insulating to a metallic state. For the latter

case, VO, itself would be an ideal system. We can use metamaterial enhancement to initiate
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the IMT in VO, and then use an optical probe, which can fit into the SRR gaps, to watch how the

structural changes correlate with the electronic phase transition.

10.3 THz-Driven Ferroelectric Switching

Other ways to use metamaterial enhancements to induce nonlinear effects with THz
pulses would be to try and switch ferroelectric domains in BFO, or PMT-PT. Here, metamaterial
enhancement would be used to switch the ferroelectric domain direction of an in-plane poled
sample, and an above-bandgap probe would be used to generate photo-carriers that would
move in the ferroelectric field—similar to a recent study at LCLS [18]. Depending on the
orientation of the domain, the initiated photocurrent response would change. Furthermore, the
lattice response could be probed with ISRS, where the distortion of the lattice potential by the
strong THz field will change crystal symmetries, bringing Raman-active vibrational modes in and

out of the ISRS spectrum depending on the state of the sample.

10.4 Ultrafast Magnetoresistance

Another interesting route to follow would be to look at ultrafast magnetoresistance in
PCMO and EuO. PCMO undergoes an ultrafast change in resistivity upon optical or infrared
excitation [19]. Recent studies have also shown that thin films of EuO undergo changes in
resistivity by over an order of magnitude [20]. We can use metamaterial structures that
enhance the magnetic field component of a THz pulse to induce magnetoresistive responses
that can be probed with an optical pulse. This would be a first look at ultrafast magnetoresistive
dynamics.
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10.5 Other Nonlinear THz Responses in Graphene

In CVD-graphene, recent advances have made it possible to have near intrinsically doped, >100
um single domain size samples. With these samples, we can try to induce strongly nonlinear
currents in graphene with THz pulses, generating high-order THz harmonics. We can also try
and use the magnetic field component of the THz pulse to initiate nonlinear magnetic effects

related to ultrafast modulation of the Hall effect in graphene.

10.6 Superconductivity Dynamics

We have also begun to study nonlinear THz effects in the high critical temperature
superconductor, YBCO (YBa,Cusz074, d ~ 0.05). We observe THz induced transparency in
nonlinear THz transmission measurements (figure 8). The THz pulse decreases the conductivity

of a YBCO thin film at high THz intensities, increasing the THz transmission.
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Figure 8: Nonlinear THz transmission measurements on a YBCO thin film as a function of
temperature. The average intensity transmission is plotted as a function of incident THz field
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strength. The relative change increases as the temperature is decreased. Above T, the effect is
the smallest.

Time-resolved collinear THz-pump/THz-probe measurements demonstrate that the
conductivity change persists for several picoseconds (figure 9). The temperature dependence of
the pump-probe signal indicates that the effect depends on the presence of superconductivity.
Above T, = 90 K, the effect is much smaller. The THz-pump pulse transiently breaks
superconductivity and the weak THz-probe pulse probes the conductivity change as a function
of time. This opens up a large variety of experiments to observe magnetic and lattice effects
with ISRS (magnons, phonons, polarons) upon THz excitation, which may provide clues to unveil

the coupling boson involved in high T, superconductivity.

Transmission
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Figure 9: Collinear THz-pump/THz-probe spectroscopy of a YBCO thin film. (a) The transmission
of the peak of the THz probe field as a function of temperature. Above T, = 90 K, the dynamic
change disappears. As the temperature is decreased deeper into the superconducting state, the
absolute transmission decreases, and (b) the relative transmission increases. The dynamics also
seem to change as a function of temperature.
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10.7 THz-Induced Chemistry

Finally, we have begun measurements to demonstrate that we can initiate chemical reactions
with THz pulses. We have used metamaterial split ring resonators (SRRs) to achieve strong
enhancement of the THz electric field, which in turn drives chemical decomposition of material
deposited in the gaps (figure 10). Gold metamaterial SRRs were deposited on a 400 nm thick
SiN, membrane. The SRR gaps were etched away, leaving just air in the gaps. Earlier nonlinear
measurements have shown that SiN, exhibits nonlinear THz electronic responses as well.

Etching away the gaps minimizes the nonlinear effects in the enhanced gap regions.

Top view
150nm gold

e

\

10nm Cr

\

400nm SiN

Figure 10: Schematic of metamaterial split ring resonators on a silicon nitride (SiN,) membrane.
The gaps are etched away such that a material can be deposited within, and to minimize
nonlinear conductivity effects in the SiN,.

Trinitrotoluene (TNT) was deposited in the gaps of the SRRs by slow evaporation of TNT in

toluene solution, where the solution was dropped onto the back side of the sample (figure 11).
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Figure 11: Optical microscope images of SRRs on a SiN, membrane. (a) The membrane prior to
crystallizing trinitrotoluene (TNT) in the gaps by slow evaporation of a concentrated
TNT/toluene solution. The black areas indicate empty SRR gaps. (b) After depositing TNT into the
3 um SRR gaps, small translucent crystals are seen in the gaps.

After exposure to strong THz radiation from tilted pulse front excitation for one hour, there is

optical evidence of decomposition (figure 12). Further studies are currently underway to

analyze the decomposition products by gas chromatography/mass spectrometry.

Figure 12: Optical microscope image of SiN, membrane with TNT deposited in the gaps after one
hour of intense THz illumination. (a) Small plumes of discoloration are seen in the gaps,
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indicating some decomposition of the TNT in the gaps. (b) More dramatic evidence is seen with
a speckle pattern indicating heavier damage. Notice the vertical gaps are minimally affected,
while the horizontally oriented gaps (along the incident THz polarization) have the most
dramatic changes.

10.8 Concluding Remarks

| have discussed the importance of nonlinear THz spectroscopy in advancing our understanding
of several phenomena in condensed matter systems. These demonstrations are only a start to
some of the capabilities granted by our advances in tabletop THz generation. Further study and

spectroscopic development will aid in maturing the field for use as a more routine general

methodology in condensed matter spectroscopy.
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