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Abstract

Abstract

THz indicates an electromagnetic wave whose spectrum locates between the
microwave and infrared range. In the last two decades the advent of benchtop THz
sources filled the so-called ‘THz gap’. The properties of THz radiation such as low
photon energy, transparence to it of packaging materials and so on make it suitable
for many applications in industrial and scientific fields. In this work we generated
intensive broadband THz pulses radiated from femtosecond laser induced plasma via

four-wave-mixing process coupling fundamental laser light and its second harmonic.

In chapter 1 we generally introduce the principles of THz generation and
detection. We also introduce the application of our THz source in static THz time-

domain spectroscopy and time-resolved THz spectroscopy.

In chapter 2 we present THz generation based on air plasma and THz detection
through different methods and sensors, including ZnTe, GaSe, LAPC single crystals and
air-based methods. The results show that the detected upper frequency edge with
500 um ZnTe is limited by the phase mismatch between THz and probe beam. 250 um
ZnTe expands the detected frequency range but the detection efficiency is restricted
by phonon absorption at 5.3 THz. GaSe can detect THz up to 30 THz with a deep gap
due to phonon mode around 6.5 THz. Another dip around 19.1 THz due to silicon
absorption is also found. LAPC is capable of measuring THz up to around 17 THz
without gap. The air-based method results in ultra-broadband detection of short

unipolar pulses.

In chapter 3 we develop a precise contactless micro-distance measurement
method based on THz pulses. The resolution of the measurement can achieve 1.5 um
with scanning step equal to 0.01 ps. A comparison between ZnTe detection sensor and
air-based sensor indicates that the air-based detection technique has advantages that
include the ability to measure smaller distance and the immunity to distortion
introduced by vapor absorption in air. We also compare distance measurement with
ZnTe in air and in nitrogen. We find that the measurement in nitrogen leads to a more

straightforward extraction of the distance as compared to the measurement in air
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where additional analysis is needed to take into account the coherent oscillations

produced by air absorption.

In chapter 4 we investigate the mixing behavior of the dielectric function of
mixtures of ionic liquids (ILs). In the investigation we measure the cell thickness with
the method developed in chapter 3 and detect the THz radiation with electro-optic
sampling in @ 250 um ZnTe crystal. The results show that the complex permittivity of
ionic mixtures obeys linear mixing law. We also find that all the complex permittivity
spectra of mixtures can be simulated with a combination of three oscillators which are

assigned to different vibrational modes of the ionic liquids.

In chapter 5 we discuss broadband THz time-domain spectroscopy applied to
pure imidazolium-based ionic liquids. The broadband THz detection was realized
thanks to the use of a LAPC crystal. We find in the absorption spectra of a series of
pure ionic liquids clear signatures of both inter- and intra-molecular vibrational modes.
This is the first time that inter- and intra-molecular modes of ionic liquids are
measured in one shot without combining different techniques. We have assigned
these vibrational modes to different processes in ionic liquids. We find an interesting
correlation between the specific anion of IL and the peak frequency shift and
bandwidth variation observed for the intermolecular absorption band. We discuss
these correlations in terms of the ability of the specific anion in forming hydrogen

bonds.

In chapter 6 we discuss our experiments of THz-pump/second-harmonic-
generation in single crystals of quartz. The experiments on quartz show that the
second harmonic signal oscillates coherently at several frequencies in the THz
frequency range and these oscillations depend on the specific combination of the
probe and THz linear polarization, and orientation of quartz axis. We also find that the
intensity and bandwidth of the spectrum of second harmonic are enhanced in

presence of the THz, i. e., side-bands appears in the second harmonic spectrum.
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Introduction and Overview

Chapter 1. Introduction and Overview

1.1. GENERAL INTRODUCTION

Terahertz (THz) indicates electromagnetic radiation whose spectrum is located
between the microwave and far infrared range. The THz frequency band is usually
referred to the range from ~0.1 to 10 THz'. As generation of THz is challenging for both
electronic and photonic technologies this interval of frequencies has been known as
‘THz Gap’? and often described as the final unexplored spectral range. However, this
gap has been filled up within the last two decades with the advent of benchtop THz
sources based on femtosecond laser. With photon energy in the range from ~1 to ~100
millielectronvolt (meV) THz strongly interact with physical processes whose typical
lifetime is in the picosecond range and those whose energy is in meV range. Examples
of such processes and systems include phonons in crystalline solids3, relaxation
dynamics in aqueous liquids*®, weekly bonded molecular crystals’%, transient
molecular dipoles!?, excitons'?!>, bound electrical charges'®, free charge plasmas'’*°

and so on.

1.2. THZ SOURCE AND DETECTION

1.2.1. Generation

Femtosecond laser based THz radiation can be realized using photoconductive

antennas?%-23

, electro-optic materials such as ZnTe?*?°, DAST (4-dimethylamino-N-
methyl-4-stilbazolliumtosylate)?®?® and LiNbO3;****2, In addition, THz can be produced in
air3339, A THz source can be based on oscillator or amplifier lasers. Photoconductive
antennas are usually used in oscillator-based THz source and cannot be used with
amplifier since high pulse energy delivered by amplifiers can damage photoconductive
antennas?. In contrast, electro-optic materials are usually used in amplifier-based THz
sources and the laser oscillator isn’t powerful enough as nonlinear electro-optic
effects are generally too weak. ZnTe is the most common electro-optic material since

the mismatch of group velocity between optical and THz pulse is relatively low in ZnTe?.

Tilted-front THz generation has been proposed to match the group velocity in LiNbO3
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to generate high energy THz pulse3'32, Broadband and intensive THz pulse has been

created in air3> 3940,

Continuous THz wave can be generated based on beam beating scheme in biased
semiconductor photomixers*!. Two laser beams whose wavelengths are A, and 1, can
generate electromagnetic wave having frequency of v = ¢|1/4; — 1/4,|, which is
the beating frequency of the exciting lasers. The beating frequency can fall in the THz
range by selecting proper laser sources. Continuous THz wave can be radiated into
free space by connecting properly designed antenna to photomixer. Constable and
Lewis*? measured the optical parameters of ZnTe by applying continuous THz wave
radiated by gallium-arsenide / low-temperature-grown gallium-arsenide

heterostructure.

1.2.2. Detection

Field-resolved detection of THz can be realized by electro-optic sampling. The
detection of THz pulse can be seen as the inverse process for THz generation. Field
resolved detection was first demonstrated independently in 1995 by three groups
utilizing LiTa03*** and poled polymer* as electro-optic media. Subsequently, ZnTe

was introduced since it can effectively address the problem of phase mismatch*®.

ZnTe shows good phase match up to a few THz in generation and detection but
its application in higher frequency range is limited by strong phonon absorption at
5.3THz*’-*8. One method to expand THz spectrum is to use nonlinear optical material
in which phonon absorptions appear in higher frequency region. With GaP* it is
possible to expand THz spectrum up to 7-8 THz. In order to generate and detect THz
with even higher bandwidth, thinner nonlinear crystals are necessary to achieve phase
match all over the entire broad band. However, thinner crystals lead to smaller
electro-optic response and result in complications due to multiple reflections of THz
in crystals*l. Generation and detection of THz transients with bandwidth exceeding 30
THz was demonstrated in thin ZnTe crystals whose thickness is less than 30 um *°.
Detection of THz generated in a 90-mm-thick Z-cut GaSe crystal beyond 41 THz was
reported later with a 10.3- um -thick <110> ZnTe crystal optically contacted to 200-

umthick <100> ZnTe substrate®l. Generation and detection beyond 100 THz was

2



Introduction and Overview

demonstrated by combining laser pulse shorter than 10 fs and thinnest nonlinear

crystals®?.

1.3. THZ SPECTROSCOPY

1.3.1. Terahertz Time-Domain Spectroscopy

With THz it is possible to conduct static terahertz time-domain spectroscopy (THz-
TDS) and transient THz spectroscopy. THz-TDS *3can be carried out with transmission
and reflection configuration. Furthermore, THz-TDS can also be conducted by applying
the technique of attenuated total reflection (ATR) in the THz range. In a reflection
configuration the reference signal can be recorded by replacing the sample with
reflector such as dielectric and metallic surfaces. Reference signal can also be
recorded by contacting a window to the sample. With the latter method, the THz
beam reflected by the front surface of the window is used as reference and the THz
reflected from the interface between the sample and the sample itself is used as
sample signal. Jeon et al.>* measured complex conductivity of n-type GaAs and n-type
Si wafer using as reference the signal reflected by an aluminum mirror at the positon
of the sample. Thrane et al.>® investigated temperature-dependent far-infrared

spectrum of water using the signal reflected from air-silicon interface as reference.

ATR THz-TDS can be implemented with a silicon dove prism. ATR THz-TDS is well
compatible with transmission THz-TDS as silicon Dove prism can be directly put at the
focal region of THz-TDS setup in transmission geometry, thus only resulting in minimal
disturbance of the THz beam path. In the configuration of ATR THz-TDS, THz is totally
reflected at the top surface of the prism. The sample is placed on this surface. Optical
constants can be calculated by comparing the signal reflected from the interface in
contact with sample and that in contact with air. In 2004 Hirori et al.>® proposed the
method of ATR THz-TDS and applied it to measure complex dielectric constants of InAs
and liquids. Nagai et.al.® measured dielectric constants of distilled water and sucrose

solution with ATR THz-TDS.

In crystalline materials THz properties are determined by long-range order. In

polar liquids the THz spectrum is dominated by the relaxation of permanent dipoles,
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while by collision-induced dipole moments in nonpolar liquids*. THz-TDS can be

applied to investigate lattice modes in polyatomic and molecular crystals. Potential
application of the scientific achievements in this field is to recognize dangerous and/or
illicit chemicals with compact and portable THz-TDS instruments. Meanwhile, THz-TDS
can unveil the relaxation of dipoles in liquids which is of great importance to chemical

and biological processes®’>%,

1.3.2. Time-resolved THz Spectroscopy

Time-resolved THz spectroscopy (TRTS) is a powerful technique to characterize
ultrafast dynamics occurring on time scale from femtosecond to nanosecond. One
type of TRTS is time-resolved THz emission spectroscopy>°. With this method, the THz
waveform radiated from optically excited sample is analyzed to reveal the underlying
physical processes. Hirakawa et. al.®® characterized the decay time of optically exited
plasma oscillations in A1GaAs/GaAs heterojunctions by time-resolved THz emission
spectroscopy and suggested that non-equilibrium hot 2-dimensional plasmon modes
relax trough strong carrier-carrier interactions. Roskos et. al.’’ unveiled
electromagnetic wave radiated by coherently oscillating electrons in coupled-
guantum-well semiconductor structure. With time-resolved THz emission
spectroscopy it is also possible to characterize dynamics of cooper pair in high

transition temperature superconductors®?.

Another type of time-resolved THz spectroscopy is optical pump / THz probe. The
first of such experiments was conducted in 1986 by Nuss and co-workers®® to
investigate the transient photoconductivity in GaAs. With optical pump / THz probe it
is possible to map out THz waveform at different delay times of photonic excitation.
Zielbauer et al.%* investigated dynamics of optically excited carriers in silicon with
optical pump / THz probe spectroscopy at various temperatures and they deduced
carrier scattering rate by comparing experimental and theoretical numerical results.
Beard et al.®® investigated the onset and decay of photoconductivity in bulk GaAs with
TRTS and found the electron mobility obtained by fitting the experimental data to a
modified Drude model agrees with the value in literatures. Beard et al. also

demonstrated that TRTS is a contactless electrical probe with subpicosecond

4
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resolution. Averitt et al. ® revealed optically induced two-component relaxation in
Lao.7Mo.3MnOs thin films (M=Ca, Sr). They also found the lifetime of the slower

component relating to spin-lattice relaxation increases as temperature approaches Tc.
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Chapter 2. Experimental Setup and THz
Detection

2.1. INTRODUCTION

Through the ionization and a nonlinear optical process, ambient air is capable of
generating terahertz (THz) electromagnetic field strengths greater than 1 MV/cm,
useful bandwidths of 30 THz or more (the bandwidth is solely limited by the pulse
duration) and highly directional emission patterns3334 38 The band including those
frequencies was historically termed the “THz gap,” due to the relative difficulty of
generating and detecting this elusive electromagnetic radiation, which lies at the
borders of the two realms of Electronics and Optics. Laser-induced air-plasma can be
used to generate THz waves through a four waves mixing optical process and the air
can be used as well as a THz wave-sensor by means of a technique termed THz Air
Biased Coherent Detection (THz-ABCD)®’72. Both processes are based on the third-

order non-linear wave sources described in Eq.(2-1) and Eq.(2-3) as follow.
PM (@rhz) = Xy Ej(20) - Er(w) - Ey(w) (2-1)
with
WTH, =20 — W — W (2-2)
P 2w) = P Qw + wruy) = x® 5, Ej(@rny) * Ex(@) * Ef()
=x® 5 Er (@) - Ej(w) (2-3)

where PNt is the non-linear polarization vector oscillating at THz frequency wrh; or at
frequency of 2w + wry,, which is approximately equal to 2w as wyy, is much smaller
compared to w. X is the 3™ order susceptivity of air, E is the optical electric field and
X et = XB).E(wrhz) is the effective 2" order susceptivity induced in centro-symmetric
materials (such air) by the presence of an electric field, a mechanism often called
Electric Field Induced Second Harmonic Generation (EFISH). THz radiation can serve as
a unique tool for non-invasive material classification, particularly since it easily

penetrates many optically opaque materials such as paper, plastics, and clothing.
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More recently, the ability to generate very intense sources with peak Ety; of the order
of 1 MV/cm as in our case, opened the route to the use of the THz pulse to actively
induce low-energy excitations in solids, as for instance spin waves in anti-

ferromagnets’3, or to trigger ultrafast phase transitions in oxides’®.

In this chapter, we report an intense THz generation setup capable of carrying out
THz pump experiment. We characterized the system with two ZnTe crystals of
different thickness, 30 um GaSe, air sensor and LAPC’>””7, which is an electro-optic
polymer film made from Lemke (2-(3-(2-(4-dialkylaminophenyl) vinyl)-5, 5-
dimethylcyclohex-2-enylidene) malononitrile) and APC (poly (bisphenol A carbonate-
co-4, 4'-(3, 3, 5-trimethylcyclohexylidene) diphenol carbonate)). Lemke and APC are
respectively a dye molecule and an amorphous polycarbonate. In the following the

different methods are tested and compared.

2.2. EXPERIMENT SETUP

Fump Probe
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DL: Delay Line PM: Parabolic Miror  PD: Photodiode L:Lens
WP: Wollaston Prism PMT: Photon-multiplier 5: Sample F: Filter

Figure 2-1. Experimental setup of high-field broadband THz spectrometer. Main panel:
electro-optic detection with ZnTe, GASe and LAPC. Inset: EFISH detection and THz-pump /
SHG-probe configuration.
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The experimental setup is schematically depicted in Figure 2-1. In the setup, a
regenerative amplified Ti: sapphire laser system (Coherent Legend), delivering linearly
polarized pulses with duration time around 35 fs and central wavelength at 800 nm,

was used to generate and detect THz radiation.

The power of the laser is 3.7 W and repetition rate is 1 kHz. The laser is split into
pump and probe beams by an 80 / 20 beam splitter. The stronger pulse is used as
pump and the other one is used as probe. The pump is focused by a 200mm lens and
a Beta Barium Borate (BBO) crystal is inserted between the focus and the lens, so to
generate the doubled frequency pulse. The pump pulse is modulated at 500 Hz by a
mechanical chopper, mounted between the lens and the BBO, in order to have a signal

every second pulse.

At the focus, air plasma is created by the pump pulse and the THz wave is radiated
by the plasma. Subsequently, the THz is collected and collimated by a 90° off-axis
parabolic mirror (PM). The idle pump beam is blocked by a silicon wafer situated in
the THz beam between PM1 and PM2. The THz then is directed to PM4 by the third
mirror PM3 for the detection. The THz is focused by PM4 and propagates collinearly
with the probe beam to the detection point. In order to obtain absorption-free spectra,
all the THz path is covered by a purge-box, which is supplied by continuous nitrogen
flow to avoid water vapor absorption. In the probe beam path, a half wave plate and
a polarizer cube are inserted to adjust the power of the probe. Then the probe is
routed to a retroreflector mounted on a delay line and focused by a lens to the same
point as the focus of PM4. In the main panel of Figure 2-1, the THz is detected by a
detector which can be ZnTe crystal, GaSe crystal or LAPC. However, the THz can also
be detected by the air itself. With the crystal detection method, the detection crystal
is mounted at the focus of PM4. The probe passing through the crystal is collimated
by a lens and then passes through a Wollaston prism which splits it into two beams.
The split beams are finally detected by a pair of balanced photodiodes. When the THz
is detected by air sensor, the THz generation part remains the same and the only
difference is the detection part. The detection subsystem for air sensor is constituted
by a blue-filter, a monochromator and a photon-multiplier as depicted in the inset of

Figure 2-1.
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2.3. THZ DETECTION

2.3.1. THz Detection with ZnTe
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Figure 2-2. THz EO-detection with 500 um ZnTe crystal. The FFT spectrum is shown in the main
panel, the pulse temporal profile is shown in the inset.
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Figure 2-3. THz EO-detection with 250 um ZnTe crystal. The FFT spectrum is shown in the main
panel, the pulse temporal profile is shown in the inset.
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The power of the THz radiation was found to be ~150 pJ, as measured with a
commercial THz power sensor, and the corresponding peak electric field amplitude
was estimated to be 1 MV/cm. Figure 2-2 shows the Fourier transformation of the THz
pulse detected with 500 um ZnTe. The detected THz pulse in time domain is shown in
the inset. It is possible to observe that the distinguishable upper frequency band-edge
is ~8 THz. The sample interval is 0.05ps, enough since after 8 THz the signal drops to
noise floor. Consequently, we can sample the THz pulse with larger sampling time
interval. It is necessary to reduce the sampling time interval when the signal spectrum

is higher, which is the case for all the other detectors.

Figure 2-3 shows the Fourier transformation of the THz pulse detected with 250
um ZnTe crystal, using sampling time of 0.02 ps. The detected THz pulse in time
domain is shown in the inset. It is seen that the distinguishable upper frequency band-
edge is 15 THz and there is a dip around 5.3 THz***8, This dip can be assigned to the
well-known transverse optical phonon absorption in the ZnTe detection crystal. The
spectrum band is almost the double of that detected with 500 um ZnTe. However, the
spectrum width detected with 250 um ZnTe is still narrow when comparing with the
result reported in literature with the ABCD method®. The detected spectrum width
can be broadened by reducing the thickness of the sensor crystal as shown in Ref. [*!].
The limited distinguishable spectrum with thick ZnTe is due to the phase mismatching

of the probe laser and THz wave inside the crystal.

2.3.2. THz Detection with GaSe

Figure 2-4 show typical detection result with Z-cut GaSe having 30 um thickness.
The surface of the crystal is tilted around 45 degrees with respect of incident
collinearly propagating THz and probe beams. As shown in panel (b) of Figure 2-4, the
detected THz band is expanded over 30 THz with two obvious dips around 6.5 and 19.1
THz. The dip around 6.5 THz probably stems from of phonon absorption and that
around 19.1 THz from absorption of silicon wafer. Chen et al.”® observed an intensive
absorption band in GaSe in the range from ~ 6 to ~ 8 THz. It is also worth noting that

the sensitivity and detected band depend on the angle between probe and crystal

10



Experimental Setup and THz Detection

surface. Liu et al.”? investigated the influence of the tilted angle on THz detection with

GaSe. Here we only show the typical result obtained in our lab.
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Figure 2-4. THz EO-detection with 30 um GaSe crystal of Z-cut direction. The pulse temporal
profile is shown in panel (a), the FFT spectrum is shown in the panel (b). The surface of the
crystal is normal to the experimental table surface and tilted ~45 degrees with respect to the
incoming probe and THz beams.

2.3.3. THz Detection with LAPC

Figure 2-5 shows THz detection result with LAPC. The spectrum presented in
panel (b) indicates that LAPC is capable of measuring THz up to approximate 17 THz
without gap. In chapter 5 we will use LAPC to carry out broadband THz-TDS on
imidazolium-based ionic liquids. Similar to GaSe, the surface of LAPC is tilted to obtain
higher sensitivity. In addition, the sensitivity also depends on polarization
combinations of THz and probe. The result shown in Figure 2-5 is a typical result with
horizontally polarized THz and probe, surface of LAPC normal to experimental table

surface and tilted around 45 degrees with respect to THz and probe beams.
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Figure 2-5. THz EO-detection with LAPC. The pulse temporal profile is shown in panel (a), the
FFT spectrum is shown in the panel (b).

2.3.4. THz Detection with Air Sensor

We also measured the THz pulse with air sensor (without applied electric field).
The temporal profile is displayed in Figure 2-6. The profile corresponds to the intensity
of the THz electric field (often called “unipolar detection mode”) rather than the field
amplitude and phase, because the EFISH effect alone cannot discriminate the sign of
the THz electric field. The field-and phase-resolved detection can be realized by
applying a strong external electric field, introducing thus a local oscillator which can
interfere with the SHG induced by THz%. Nonetheless, the time duration of the
unipolar pulse allows us to estimate a 30 THz bandwidth, which is expected also by

the laser pulse duration and the comparison with existing literature. In chapter 3 we
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will demonstrate that this incoherent detection shows advantages in the application

to measure micro-distance with THz pulse.
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Figure 2-6. THz detection with air sensor. Temporal profile of incoherent THz detection with
PMT using EFISH effect.

2.4. CONCLUSION

In summary, we built a high-energy broadband THz pulse generation setup,
capable of delivering THz pulses having 1 MV/cm peak field amplitude and a ~30 THz
bandwidth. We detected the THz field with both ZnTe, GaSe, LAPC and air sensor. The
bandwidth detected by 500 um ZnTe is narrower than that obtained with 250 um ZnTe
due to phase mismatch between THz and probe in thicker crystals. GaSe can measure
THz spectrum up to ~30 THz but the spectrum has a deep gap around 6.5 THz due to
phonon modes in the crystal. LAPC is capable of detecting THz up to around 17 THz
without any gap. The air sensor measurement shows that the spectral bandwidth is

about 30 THz.
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Chapter 3. Micro-distance Measurement with
Ultrashort THz Pulse

3.1. INTRODUCTION

To measure the space length of liquid cell made of silicon wafers using mechanical
tools such as vernier caliper and micrometer screw gauge we need to contact the tool
with the cell. The pressure on silicon wafers when the tool touches wafers can shrink
the space between wafers. Furthermore, the resolution of mechanical tools is limited.
Vernier caliper has resolution of either 50 um (1/20 mm) or 20 um (1/50 mm), which
is not accurate enough to measure distance in the range from tens of micrometers to
several hundred micrometers. Micrometer screw gauge can reach resolution of 1
micrometer but the last digit of reading depends on users’ care. Consequently, precise

contactless methods are desired to measure the distance between silicon wafers.

Optics-based distance measurement techniques are contactless and can be used
to measure absolute distance, displacement and other related parameters such as
velocity and vibration of periodically moving objects®. Optics-based distance
measurement are generally classified into three categories: interferometry,
triangulation and time-of-flight methods®. Interferometry method measures distance
by analyzing the fringe pattern created by two interfering beams. Usual
interferometry is only capable of measuring displacement. Absolute distance
measurement with interferometry requires other techniques such as frequency
scanning interferometry®2. Triangulation method determines distance based on
triangular geometry. Conventional time-of-flight method®® measures distance by
means of measuring the round-trip transit time which short pulse light spends to
accomplish the round-way travel. Other time-of-flight techniques include phase shift
method using amplitude modulated continuous light®* and frequency modulated

continuous wave time-of-flight®°.

Optics-based distance measurement is contactless and can be very accurate.
Michelson interferometers can reach subwavelength resolution. However, visible light

is not applicable to measure the distance between silicon wafers. Compared with
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other THz materials such as Teflon and quartz silicon wafers are perfect to construct
liquid cell for broadband THz-TDS spectroscopy. Teflon is transparent for THz but
susceptible to deformation. Quartz is transparent for visible light and narrowband THz

but attenuates a lot the high-frequency part of broadband THz.

In summary, silicon wafers are perfect to make liquid cells but precise and
contactless technique to measure the distance between two wafers is unavailable. In
this chapter we introduce a precise and contactless distance measurement technique
which is capable of measuring the distance between objects which is opaque to visible

light but transparent to THz wave.

3.2. EXPERIMENT

A n First Pulse
THz Pulse |
t

-

Si Si Second Pulse

Figure 3-1. Process that THz pulse passes through silicon wafers. Part of THz pulse transmits
through wafers directly (first pulse). Part of THz pulse reflected by wafers and travels one
round trip between wafers (second pulse). Time delay between first and second pulse is t. The
distance between the two silicon wafers is enlarged in the figure to show the reflection
process more clearly.

Figure 3-1 shows the process that THz pulse transmits trough silicon wafers.
When THz reaches silicon wafers part of THz pulse passes silicon wafers directly (first
pulse). Part of THz pulse is reflected and travels a round trip in the space between
wafers before it leaves wafers (second pulse). Time delay between first and second
pulses (t) can be measured with the same techniques to detect THz. This process of
transmission and reflection can happen many times and consequently the transmitted
THz pulse can travel any number of round trips between the wafers. The intensity of
THz decreases with increasing round trips. To measure the distance between wafers
(d) we select first and second pulses which are the most intensive ones. Besides the

reflections between the two wafers there are also multiple reflections inside silicon
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wafers. However, the reflections inside silicon wafers can be easily distinguished since
the thickness of the wafers is much bigger than the distance between them and the
refractive index of silicon in the THz range is around 3 times of that of air. The relation

between d and t can be written as follow based on elementary physics.
d=cxt/2, (3-1)

where cis the speed of light. Eqg. (3-1) can be rewritten as follow to calculate expected

time delay when distance is known.

t=2xd/c (3-2)

3.3. RESULTS AND DISCUSSION

3.3.1. Confirmation of Method
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Figure 3-2. Observed distance as function with nominal distance measured with PMT (a) and
ZnTe (b).The insets are observed time delay as function of nominal distance. The symbols are
experimental results and the lines are theoretical results. The red lines are calculated with Eq.
(3-2). The error bars are within the size of symbols.

In order to confirm the validity of the method to measure the distance between
silicon wafers. We put one silicon wafer at the focus of parabolic mirror 2 in the setup
show schematically in Figure 2-1 and fixed its position. Then we mounted another
silicon wafer on a stage. The distance between the two wafers is changed manually by

moving the stage. The distance change is recorded by reading the micrometer screw
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gauge of the stage, which is called as nominal distance. We increased the distance
between wafers by a step of 30 um every time starting from a reference distance. For
the simplicity we set the reference distance as zero. After each increase of distance of
wafers we measured the time delay between first and second pulse and calculated
the distance (observed distance) with Eq.(3-1). Totally we measured 17 distances

including the starting point.

In the experiment THz time-domain waveforms are recorded with step equal to
0.01 ps. In order to measure the distance precisely the temporal pulse shape is taken
into consideration. Time delay between first and second pulses are the time interval
between the maxima points in first and second pulses. The resolution of distance

measurement calculated with Eq.(3-1) is 1.5 um.

We measured distance first with PMT in air and we repeated the process with
ZnTe having thickness of 250 um. Panel (a) and (b) of Figure 3-2respectively show the
measured results with PMT and ZnTe. In the figure, the full square symbols are
experimental results and the solid lines are theoretical results calculated with Eq.(3-1)
and Eq.(3-2). We used the difference between experimental and theoretical results as
measurement error. The error is so small that error bar is within the size of the
symbols. Main panels of Figure 3-2 plot the observed distance as function of nominal
distance. The insets in Figure 3-2 plot the time delay as function of nominal distance.
It can be seen that the experimental results overlap the theoretical results very well
with error bar being within the size of symbols. Figure 3-2 demonstrates that the
distance between silicon wafers can be precisely measured by THz pulse either with

PMT or ZnTe. In the following section we discuss the difference of these two methods.

3.3.2. Comparison of ZnTe and PMT

As shown in the above section, we can precisely measure distance with either
ZnTe or PMT. However, it is worth noting that the THz pulse detected by ZnTe is much
wider than that detected by PMT. In addition, the THz pulse detected by ZnTe is
bipolar and that detected by PMT is unipolar. These differences lead us to speculate
that PMT is more applicable when measuring small distances since we can distinguish

first and second pulse when time delay is small. In the case of ZnTe the peaks of second
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pulse could be blurred by the first one when the positive peak of second pulse overlaps

minus peak of the first one and vice versa
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Figure 3-3. Comparison of the ability to measure micro-distance for ZnTe (a) and PMT (b).
Reference is measured with two silicon wafers far enough that second pulse is out of the scan
window. First and second pulses cannot be distinguished for cell 1 and cell 2 with ZnTe while
they are separated very well with PMT.

In order to verify the ability of PMT and ZnTe to measure small distance we made
two cells with two kind of spacers whose nominal thickness are 20 and 50 um. Figure
3-3 shows the measurement result with ZnTe and PMT. In the figure the black curve
in both panel (a) and (b) are measured with two silicon wafers far from each other
enough that second pulse is out the scan window. Panel (a) shows the measurement
with ZnTe. From panel (a) we cannot distinguish second pulse from the first as the
time delay is too short that the peaks of second pulse are blurred by those of first one.
Panel (b) shows measurement of the same cells with PMT. In panel (b) the second
pulse is well separated from the first one so we can measure the thicknesses of cell 1
and cell 2 even though they are too small for ZnTe. The comparison of the ability of
the two methods to measure small distance shows that PMT is capable of measuring
small distances while ZnTe cannot distinguish first and second pulses when the

distance is small.
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3.3.3. Comparison ZnTe in Air and Nitrogen

The measurements with ZnTe in the former two sections are conducted in
nitrogen while those with PMT are always conducted in air. In this section we discuss
how much the measurement environment affects experimental results. In order to
investigate the effect of environment on distance measurement we measured
distance of two silicon wafer with ZnTe both in air and in nitrogen. The measurement
results are shown in Figure 3-4. In the figure the red curve are measure with two
silicon wafers far enough that second pulse is out the scan window as reference. Panel

(a) is the measurement results in nitrogen and panel (b) is measured in air.
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Figure 3-4. Distance measurement with ZnTe in nitrogen (a) and air.(b). Panel (a) clearly
shows first, second and third pulses. Second and third pulse cannot be distinguished in panel
(b). Subtraction of the reference curve from the curve of two pieces silicon measured in
nitrogen (c) and air (d).

It is clear that there are no obvious oscillations in the reference curve in panel (a)
after the pulse located at time delay equal to zero while in panel (b) there are
continuous oscillations following the first pulse. From the black curve of two pieces of
silicon in panel (a) we can see second pulse and even third pulse clearly. However, we
cannot distinguish second pulse from the black curve in panel (b). Close observation
of black curve in panel (b) shows some different details in the oscillations following

the first pulse compared with the reference curve. To single out these small
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differences in oscillations we subtracted red reference curve from black curve and
drew the result in second row of Figure 3-4. Obviously, panel (c) duplicates second
and third pulse in the blue curve. Panel (d) recovers second and third pulse even
though they are hidden in oscillations in the black curve of panel (b). From the
recovered pulse in panel (d) we can also calculate the distance between silicon wafers.
Comparison of the measurement in nitrogen and air shows that measurement in
nitrogen can show peaks immediately while further analysis is necessary to display

second and third peaks for measurement in air.

3.3.4. Application Example
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Figure 3-5. Application of micro-distance measurement method. Time-domain waveform of
THz through samples having different thicknesses (a). Absorption coefficient and refractive
index extracted based on the precise thickness measurement (b).

In this section, we use the PMT method descripted above to measure the
absorption coefficients and refractive index of 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C4C1lim][Ntf2]), which is one type of ionic liquids.
We first made liquids cells using silicon wafers and measured the thickness of the cells
with PMT in air. Then we filled the cells with [C4C1im][Ntf2] and measured the THz
pulse transmitted the sample. Panel (a) of Figure 3-5 shows the time-domain THz
waveform passing samples with different thicknesses. Absorption coefficient and
refractive index are extracted with the method described in appendix. The method we
developed in this chapter provides a powerful means to measure cell thickness. We
can precisely measure absorption coefficient and refractive index of liquids based on

the accurate thickness measurement.
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3.4. CONCLUSION

In this chapter we described precise micro-distance measurement method based
on THz. We found that the measurement resolution can reach 1.5 um. Compared with
vernier caliper whose resolution is 50 um or 20 um micro-distance measurement
method described in this chapter is much more accurate. The resolution of
micrometer screw gauge is 1 um but the last digit dependent on user’s care can result
in lager uncertainty in measurement. Method proposed herein has comparable
resolution with micrometer screw gauge and the reading doesn’t depend on user’s
care. More importantly, distance measurement using THz is contactless and it’s the

only choice where contact measurement is not applicable.

We also compared the ability of PMT and ZnTe to measure micro-distance. When
measuring bigger distance there is nearly no difference between the measurement
with ZnTe and PMT. However, ZnTe cannot measure small distance due to the wider
resultant THz pulse while PMT is capable of measuring distance down to ~20 um. In
addition, we compared distance measurement in nitrogen and in air with ZnTe. It is
revealed that reflected THz pulses can be directly shown with the measurement in
nitrogen while they are hidden in residual oscillations in the measurements in air.
Further data analysis is necessary to display the reflected pulses for the measurement
conducted with ZnTe in air. Finally, we showed an application example to apply the
method developed herein to measure absorption coefficient and refractive index of
liguid. From the comparison between ZnTe and PMT, the advantages of PMT include
shorter pulse, ability to measure micro-distance down to ~20 um and immunity to

water vapor absorption in air.
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Chapter 4. THz-TDS of Mixtures of lonic Liquids

4.1. INTRODUCTION

Although ionic liquids (ILs) can be any molten salt composed of only cations and
anions, the term more often refers to molten salt at ambient temperature. They are
also termed as room temperature ionic liquids®®. Their outstanding unique
characteristics such as enhanced thermal and chemical stability, high solvation ability,
low volatility and low combustibility make ILs suitable for many invaluable applications
in scientific and industrial fields. ILs are increasingly used as electrolytes for lithium
battery®’, catalysts® and lubricant additive®. They have gained the reputation as
‘designer solvents’ since their structures and physicochemical properties may be
tailored by selecting constituent ions from a wide range of available cations and
anions®, In order to tune the physical and chemical properties of ILs, one option is to
synthesize neat ILs consisting of different constituent ions. Another solution is to mix
different neat ILs. Mixtures may have properties outside the boundaries defined by
neat components or obey ideal or quasi-ideal mixing laws.’! Either results have
potential applications since a detailed knowledge of the mixing laws may help in

tailoring specific physicochemical properties and functionalities.

Neat ILs and their mixtures have been investigated with different techniques
including calorimetry®?, infrared spectroscopy”*°4, Raman spectroscopy®, dielectric
relaxation spectroscopy®®®®, optical Kerr effect spectroscopy®®'%, X-ray
photoelectron spectroscopy!®, terahertz spectroscopy?®1%°, For what concerns the
mixing behavior of ILs mixtures, the investigated properties include viscosity, density,
molar volume, conductivity, thermal stability, enthalpy and so on. The reported data
show that most of the aforementioned properties follow ‘ideal’ or ‘quasi-ideal’ mixing
law. In 2015, Clough et al.’! evaluated physicochemical properties including density,
phase behavior, viscosity, conductivity and thermal stabilities in ILs mixtures and
observed that these characteristics comply with ideal mixing laws with some
consistent deviation. In 2016, Almeida et al.'!? investigated the density and viscosity

of several ILs mixture systems containing the same cations and reported that there

were nearly null deviations from ideal mixing rule of the molar volume. Moreover,

22



THz-TDS of Mixtures of lonic Liquids

Villar-Gracia et al. %% presented their investigation of electron density distribution in
ILs mixtures and found that the binding energies of carbon and nitrogen atoms in the
cation head varied in a quasi-linear way as a function of the concentration ratio.
Following this observation, the authors proposed a way to tune electronic

environment of the constituent ions by mixing ILs.

ILs have been investigated by THz spectroscopy in order to study their
intermolecular interactions which show vibrational signatures in the THz interval of
frequencies. In 2007, Yamamoto et al.'% investigated the interaction between cation
and anion in 1-ethyl-3-methylimidazolium trifluoromethanesulfonate and 1-ethyl-3-
methylimidazolium tetrafluoroborate with THz-TDS. The authors concluded that the
dielectric spectra of the two ILs are dominantly determined by intermolecular
vibrations. In 2011, Chakraborty et al.'%> reported dielectric spectra in THz band of
novel metallocenium ionic liquids. In their work, they revealed the intermolecular
dynamics by simulating the imaginary part of dielectric spectra with different
combinations of model functions. In 2015, Yamada et al.}%’ investigated the
vibrational modes of ILs bearing imidazolium cations with different alkyl-chain lengths
and several molecular anions using THz-TDS. Koeberg et al.!!! investigated the
behavior of mixture containing 1-butyl-3-methylimidazolium tetrafluoroborate and
water with THz-TDS. Asaki et. al.*'2 studied the mixture of acetonitrile and 1-ethyl-3-
methylimidazolium triflate with THz spectroscopy. Fumino et al.}'? investigated
mixture of ammonium-base protic ILs with low-frequency infrared spectroscopy and
found characteristic deviation from ideal mixing law. Stoppa et al.'!* studied
imidazolium-base ILs mixture in the frequency range 0.2<<v/GHz<:20 and found a
gradual structural change, enhanced rotational and translational dynamics in the
mixtures. However, to the best of our knowledge, a detailed study on the THz complex
permittivity of imidazolium-base aprotic ILs mixtures and its corresponding mixing law
has not been reported yet. In general, the real part of the complex permittivity
indicates the ability of the material to store energy while the imaginary part indicates
the capability to convert the absorbed electromagnetic energy into heat'>. On the
other hand, complex permittivity is intimately related to the dynamics of

intermolecular and intramolecular motions. Therefore the knowledge of complex
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relative permittivity is essential to predict the solubility of a substance, which is
valuable in many technological and scientific applications. As an example, in
pharmaceutical science, drug’s attributes such as solubility, chemical stability and acid
dissociation can be better interpreted with the aid of permittivity constant!®. In this
chapter, we discuss the mixing law of the THz permittivity spectra of binary ILs

mixtures.

4.2. EXPERIMENTAL SECTION

[C1C4im]"

[Ntf2]

[BF4]

r

cr

Scheme 4-1. Structure of the common cation of [C4C1im][Ntf2], [C4C1im][BF4], [C4C1lim]l and
[CAC1im]Cl and their anions. Serial numbers of the carbon and nitrogen atoms in the
imidazolium ring and side chains are shown in the structure model of cation.

Before mixing, commercial ILs with a purity of 99% were further purified in a
vacuum chamber at room temperature for 12 hours to remove volatile impurities and
water. In this chapter we focus on binary mixtures made of 1-butyl-3-
methylimidazoulium iodide ([C4Clim]l) and 1-butyl-3-methylimidazoulium bis
(trifluoromethylsulfonyl) imide ([C4C1lim][NTf2]). The structures of these two ILs
together with 1-butyl-3-methylimidazolium tetrafluoroborate ([C4C1im][BF4]) and 1-
butyl-3-methylimidazolium chloride ([C4Clim]Cl) are shown in Scheme 4-1.
[C4C1lim][BF4] and [C4C1lim]Cl including the two ILs investigated in this chapter are
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the samples of broadband THz spectroscopy in chapter 5. Various mixtures of these
neat ILs were prepared. Samples of mixtures were filled in handcrafted cells of
different thicknesses and silicon windows which are almost transparent in the THz
range. Complex permittivity spectra in the frequency range 0.15-4.5 THz were
measured by means of a fs-laser-based THz-TDS spectrometer as described in chapter
2. The THz optical field transmitted through the sample is measured in amplitude and
phase by means of time-domain electro-optic sampling. The complex permittivity
spectra, whose real part is known as relative permittivity and imaginary part is named
dielectric loss, are obtained by Fourier transforming the transmitted THz pulses in the
time domain, and normalizing them with respect to a reference spectrum. More
details data extraction can be found in appendix and detailed description of

experimental set-up is presented in chapter 2.

4.3. RESULTS AND DISCUSSION

4.3.1. Complex Permittivity: The Ideal Mixing Law

The definition of the ideal permittivity behavior of a mixture is a long-standing
yet unsolved question. In order to investigate the permittivity of liquid mixtures,
several models have been discussed*'> 117120 R ], Sengwa et. al.'*> used a molar scale
to describe the permittivity behavior of mixtures of formamide and N,N-
dimethylformamide in microwave frequency region while Buep?! showed that the
ideal complex permittivity in a liquid mixture can be defined as the volumetric
weighted average of the complex permittivities of the individual components by
adopting a thermodynamic point of view. Moreover, Iglesias et al.*?? stressed that the
permittivity can be expressed as a sum of individual component permittivities,
weighted with the volume fraction other than mole fraction. Joao Carlos R. Reis et.
al.'2® demonstrated that ideal relative permittivity of liquid mixtures is a volume-
fraction-weighted average of the pure-component relative permittivities, finding
confirmation in experiments. In addition, some effective permittivity theories are also
available'?*12> In thischapter, the definition proposed by Buep is adopted to analyze
the binary mixtures of [C4C1lim]l and [C4C1lim][NTf2]. The complex permittivity of a

material can be written as
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§=¢ —ig", (4-1)

where &' is the relative permittivity function and £" is usually called the dielectric loss

function.

Let’s consider a binary mixture made by substance A and substance B. According
to Buep’s theory, the complex permittivity of an ideal binary mixture obeys the

following linear equation:

B = Eabp + Epdp (4-2)

where ¢, and ¢ denote the volume fractions of substance A and B, respectively,
while é};,?, &xand &g represent the ideal complex permittivity of the mixture, and the
complex permittivity of substance A and substance B, respectively. The ideal relative
permittivity and ideal dielectric loss are obtained by writing the real and imaginary

parts of Eq. (4-2) separately:

el =€ pbp + egdp, (4-3)
e"d =€"sdp +€"p dp, (4-4)

where s’,ﬁ;i and s",‘}? are the ideal relative permittivity and the ideal dielectric loss of

the mixture. &, €5, €4" and 5" are the relative permittivity of A and B, and the
dielectric loss of A and B, respectively. The so-called “excess” relative permittivity and
“excess” dielectric loss is defined as the deviation from the ideal behavior and

therefore can be written as:

eg=¢y —€if =¢y —(cipatepdn), (4-5)
eff =€t —e"d ="y — (£"apa + " 505), (4-6)
rexp nexp

where ¢',," and £",," are the measured relative permittivity and dielectric loss of

binary mixtures.

When comparing ideal and measured spectra, it is often useful to introduce a
global parameter that measures the average deviation of the measured spectrum
from the ideal one. Xiao et al.’?! defined the non-additivity parameter, which is the

difference between theoretical and experimental results, to estimate the ideality of
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mixtures. Following this idea, we introduce a relative non-additivity parameter, which
is defined as the ratio of the root-mean-squared deviation of the experimental results

from calculated results and the sum of experimental result, i.e.:

Ae — \/Zi[sch(vi)—slig(vi)]z _ JTiler@)I? ’ (4-7)
B Tiey L @) T AOD)

where &€ may, alternatively, indicate either £'or &"’.

4.3.2. Relative Permittivity and Dielectric Loss Spectra
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Figure 4-1. (a) Relative permittivity spectra of binary mixtures of [C4Clim]l and
[CAC1im][NTf2]. Circles represent measured spectra, solid lines indicate ideal spectra as
calculated with Eq.(4-3). Different colors stand for various volume fractions of [C4C1im]l as
reported in the legend. (b) Excess relative permittivity spectra. Inset: Relative non-additivity
parameter versus volume fractions of [C4C1lim]I.

In Figure 4-1 (a) the relative permittivity spectra of different mixtures of
[C4C1lim]l and [CAC1im][NTf2] are plotted. In the figure, the dark red and dark blue
open circles represent the measured spectra of neat [C4C1im]l and [C4C1lim][NTf2],

respectively. The shading colors (light red, violet and light blue) open circles represent
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the measured spectra obtained with volume fractions of [C4Clim]l equal to 0.756,
0.467, 0.232, all measured with £0.002 accuracy. In the following, we will refer for
simplicity to round numbers: 75%, 50% and 25% respectively. Solid lines represent the
ideal spectra as calculated with Eq. (4-3) starting from the relative permittivities of
neat [C4Clim]l and [C4C1im][NTf2], and using the only the measured pure sample

spectra and the measured volume fractions.

The most prominent characteristic of Figure 4-1 (a) is that the measured spectra
overlap quite well with the ideal spectra without any additional adjustable parameters.
This result demonstrates that the relative permittivity spectra of our ILs mixtures
follow to a very good extent an ideal mixing law. It can be seen, at the lowest
frequencies, the deviations from the ideal behavior increase. These bigger deviations
may originate from different dynamic processes in different frequency regions. In
addition, these deviations are better visible in the curve of excess relative permittivity
shown in Figure 4-1 (b): they could be the signature of non-ideal processes taking
place in this range but, due to the high uncertainty of our spectra in this frequency
range, further investigations by means of gigahertz standard dielectric spectroscopy®®

are required to clarify this issue.

In the inset of Figure 4-1 (b), the relative non-additivity parameter calculated
according to Eq. (4-7) for each relative permittivity spectrum is plotted as a function
of the volume fraction of [C4Clim]l. We note that our spectra are reproduced by a
linear mixing law with no adjustable parameters within less than 0.3% average

deviation for every mixture.

Figure 4-2 (a) shows the dielectric loss spectra. The colors, symbols and the lines
have the same meaning as for the relative permittivity graphs. In Figure 4-2 (a), we
note again that the measured spectra are quite well reproduced by the ideal spectra.
Figure 4-2 (b) and the inset show the corresponding excess dielectric loss spectra and
non-additivity parameter, respectively. Also in this case, both excess dielectric loss
spectra and non-additivity parameter prove that the ideal mixing law is valid within a

1.5% deviation.
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Figure 4-2. (a) Dielectric loss spectra of binary mixtures of [C4Clim]l and [C4C1im][NTf2].
Circles represent measured spectra, solid lines indicate ideal spectra as calculated with
Eqg.(4-4). Different colors stand for various volume fractions of [C4C1im]l as reported in the
legend. (b) Excess relative permittivity spectra. Inset: Relative non-additivity parameter versus
volume fractions of [C4C1im]I.

The observed ideal behavior of complex permittivity could be originated from the
microstructure of ILs. Xiao et. al.1?® suggested that in ILs the anions and cations’
imidazolium heads form polar regions while the alkyl chains of cations point toward
each other forming nonpolar regions. Xiao et. al.*®! further investigated two binary
mixtures, one comprising 3-methyl-1-pentylimidazolium bromide ([C5mim]Br) and 3-
methyl-1-pentylimidazolium bis(trifluoromethanesulfonyl)imide  ([C5mim][NTf2])
while another one comprising 3-methyl-1-pentylimidazolium hexafluorophosphate
([C5mim][PF6]) and 3-methyl-1-pentylimidazolium trifluoroacetate ([C5mim][TFA]).
Their results showed that optical Kerr effect spectra for mixture of [C5mim]Br and
[C5mim][NTf2] are nearly additive while nonadditive for mixture of [C5mim][PF6] and
[C5mim][TFA]. They speculated in the mixture of [C5mim]Br and [C5mim][NTf2] the

ionic networks are arranged as those in neat ILs for the reason that the size of anions
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are different, while the ionic networks in mixtures of [C5mim][PF6] and [C5mim][TFA]
are more random since the size of anions are comparable. Similarly, the ideal behavior
of complex permittivity in our case is reasonable when conjecturing the ionic networks
in mixtures of [C4C1lim]l and [C4C1lim][NTf2]are ordered as those in neat [C4Clim]I
and [C4C1im][NTf2]. The idea of polar and nonpolar regions can also shed light on
interpretation of mixing behavior in the case of mixture of ILs with water'!, and with
acetonitrile'?, The evidence of influence of the solvents on ionic networks are
straightforward in research of contact ion pairs and solvent-separated ion pairs in

127

mixtures of ILs and molecular solvents*¢/. With the increasing dilution of ILs, contact

ILs ion pairs can be separated. Thus the ionic networks will be modified.

4.3.3. Analysis of the Complex Permittivity

Dielectric loss spectra are commonly simulated by a combination of several
oscillators. Chakraborty et al.1% simulated the imaginary part of permittivity with four
Lorentzian functions in their THz spectra of metallocenium ILs. Turton et al.'?8 fitted
the dielectric loss spectra with a combination of different kinds of functions from ~
400 MHz to above 10 THz. In this section, we analyze our results by modeling the
complex permittivity spectra with a suitable combination of damped harmonic

oscillators. To fit the spectrum of a neat IL we use the following equation:

12
n Sjvy

E=¢€x+ )i 5"
* J_lv]g—v2+iij

> (4_8)

where £is the value of permittivity at infinite frequency, §; is the amplitude of the
oscillator, v; is the resonance frequency, y; is the damping constant and v is the wave

frequency. &, S;, and v; are the fitting adjustable parameters.

As shown in the above section, the complex permittivity of binary mixture of
[C4Clim]l and [C4C1im][NTf2] follows with good approximation a linear mixing law as
expressed by Eq. (4-2). Therefore, in first approximation, we can model the complex

permittivity of a binary mixture with the following equation:
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] (4-9)

j=1v§’j—v2+iy3,jv
where ¢ and ¢gare fixed parameters as given by the measured volume fractions.

Table 4-1. Fit parameters of Eq. (4-9)°.

ionic liquids [C4C1im]I [C4C1im][NT12]
Si 3.0+£0.6 45+0.8
V1 0.17+0.02 0.11+0.03
Y1 0.30+0.13 0.14 £ 0.04
S, 09+0.4 1.1+£0.5
Vy 0.89+0.13 0.7+04
Y2 1.0£0.5 2.1+0.6
S3 1.5+0.3 0.7+0.2
V3 1.98 £0.06 2.13+0.11
Y3 221+0.15 23+0.3
Eoo 2.87+£0.02 2.20+0.02

@ The parameters are obtained by fitting together both the real and imaginary parts of the complex
relative permittivity spectra of all neat components and their mixtures together. The errors are

statistical errors given at a confidence level of 66% (one sigma). v and y are in THz units.

In this work, we used a ‘global fit’ procedure that consists in fitting with a single
choice of the parameters of the oscillators both the real and imaginary parts of the
complex permittivities of all the mixtures, including neat ILs spectra. This makes the
fit procedure more robust against experimental fluctuations. The fit is carried out by
using a nonlinear least-square algorithm based on a y? criterion. By performing a x?
test it turned out that three oscillators were sufficient to get a good fit of the spectrum
of each neat IL without overestimating the number of fit parameters. The parameters
obtained with the global fit procedure are listed in Table 4-1, while the fitted curves

are shown in Figure 4-3.

31



THz-TDS of Mixtures of lonic Liquids

5.0

4.0

3.0

1.0

0.0

4.0

3.0

2.0

1.0

0.0

Wavenumber cm-1
30 60 90 120 150

I a neat [C4C1im] |

o Experiment
—Fit
——osc1 ——osc3

Experiment osc2-|
o ——Fit ——osc3-
g s -l

| ¢ [cactim) 1 =50%

F — - .0sc1-NTf2 - - -0sc2-NTf2
<~ 0SC3-NTR2 - — -¢ -NTR2
RS

-1
Wavenumber cm

5 30 60 90 120 150
T 1 1 1 1
b neat [C4C1] |
o Experiment
Fit 415

——osci

——o0sc2

——osc3

0.5

o]

Experiment 1

Fit
osc1-l

—— o0sc2-l
—— o0sc3-l

+08C1-NTf2
-0sC2-NTf2
-0sC3-NTf2

neat [C4C1im][NTf2]

41.2

Experiment
z s ——Fit
o Experiment - —-oscl
Fit i - - -0sc2
_o1ap ---osc1  ---o0sc3 { [
@ o - --08C2 - - -g I
I\ - . |
A . =
AN ~ 1
0.0 :;-::::E‘E====-==--- \
4 TTe-om T 7T L
L/
i
i
2 1 y 1 1 L 1 L
0.15 0.9 1.8 2.7 3.6 45 015 0.9 1.8 2.7 3.6
Frequency(THz) Frequency(THz)

Figure 4-3. Relative permittivity spectra of neat [C4C1im]I (a), of a representative mixture with
a volume fraction of [C4C1im]l equal to 50% (c), and [C4C1im][NTf2] (e). Dielectric loss spectra
of neat [C4C1im]l (b), of a representative mixture with a volume fraction of [C4Clim]I equal
to 50% (d), and [C4C1im][NTf2] (f). Red circles represent experimental data. Black solid line is
the fitting curve resulting from Eq. (4-9). The curves representing each of the three oscillators
are also reported with colored lines for neat [CAClim]l (solid lines) and [C4C1lim][NTf2]
(dashed lines). The dark yellow solid and dashed straight lines indicate the value of €, for neat
[C4C1im]l and [CAC1im][NTf2], respectively. Note that the central frequencies do not coincide

with the maximum of the resonances since the oscillators are asymmetric.
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In Figure 4-3 we plot the fitting curves for neat [C4Clim]l and [CAC1lim][NTf2],
and for one representative mixture with volume fraction of [C4C1lim]l equal to 50%.

The results for the other mixtures are reported in appendix.

The panels at the left of Figure 4-3 report the real part of complex permittivity,
while the corresponding imaginary parts are displayed in the panels at the right.
Panels (a, c, e) of Figure 4-3 display the relative permittivity spectra of neat [C4Clim]I,
of a representative mixture with a volume fraction of [C4C1lim]l equal to 50%, and
neat [C4Clim][NTf2], respectively. The corresponding dielectric loss spectra are
reported in the panels (b, d, f) of the same figure. In all panels the red open circles
represent the experimental data. The black solid lines indicate the fits based on the
model expressed by Eq.(4-9). The dark yellow solid and dashed lines represent the
values of the infinite frequency permittivity for neat [C4C1lim]l and [C4C1im][NTf2],
respectively. The blue, dark cyan and magenta solid lines indicate respectively
oscillator 1, 2 and 3, as listed in Table 4-1, giving the spectrum of neat [C4C1lim]l while
the blue, dark cyan and magenta dashed lines represent respectively oscillator 1, 2

and 3 contributing to the spectrum of neat [C4C1im][NTf2].

It is evident that for each neat component three oscillators are sufficient to
reproduce the experimental data with reasonable accuracy. We would like to remark
here that it is possible with our model to obtain better results when applied on the
single curve, avoiding for instance the slight discrepancies observed in Figure 4-3 (b,
d), but the “global fit” procedure that we used here assure a very sound test bed for
the model, far beyond what can be achieved by a single-curve fitting procedure,
because all curves of the data-set are fitted together with a single choice of the
parameters. For [C4Clim]l the three bands locate at approximately 0.17, 0.89 and 1.98
THz and 0.11, 0.70 and 2.13 THz for [C4C1im][NTf2]. We can tentatively assign the
lowest band of both neat [C4Clim]l and [C4C1im][NTf2] to either rotational diffusion
motion or to diffusive translational motion. This assumption is consistent with
literature: Giraud et al.'?®* modeled their optical heterodyne-detected Raman-induced
Kerr effect spectra (OHD-RIKES) between ~30 GHz and ~6 THz by a sum of six Brownian
oscillators. They assigned the lowest frequency band of different samples between

~0.05 and ~0.18 THz to rotational diffusion motion or to diffusive translational motion.
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Furthermore Sonnleitner et al.'3? suggested that the mode in the 0.05-1 THz region is

mainly related to translational motion.

Regarding the other two oscillators, they may correspond either to
intermolecular motions or to librational motions. Giraud et al.1?® assumed their OHD-
RIKES bands at approximately 0.9, 2, and 3 THz (~30, 65, and 100 cm™) are due to three
different librational motions corresponding to three types of preferable locations of
anions. Xiao et al.*3! similarly assigned their OHD-RIKES bands at approximately 0.9,
1.8,3 and 5 THz (~30, 60, 100, and 170 cm™). Moreover, Stoppa et al.'3? assigned their
bands at approximately 0.7 and 2.5 THz to cationic librational motions. In addition,
Chakraborty et al.1% fitted the imaginary part of dielectric permittivity obtained by
THz spectroscopy and assigned the intermediate two bands to intermolecular motions
which involve both cations and anions. Moreover they suggested the last band is due
to librational motion. The assignment of intermolecular motions is also suggested by

109

Yamamoto'®? and Yamadal©®.

Of course these assignments must be taken with the necessary care, because
when comparing different results the fitting functions and the number of fitting
oscillators in the approximately same frequency region are different. However, it is
widely agreed that the lowest band corresponds to rotational diffusion motion or to
diffusive translational motion and the higher frequency bands is corresponding to

intermolecular motions or to librational motions.

4.4. CONCLUSION

We have measured the complex permittivity spectra of five mixtures of [C4C1lim]I
and [C4C1im][NTf2], with volume fraction of [C4C1im]l equal to 25%, 50% and 75%,
respectively. The spectra of the mixtures were compared with those calculated from
the spectra of the neat components through Eq. (4-2), which describes a linear mixing

law. The measured spectra are well described by this law within few percent accuracy.

Starting from this observation we have fitted our spectra with a linear
combination of damped harmonic oscillators through a global fit procedure. This

procedure allows an accurate characterization of the resonances present between
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0.15 and 4.5 THz in our neat ILs. Then the lowest band of both the neat component ILs
were tentatively assigned to rotational or translational motion, and the other two

bands to intermolecular or librational motions in ILs.

In summary, the observation that the complex permittivity follows a linear mixing
law is an important step to achieve a continuous tuning of the physicochemical
properties of specific mixtures of these ILs, while the global fit method here presented

may be useful for a robust estimate of the vibrational modes of other neat ILs.
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Chapter 5. Broadband THz-TDS of Imidazolium-
based ILs

5.1. INTRODUCTION

Hydrogen bonds can be formed between cations and anions. Intermolecular
interactions such as hydrogen bonds can affect the vibrations of C-H covalent bonds
in cations. The intermolecular vibrations can be detected with far-infrared
spectroscopy or THz-TDS while the vibrations of C-H covalent bonds can be detected
with infrared (IR) spectroscopy. The existing literatures®® 197- 133 on IR spectroscopy of
imidazolium-based ILs have shown that the absorption peaks in the region from 2800
to 3000 cm™? (corresponding to 84-90 THz) are ascribed to asymmetric and symmetric
C-H vibrations in the alkyl groups attached the imidazolium ring while the peaks in the
3000 - 3200 cm™? (corresponding to 90-96 THz) range are ascribed to C-H vibrations of
imidazolium ring. Moreover, the crystal structures of this compound in the solid phase
have attracted attention too. Monoclinic and orthorhombic crystal polymorphs of
[C4C1lim]Cl have been investigated by X-ray powder patterns and Raman

spectroscopy34.

Subsequently the crystal structure of monoclinic crystal of
[C4C1im]Cl was determined independently by Saha et al.?3> and Holbrey et al.*3° It was
found that in monoclinic crystal of [C4C1im]Cl the anions arrange as zigzag chains®’.
The elucidation of crystal structure is helpful to understand ILs in liquid state as the

crystal lattice is still retained upon melting®38.

Intermolecular interactions are generally characterized by far-infrared
spectroscopy and THz spectroscopy. Fumino et al.!* studied the interactions between
cations and anions in imidazolium-based ILs with far-infrared spectroscopy and they
assigned the low-frequency band between 50 and 120 cm™ to the bending and
stretching of the hydrogen bond between cations and anions. In 2012, Fumino et al.*4°
measured the far-infrared spectra of tetramethylammonium nitrate ([(CH3)4N][NO3])
and trimethylammonium nitrate ([(CH3)3NH][NO3]) and observed that the far-
infrared spectra of [(CH3)3NH][NO3] have a similar band to [(CH3)4N][NO3] at 100 cm"
! but [(CH3)3NH][NO3] has an additional band located around 171 cm™. They

attributed the band at 100 cm™ to librational motions and the band at 171 cm™ to
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vibration of hydrogen bonds between cations and anions. Buffeteau et al.1** measured
the optical constants in mid- and far-infrared region and quantitatively evaluated the

intramolecular and interionic vibrations.

In this chapter we address the problem of spectrally separate intra- and inter-
molecular vibrational modes by measuring the absorption coefficients and refractive
indices of four different imidazolium-based ILs with broadband THz time-domain
spectroscopy (THz-TDS) based on the high energy laser-induced plasma THz source
presented in chapter 2. To the best our knowledge investigation of ILs with broadband
THz, which can reveal both intermolecular and intramolecular interactions and
directly access both absorption coefficient and refractive index at the same time, has

not been reported yet.

5.2. MATERIALS AND EXPERIMENT

The four ILs investigated in this chapter are 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([C4C1im][Ntf2]), 1-butyl-3-methylimidazolium
tetrafluoroborate ([C4C1lim][BF4]), 1-butyl-3-methylimidazolium iodide ([C4C1im]l)
and 1-butyl-3-methylimidazolium chloride ([C4C1im]Cl). They have been purchased
from lo-li-tec (http://www.iolitec.de/). The structures of the common cation and the
four different anions are shown in Scheme 4-1 presented in chapter 4. At room
temperature [C4C1im]Cl is in solid state and therefore it was heated to melt and
measured in its supercooled liquid state at room temperature. Before measurements,
the ILs are purified in vacuum for 12 hours in order to remove water and other volatile
impurities. All the measurements are conducted at ambient temperature and

pressure.

In chapter 4 we investigated mixtures of [C4C1im][Ntf2] and [C4Clim]l with THz-
TDS with 250-um-<110> ZnTe which is capable of detect THz from ~0.1 to ~5 THz. In
this chapter, we extended our available frequency range by means of a non-standard
detection crystal: LAPC which is a mixture of dye and amorphous polycarbonate as
described in chapter 2. The ILs were put into homemade liquid cells made of silicon
windows with cell thickness ranging from ~40 to ~ 180 um. ILs samples having different

thickness were measured and the absorption coefficient and the refractive index were
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extracted by resorting to the Beer-Lambert law. This procedure makes the
measurement less dependent on the cell thickness and hence the extraction of the
complex refractive index more reliable. Details on the experimental set-up are
presented in chapter 2 and the extraction of optical coefficients can be found in

appendix.

5.3. EXPERIMENTAL RESULTS
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Figure 5-1. Absorption coefficient of [C4C1im][Ntf2] (a), of [C4C1lim][BF4] (c), of [C4C1im]I (e)
and [C4C1im]Cl (g). Refractive index of [C4C1im][Ntf2] (b), of [C4C1im][BF4] (d), of [CAC1lim]I
(f) and [C4C1im]CI (h) from 0.5 to 13.2 THz. The intermolecular broad absorption band is
highlighted and called band I.

The first row of Figure 5-1 shows the absorption coefficient (a) and refractive
index (b) of [C4C1im][Ntf2] as a function of frequency. In panel (a) it is seen that in the
low frequency range, the absorption spectrum has a broad absorption band (band I)
centered around 2.2 THz with a full width at half maximum (FWHM) approximately

equal to 2.0 THz. In the frequency range around 6 THz the absorption of [C4C1im][Ntf2]
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has a doublet structure with two peaks located at 6.2 and 6.8 THz, respectively. In the
high frequency region of the spectrum the absorption displays a sharp and strong peak
at 12.2 THz. Panel (b) of Figure 5-1shows the refractive index of [C4C1lim][Ntf2]: it
decreases from ~1.74 at 0.5 THz to reach a minimum at 3.0 THz corresponding to the
minimum value of ~1.39, then the refractive index increases slowly with a small dip at
around 6.8 THz with local minimum equal to ~1.47. A dramatic sharp change appears
in the vicinity of 12.2 THz with a local maximum value equal to ~1.70 and local

minimum equal to ~1.48.

The second row of Figure 5-1displays the absorption coefficient (c) and the
refractive index (d) of [C4C1im][BF4]. The main feature of the absorption spectrum is
that the band | is centered at 2.9 THz and the FWHM equals ~2.4 THz. Following band
| the absorption coefficient spectrum of [C4C1lim][BF4] has a small peak around 6.6
THz and another one around 10 THz. The magnitudes of these two peaks are much
lower compared to band |. The main characteristic of the refractive index spectrum of
[C4C1im][BF4] is its broad dip centered at ~3.0 THz with minimum value equal to ~1.27.
In detail, the refractive index of [C4C1lim][ BF4] first decreases from ~1.69 at 0.5 THz
to ~1.3 at 3.0 THz, then increases up to ~1.45 at 6.0 THz. Finally, the refractive index

still increases very slightly in the range from 6.0 to 13.2 THz.

The third row of Figure 5-1 plots absorption coefficient (e) and refractive index (f)
of [C4C1im]I as function of frequency from 0.5 to 13.2 THz. Band | in the absorption
spectrum of | is centered at 2.9 THz and the FWHM is equal to ~2.7 THz in the low
frequency range and another broad band centered at around 11 THz in the high
frequency range. The refractive index of [C4C1lim]l decreases from ~2.17 at 0.5 THz to
aminimum of ~1.46 at 2.9 THz. From the minimum point the refractive index increases
slowly to a shallow local maximum of ~1.6 at around 10.0 THz and then it decreases

again slowly from the maximum value.

The fourth row of Figure 5-1 shows the absorption coefficient (g) and refractive
index (h) of [C4C1im]Cl from 0.5 to 13.2 THz. Band | of [C4C1im]Cl is much broader
compared to the spectra of the other three ILs. The peak of band | is at ~3.9 THz with
FWHM equal to ~3.5 THz. Following band | in the low frequency range the absorption

coefficient keeps increasing from ~36.7 cm™ around 8.3 THz to ~¥470.0 cm™ at 13.2 THz.
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The refractive index shown in panel (h) first decreases from ~1.91 at 0.5 THz to a
minimum at 5.5 THz with minimum value equal to ~1.27 and then increases slowly up

to~1.45 at 13.2 THz.

5.4. DISCUSSION

5.4.1. Assighment of Absorption Bands

Table 5-1. Values of peak frequency (v}), the peak absorption intensity («,) and FWHM of
band [, the frequency of minimum refractive index (v, ), the molecular weight, the
antisymmetric vibrational wavenumber of HC(4)-HC(5) (w,s) and 1/+/u for [C4C1lim][Ntf2],
[C4C1im][BF4], [CACLlim]l and [C4C1im]Cl.

ILs Vp Ip FWHM Vmin Mo!ecular Was 1/\/u
(THz)  (em?) (em")  (THz  Weight (i °
Ntf2 2.2 260.2 2.0 3.0 419.36 3122 0.138
BF4 2.9 460.7 24 3.8 226.02 3120 0.153
| 1.9 367.6 2.7 2.9 266.12 3078 0.14
CL 3.9 470.5 3.5 5.5 174.67 3040 0.2

2 The values are estimated from literatures'®-1%, Here the antisymmetric vibrational wavenumber of

HC(4)-HC(5) is taken as indicator of the strength of hydrogen bond.

b The values are taken from reference'?’. Only the methylimidazolium-ring part of cation is considered
when calculating 1/+/u. As different lengths of side chains nearly don’t affect the intermolecular

vibration frequencies, it is assumed that the side chains don’t contribute to the reduced mass.

The main parameters of the absorption band extracted from the spectra are peak
frequency (vp), peak absorption intensity (ap), FWHM of band | and the frequency of
minimum refractive index (v,in)- These four parameters together with the molecular
weight, the antisymmetric vibrational wavenumber of HC(4)-HC(5) (wag) and 1//1,
where u is reduced mass, for the four investigated ILs are listed in Table 5-1. w,g and

1/+/u will be discussed in detail below.

There is a quite large literature!%6-10% 142 discussing the dynamic behavior of ILs in

the THz frequency range. According to the investigation in chapter 4 the broad
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absorption band in low frequency range from 0.15 to 4.5 THz can be attributed to

intermolecular interactions of the ILs.

In chapter 4 we investigated mixtures of [C4C1im][Ntf2] and [C4Clim]l and we
simulated the complex permittivity of all mixtures of different volume fractions with
a single model. We found that, for each mixture, a combination of three oscillators
can fit the experimental results with good approximation. We assigned the lowest-
frequency oscillator to rotational diffusion motion and/or diffusive translational

motion while the other two oscillators to intermolecular motions.

The assignment of the lowest-frequency oscillator is in good agreement with
previous works, while the assignment of the other two oscillators is controversial.
Giraud et al.'?® fitted the time-resolved Kerr-effect spectra of five different
imidazolium-based ILs with several Brownian oscillators and attributed the first
overdamped Brownian oscillator to rotational diffusive motions. Meanwhile, Giraud
et al. ascribed the following three Brownian oscillators which appear at the same
frequencies around 0.9, 2, and 3 THz (~30, 65, and 100 cm™) to librational motions.
Xiao and his coworkers'®! described the main band of optical Kerr effect spectra of ILs
with a sum of a low-frequency component, an intermediate-frequency component,
and a high-frequency component and they assigned the high-frequency component
to librational motion of cation. Stoppa et al.*3? used a combination of four components
to depict the dielectric spectra of ILs and ascribed the Debye component at ~0.6 THz
and the damped harmonic oscillator at ~2.5 THz to cation libration. Fumino et al.3%
143 ascribed the absorption band below 150 cm™ (4.5 THz) to the bending and
stretching of hydrogen bonds formed between the cations and anions. In summary, it
is possible to safely conclude that the broad band | of the four investigated ILs

originates from intermolecular motions.

Now we turn our attention on the absorption bands in the higher frequency
region. To highlight the absorption bands and the corresponding refractive index in
this region, the high frequency range of [C4C1lim][Ntf2] is plotted again in Figure 5-2.
In panel (a) of Figure 5-2 the double peaks (band Il) located at 6.2 and 6.8 THz,
respectively, stem from the wagging mode of the O-S-O group in the anion of

[C4C1im][Ntf2]. This assighment agrees with the explanation by Wulf et al.}** In
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addition, similar intramolecular absorption peaks are also described by Buffeteau et
al'*!, According to the vibrational frequencies listed in literature!#> the absorption

peak at 12.2 THz (band Ill) should be also attributed to the same wagging mode.
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Figure 5-2. Absorption coefficient (a) and refractive index (b) of [C4C1im][Ntf2] in high
frequency range. Two main absorption bands are found. Band Il is a doublet whose peaks
locate at 6.2 and 6.8 THz. Band Ill is an intense sharp peak whose peak locates at 12.2 THz. In
refractive index spectrum a dramatic change appears at 12.2 THz.

Apart from the aforementioned peaks, in panel (a) of Figure 5-2 there are other
weak peaks in the absorption spectrum of [C4C1lim][Ntf2]. These absorption bands
may originate from torsion, twist and bend motions of the groups in cation and/or
anion as shown by ab initio calculation done by Heimer et al.'*¢ For example, Fumino
et al.1** assigned the absorption band at about 270 cm™ to out-of-plane bending mode
of CH3-C(2). To consolidate the assignment of all these peaks ab initio calculations4®-
147 are necessary. The small absorption bands of [C4C1im][BF4] in the high frequency
region can be similarly assigned to torsion, twist and bend motions of the groups in
cation. Compared to the absorption spectra of ILs with molecular anions

([C4C1im][Ntf2] and [CAC1im][BF4]), the absorption spectra of ILs with halogen anions

have broad absorption band in the high frequency region. We can only speculate that
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the broad absorption bands in the high frequency region may originate from the
skeletal vibrational modes of the imidazolium ring and it seems that the halogen

anions enhance and broaden the absorption band in this region.

5.4.2. Peak Frequency of Band | and Refractive Index
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Figure 5-3. Absorption coefficient (a) and refractive index (b) in low frequency range. vp and
Vmin are highlighted with gray bar. vp of band | is 1.9, 2.2, 2.9 and 3.9 THz for [C4Clim]I,
[C4AC1lim][Ntf2], [C4C1im][BF4] and [C4C1im]Cl respectively. Vi, is 2.9, 3.0, 3.8 and 5.5 THz
for [CAC1lim]l, [CAC1im][Ntf2], [C4C1im][BF4] and [C4C1lim]Cl respectively.

In this subsection we introduce reduced mass u and the antisymmetric
vibrational wavenumber of HC(4)-HC(5) (w,s) to discuss vp of band I. In several
reportst07-108, 133, 148  the peak frequency of band | was discussed by using
approximation of harmonic oscillator which can be expressed with the following

formula

v, = (k/w)*/?, (5-1)

where
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1/.“ = 1/.ucation + 1/ﬂanion' (5-2)
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Figure 5-4. Attenuated total reflection infrared (ATR-IR) spectra of [C4Clim]l (dashed line),
[C4C1im][BF4] (solid line), and [C4AC1im][PF6] (dotted line) in the C-H vibration frequency
range. Adapted from “Structures of lonic Liquids with Different Anions Studied by Infrared
Vibration Spectroscopy”, by Jeon et al., 2008, The Journal of Physical Chemistry B, 112, 4735-
4740.Copyright 2008 by "American Chemical Society".

In the above equations kis the “spring” constant, tcqtion aNd Uanion denote mass
of cation and anion, respectively. In ILs the hydrogen atom attached directly to the
imidazolium ring can form hydrogen bond with anions. The hydrogen bond affects C-
H vibrations and result in balance between hydrogen bond and intramolecular C-H
interaction. This balance make it possible to use C-H vibrational frequency as indicator
of hydrogen bond strength. Here we select w,s as indicator. An example of infrared
spectroscopy of C-H vibrations of ILs is shown in Figure 5-4. In the figure, C-H vibration

bands of [C4C1lim]I are greatly red-shifted compared with [C4C1lim][BF4].

From Eq. (5-1) it is clear that both k and u affect vp. Fumino et al.'*® found the
reduced mass and force constant contribute to the frequency shift of v, nearly in the

same manner. We will discuss the effects k and p on vp.
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Figure 5-5. Peak frequency (vp) of band | as function of antisymmetric vibrational
wavenumber of HC(4)-HC(5) (w4s) (a), vp of band I as function of 1/+/u (b). The lines in panel
(a) and (b) are guide for eyes. Comparison of expected and experimental vp of [C4C1im][Ntf2]
is highlighted. Open square symbol is upper limit of expected vp. Arrows indicate expected vp
of [C4C1im][Ntf2] should be smaller than upper limit.

Fumino et al.'® proposed the balance relationship between the hydrogen bond
of *C — H --- A~ and the covalent bond of C-H. An enhancement of the hydrogen bond
is accompanied by a reduction of the strength of the C-H interaction and vice versa.
An enhancement of the hydrogen bond leads to a blue shift of the intermolecular
vibration frequency whereas a reduction of the C-H interaction strength leads to a red-
shift of the frequency of the C-H vibrational modes. As a result, a blue-shift of the
intermolecular vibrations is expected to accompany the red-shift of the C-H vibration
frequency. The C-H vibrational modes can be measured by IR spectroscopy in the
wavenumber region from 2800 to 3300 cm™. The reported data showed that the
expected relation between the blue-shift of intermolecular vibrations and the red-
shift of the C-H vibration holds for ILs with molecular anions*° as well as for ILs with
atomic halogen anions!®®. However, this relation is broken when comparing ILs
containing molecular anions and ILs containing halogen anions. As shown in panel (a)
of Figure 5-5, vp of [C4Clim]l is smaller than vp of [C4C1lim][Ntf2] although the wys
of [C4C1im]l red shifts by ~ 44 cm™.

Panel (b) of Figure 5-5 plots the relationship of vp and 1/4/u. It can be found that
vp of [C4C1im][Ntf2] is bigger than vp of [C4C1lim]l although 1/+/u of [C4C1im][Ntf2]
is smaller. The discrepancy between vy and wys or the discrepancy between the vp

and 1/+/u alone cannot draw a conclusion of violation of Eq. (5-1) because k and u
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may not contribute equivalently to vp. In the case of [C4C1im][Ntf2] and [CAClim]I,
both blue-shifted w,s (smaller k) and smaller 1//u of [C4C1im][Ntf2] predict red-
shifted vp for [C4C1im][Ntf2] according to Eq. (5-1) when compared with [C4C1lim]I.
However, our experimental results show that vp of [C4C1lim][Ntf2] is blue shifted as

shown in panel (a) of Figure 5-3.

[C4C1im][Ntf2] and [CAClim]I are the perfect example to show violation of Eq.
(5-1) because both blue-shifted w,s (smaller k) and smaller 1/+/u predict same
frequency shift tendency. In contrast, other cases don’t predict same frequency shift
tendency. For example blue-shifted w,g (smaller k) of [C4C1lim][BF4] predicts red-
shifted vp but bigger 1/+/u predicts blue-shifted v, when compared with [C4C1im]I.

In order to quantitively compare the expected and experimental vp of
[CACLlim][Ntf2] we calculated the upper limit of expected vp by assuming k of
[C4C1im][Ntf2] is same as [CAC1lim]l. The calculated result is shown as red open square
symbol in Figure 5-5 where the comparison of expected and experimental vp of
[C4C1im][Ntf2] is highlighted with light green shadows. It is clear that even the upper
limit of expected vp of [C4C1im][Ntf2] is smaller than v, of [C4Clim]l. The expected
vp of [CACLim][Ntf2] should be smaller that upper limit since k of [C4C1im][Ntf2] is
much smaller than that of [C4Clim]l (w4s of [C4C1im][Ntf2] is much bigger). The
arrows in Figure 5-5 are intended to show that expected v; is smaller than its upper
limit.

It is well demonstrated that the hydrogen bond affects band 1143144, The effect is
usually explained with Eq. (5-1) which successfully predicts the frequency shift of band
| when only considering ILs with halogen anions'® or ILs with molecular anions?’,
However, in our case, considering only the hydrogen bond is insufficient. We need to
account other factors to explain the violation of Eq. (5-1). Libration is one of the most
common vibrations in ILs and well investigated but not considered in Eq. (5-1). It is
most likely that the librational motions and hydrogen bond have same variation
tendency with different anions in ILs containing halogen anions or molecular anions.
And the contribution ratio of libration and hydrogen bond to band | is similar in ILs

based on halogen anions or ILs based on molecular anions. Thus, Eq. (5-1) can explain
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the frequency shift of band | even though Eqg. (5-1) is only intended to account for
hydrogen bond. In our case, violation of Eq. (5-1) happens probably because the
contribution ratio of librational motions and hydrogen bond in ILs based on halogen
anions is different from that in ILs based on molecular anions. The different
contribution ratios may stem from different molecular arrangement of ILs. Xiao et
al.1?® showed that different ILs can form different networks and Jeon et.al*33 suggested

the microscopic structure is different in [C4C1im][BF4] and [C4C1lim]I.

Finally we discuss the refractive index spectra of [C4C1im][Ntf2], [C4C1lim][BF4],
[C4C1lim]l and [C4C1lim]Cl. In the refractive index spectra plotted in panel (b), (d), (f)
and (h) of Figure 5-1, each refractive spectrum curve has a minimum point, Viuin,
highlighted in panel (b) of Figure 5-3. It is shown that v,;, shifts in the same direction
as Vp. Moreover, v,in i greater than vp for each sample. As a result, minimum of
refractive index appears at higher frequency compared with the maxima points in
absorption spectra. Each refractive index for the four ILs first decrease from their value
at the lowest frequency to the minimum point and then increase to a relatively stable
level with the notable exception of the intramolecular vibrational modes of the anion
in [C4C1im][Ntf2], which contribute significantly to its refractive index resulting in a
dramatic change of the refractive index as shown in panel (b) of Figure 5-2. Apart from
the dramatic change in the refractive index of [C4C1im][Ntf2] the overall tendencies

of all the refractive index spectra are similar.

5.4.3. FWHM and Peak Intensity of Band |

The FWHM of band | is 2.0, 2.4, 2.7 and 3.5 THz for [C4C1im][Ntf2], [C4C1lim][BF4],
[C4C1im]l and [CAC1im]Cl, respectively. Panel (a) of Figure 5-6 plots the relationship
between FWHM of band | and vp. It can be seen that the FWHM for ILs with halogen
anions is enhanced compared to ILs with molecular anions. The FWHM of [C4C1im]l is
much larger than FWHM of [C4C1lim][Ntf2] and [C4C1lim][BF4] even though vp of
[C4Clim]lis lower.
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Figure 5-6. FWHM of band | as function of peak frequency (a) and peak absorption intensity
of band I as function of molecular weight (b). The lines in the figure are guide for eyes. FWHM
of [C4C1lim]l is bigger than that of both [C4C1lim][Ntf2] and [C4C1lim][BF4] although vp of
[C4C1lim]l is smaller.

Shirota and Castner'®®

compared the optical Kerr spectra of 1-
methoxyethylpyridinium dicyanoamide (MOEPy*/DCA") with the optical Kerr spectra
of analogous isoelectronic neutral binary mixture of 1-methoxyethylbenzene and
dicyanomethane (MOEBz/DCM). They found the FWHM of optical Kerr spectrum of
MOEPy*/DCA" in the low frequency region is broader than that of MOEBz/DCM.
Meanwhile, the peak of optical Kerr spectrum of MOEPy*/DCA" in the low frequency
region appears at higher frequency compared with MOEBz/DCM. Xiao et al'0!
suggested the FWHM of the Kerr spectrum reflects the strength of the interionic
interactions. However, the FWHM of [C4C1lim]l is much bigger than FWHM of both
[C4C1im][Ntf2] and [CAC1im][BF4]. This discrepancy can be similarly interpreted with
the same explanation provided above for the violation of Eq. (5-1). The enhancement
of FWHM of band | with halogen anions probably stems from the different molecular
arrangements and different librational motions between the ILs containing molecular
anions and the ILs containing atomic halogen anions. On the other hand, we can say

that the discrepancy between the FWHM and v, provides a further evidence for our

explanation of the origin of violation of Eq. (5-1).

Panel (b) of Figure 5-6 plots the relation between the peak absorption intensity
(ap) of band | and molecular weight. It is clearly shown that a,, decreases with the
increase of molecular weight of ILs. Thus, &, increases with 1/+/u. A similar result has
been reported by Yamada and his coworkers!%’-108 on imidazolium-based ILs paired

with molecular anions and halogen anions. They found that the absorption intensity
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normalized by molar concentration at the peak of the absorption band in the lowest
frequency region is approximately inversely proportional to the molecular weight of
the ionic pairs of ILs. This tendency is reasonable because the molecular weight of
ionic pairs is physically related to the size of the ion pairs and the distance of ion
pairs?’. Small molecular weight usually correspond to small volume of ion pairs. In a
given volume there are more small ion pairs, which results in higher absorption

intensity.

5.5. CONCLUSION

We investigated imidazolium-based ILs of [C4C1lim][Ntf2], [C4Clim][BF4],
[C4C1lim]l and [C4C1lim]Cl with broadband THz spectroscopy in the frequency region
from 0.5 to 13.2 THz. We first discussed the assignment of the absorption bands. Then
we focused on band | in the lowest frequency region. We discussed the peak frequency,
bandwidth (FWHM), peak absorption intensity of band I. We also discussed the
refractive index spectra. With broadband THz technology we can record the
intermolecular vibrational modes and intramolecular vibrational modes at the same

time, making straightforward any relative comparison of the intensity peaks.

We have found that band | dominating the lowest frequency region is broad for
all the investigated ILs. The peak absorption intensity a,, of band | increases inversely
with molecular weight and consequently increases with 1/+/u. However, the shift of
peak frequency vp neither vary with antisymmetric vibrational wavenumber of HC(4)-
HC(5) wug nor with 1/+/u as expected. True violation of Eq. (5-1) is confirmed when
comparing vp with both w,s and 1/+/u for [C4C1lim][Ntf2] and [C4Clim]l. This
violation may originate from the different molecular arrangements and/or librational
motions that are present in ILs containing molecular anions as compared to those
containing atomic halogen anions. An unexpected behavior of the FWHM of band | as
a function of vp is also unveiled. The FWHM for ILs with halogen anions is larger than
that of ILs with molecular anions. This anomalous behavior further supports the
explanation provided for the violation of Eq. (5-1). In the high frequency region, a
doublet whose peaks are located at 6.2 and 6.8 THz and an intense sharp peak at 12.2

THz are clearly displayed in the absorption spectrum of [C4C1im][Ntf2] besides other
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small peaks. The doublet and the intense peak at 12.2 THz origin in the wagging mode
of the O-S-O group in the anion. For [C4C1im][BF4] there are only some small peaks in
the high frequency region. There are broad absorption bands in the high frequency
region for [CAClim]l and [C4C1lim]Cl. The broad absorption bands in the high
frequency region for [CAClim]l and [C4Clim]Cl probably origin in the skeletal
vibrational modes of the imidazolium ring. All the refractive index spectra of the
investigated ILs have a minimum point, v,,;,, Which increases with vp. v,,,;, appears
at higher frequencies as compared to vp. In addition, the overall variation of the
refractive index is similar for all the ILs. However, it is worth noting that the strong
intramolecular vibrations in anion of [C4C1im][Ntf2] result in dramatic changes in its
refractive index spectrum. In particular, the intense intramolecular vibrational mode

at 12.2 THz leads to a singularity in the refractive index spectrum.
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Chapter 6. THz-Pump / SHG-Probe

6.1. INTRODUCTION

Up to now, THz is widely used in terahertz time-domain spectroscopy (THz-TDS)
and time-resolved THz spectroscopy (TRTS). Wald et al.**° added an additional laser to
pump YBa,Cusz0O7-s based on the traditional THz emission spectroscopy to measure the
time-resolved evaluation of the hot carrier excitation and relaxation. Shi et al.!
researched optical pump effect on THz emission from unbiased semi-conducting GaAs
with experimental scheme similar to that used by Wald et al.**° In their research, Shi
et al. found the transient photoconductivity induced by pump pulses affects temporal
waveform of terahertz radiation pulse. Li et al.»*? investigated carrier dynamics and
terahertz conductivity in optically pumped ZnSe nanocrystal with THz-TDS. There are
also some reports on research using THz as pump. Thompson et al.'*3 found transient
insulator-to-metal transition triggered by high-field THz pulse in a nanoantenna
patterned vanadium dioxide thin film. Bowlan et al.'** used THz to resonantly drive
phonon mode in in the topological insulator Bi;Ses and probed the structural dynamics
induced by THz using SHG. Baierl et al.*>> used THz magnetic fields to drive magnon
resonances in nickel oxide and probed the induced dynamics. In this chapter we pump
guartz with intensive broadband THz and probe the resulting effects induced by THz
with SHG.

6.2. EXPERIMENT

The setup of experiment is shown in Figure 2-1 presented in chapter 2. The detail
configuration of the pump/probe part is shown in the inset of Figure 2-1. In the setup,
the sample is pumped with intensive broadband THz generated in laser-induced
plasma via four-wave-mixing process coupling the fundamental laser and its second
harmonic wave. Meanwhile the laser beam in the probe arm impinges on the sample
collinear with THz wave. The second harmonic generation (SHG) of the fundamental
probe is detected by photomultiplier and the wavelength of the SHG is selected by a
monochromator. In order to investigate the effects of polarization of both THz and

probe on SHG a THz polarizer is inserted in the THz arm and a half wave plate is
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inserted in the probe arm to change polarizations. We carried out THz-Pump/SHG-
Probe experiment on 500 um X- and Y-cut quartz and discussed the results of Y-cut
qguartz in detail. The time-dependent SHG signal is recorded by a photomultiplier at
different time delay between the probe pulse and THz pulse, which is similar to the

coherent THz detection with air sensor®”’.

6.3. RESULTS AND DISCUSSION

6.3.1. Effect of Cut Direction

Time (ps)

-0.5 0.0 0.5 1.0 1.5 2.0
0.4 T T T T T T T T T T T

EProbe//X
ETHZ//Z & ETHz//Y

Amplitude (arb. unit)

EPmbe

X-Cut Quartz

Amplitude (arb. unit)
N
T

0 C i 1 I L L 1 1 1 L
0 5 10 15 20 25
Frequency (THz)

Figure 6-1. Time-domain signal of SHG from 500 um X-cut quartz (a) and its Fourier
transformation (b). The relation of THz polarization, probe polarization and orientation of X-
cut quartz is shown in panel (c) and monochromator is at 400 nm.

Panel (a) and (b) of Figure 6-1 respectively show time-dependent SHG signal at
wavelength of 400 nm and its Fourier transformation. The experiment is conducted
with THz having polarization components both parallel and orthogonal to Z axis of the
sample. The polarization of probe is parallel to Y axis. The relation of THz polarization,
probe polarization and sample orientation is shown in panel (c). Sample thickness is

500 um. The time in panel (a) is the time delay between probe pulse and THz pulse.
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THz pulse locates at time equal to zero. The time delay of probe pulse with respect to
THz pulse is realized by moving the delay line shown in the setup presented in chapter
2. Itis clear that the time-dependent SHG has obvious oscillations in panel (a) of Figure
6-1. The Fourier transformation of time-dependent signal shown in panel (b) has a
prominent peak around 16 THz.

Time (ps)

0 2 4
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Erva/f 28 B, /1 X

Amplitude (arb. unit)

E [
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KPma

Amplitude (arb. unit)

5 10 15 20 25
Frequency (THz)
Figure 6-2. Time-domain signal of SHG from 500 pum Y-cut quartz (a) and its Fourier

transformation (b). The relation of THz polarization, probe polarization and orientation of Y-
cut quartz is shown in panel (c) and monochromator is at 400 nm.

Panel (a) and (b) of Figure 6-2 respectively plot time—dependent SHG and its
Fourier transformation in Y-cut quartz. THz has one polarization component parallel
to X axis and another one parallel to Z axis. Polarization of probe is parallel to X axis.
The relation of THz polarization, probe polarization and sample orientation is shown
in panel (c). Monochromator is at 400 nm and sample thickness is 500 um. Time-
dependent signal shown in panel (a) increases quickly to maximum at time equal to
zero and then relaxes slowly to zero with obvious oscillations. The frequency-domain

signal shown in panel (b) has obvious peaks around 2.1, 5.2, 7 9.2 and 16.1 THz.
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We also measured Z-cut sample but no oscillation is observed. In addition, we
also measured samples having different thicknesses and no obvious effect of thickness
on SHG is found. In the following we focus on the effect of THz pump on SHG in Y-cut

quartz with thickness of 500 um.

6.3.2. SHG at Different Wavelengths
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Figure 6-3. Spectra of SHG generated in air with and without THz (a): in air without THz (full
magenta triangular symbol), in air with THz (full green triangular symbol). Spectra of SHG
generated in quartz with and without THz (b): in quartz without THz (full blue circular symbol),
and in quartz with THz (full red square symbol). THz pump polarization, probe polarization and
orientation of the sample are same as those shown in panel (c) of Figure 6-2.
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To deepen the investigation we made a spectral analysis of the SHG light emitted
in air and Y-cut quartz with and without THz by recording the photomultiplier output
versus the monochromator wavelength. Full green triangular symbol and magenta
triangular symbol in panel (a) of Figure 6-3 respectively show the spectra of SHG
generated in air with and without THz. Red square symbol and blue circular symbol in
panel (b) of Figure 6-3 respectively show the spectra of SHG generated in quartz with
and without THz. The spectrum of SHG generated in air without THz has only one peak
around 392 nm while the spectrum of SHG generated in air with THz has a broader
red-shifted peak around 404 nm and a shoulder around 424 nm. Compared with the
spectrum of SHG in air without THz, the spectrum of SHG in air with THz shows
enhanced intensity, wider bandwidth and red-shifted peak. Similar to the spectrum of
SHG generated in air without THz, the spectrum of SHG generated in quartz without
THz has only one peak at 392 nm. However, the spectrum of SHG generated in quartz
with THz is absolutely different to the spectrum of SHG generated in air with THz. The
spectrum of SHG generated in quartz with THz has 4 peaks around 380, 394, 402 and
422 nm and a shoulder around 370 nm. Compared with the spectrum of SHG in quartz
without THz, the spectrum of SHG in quartz with THz presents enhanced intensity,

wider bandwidth and red-shifted peak.

In order to investigate the oscillations of SHG at different wavelengths we
recorded SHG signals at several wavelengths versus the time delay between THz pulse
and probe pulse. Panel (a) of Figure 6-4 plots signal of SHG versus time delay at
different wavelengths of SHG and panel (b) shows the Fourier transformation of each
signal in panel (a). In panel (a) it is shown that the curves of 395, 400, 405 and 410 nm
increase very quickly at time equal to zero. The curves of 395, 400, 405 nm have
oscillations following the peak at time equal to zero and the signal intensity decreases
with time while the curve of 410 nm has no clear oscillation. Compared to the other
curves in panel (a), the curves of 385 and 390 nm have only oscillations. Fourier
transformations of the signals are plotted in panel (b). Signal of 410 nm has no clear
peak in high frequency range. Curve of 405 nm has all peaks shown in other curves at
2.1,5.2,7,9.2 and 16.2 THz. Peak at 2.1 THz shows in all the curves. Peak at 16.2 THz
shows in curves of 395, 400 and 405 nm. Peak at 9.2 THz shows in curves of 385, 390,
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400 and 405 nm. Peak at 7 THz shows only in curves of 400 and 405 nm while peak at
5.2 THz shows only in curve of 395 and 400 nm.
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Figure 6-4. Time-domain signal of SHG (a) at different wavelength in the range from 385 to
415 nm with step of 5 nm. Fourier transformation results (b) of each signal in time domain at
different wavelengths. Numbers in panel (b) are frequencies in THz unit. THz pump
polarization, probe polarization and orientation of the sample are same as those shown in
panel (c) of Figure 6-2

As the experiments were carried out in air. The SHG can also be generated in air
via four-wave-mixing process coupling THz and probe beams. To confirm the
phenomena found in Figure 6-4 are originated in quartz we compared typical signals
in the presence of THz at wavelengths of 385 and 405 nm obtained in air with and
without quartz at the sample position. Figure 6-5 shows the comparison. The time-
domain signals at 385 nm in panel (a) display that the SHG from quartz has clear
oscillations and the signal of air is nearly null. Panel (b) shows that the signal of quartz
at wavelength of 405 nm has oscillations while that of air has no oscillations. Panel (c)

and (d) clearly show the oscillations in quartz in frequency domain while no oscillation
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is observed in air. This comparison clearly shows that the oscillations observed Figure

6-4 are generated in quartz.
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Figure 6-5. Comparison of SHG generated in quartz and air with THz at 385 nm in time
domain (a) and frequency domain (c). Comparison of SHG generated in quartz and air with

THz at 405 nm in time domain (b) and frequency domain (b). THz pump polarization, probe
polarization and orientation of the sample are same as those shown in panel (c) of Figure 6-2.
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Plendl et al.’*® reported far infrared spectra of SiO, polymorphs and found that
absorption bands of quartz locate at 25.5, 37.6 and 77.6 um (~ 11.7, 7.97, 3.87 THz)
which are different to the oscillation frequencies found in this chapter. It seems that
the oscillations found in this chapter don’t result directly from phonons. However, it
is possible that the oscillations stem from processes coupling more than one phonons

similar to hyper-Raman scattering®>’.

6.3.3. Effect of Probe Power on SHG
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Figure 6-6. Effect of probe power on SHG. Intensity of SHG versus time delay (a) in time
domain and its Fourier transformation (b) in frequency domain with probe power equal to 3,
6, 12and 24 mW respectively. THz pump polarization, probe polarization and orientation of
the sample are same as those shown in panel (c) of Figure 6-2.

Figure 6-6 shows the time-domain signal of SHG recorded with monochromator
at 400 nm and probe power equal to 3, 6, 12and 24 mW respectively. The
measurements are carried out with same THz pump polarization, probe polarization

and orientation of the sample as those shown in panel (c) of Figure 6-2. It can be found
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that there is no other effect except for the reduction of magnitude of the signals with

decreasing probe power.

Panel (a) of Figure 6-7 plots the SHG spectra with THz power equal to 64 uW and
probe power equal to 6, 12 and 24 mW. It can be observed that the magnitudes of the
spectra scale down with decreasing probe power. We speculated that the two central
peaks in the spectra result from four-wave—mixing process coupling one THz photon
and two fundamental probe photons while the peaks located at the two sides stem
from five-wave-mixing process coupling two THz photon and two fundamental probe
photons. In both of these two schemes, the intensity of SHG will vary quadratically

with probe power.

Probe Power

——24 mW
——12mwW
—h—6 mW

Amplitude (arb. unit)
N

a4l b THz Power
—&— 64 \W
3 ——31 W

—A— 15 uW

Amplitude (arb. unit)
N

1 " L "
380 400 420 440 460
SHG Wavelength {nm)

1
360

Figure 6-7. Spectra of SHG with THz power equal to 64 uW and probe power equal to 6, 12,
24 mW (a) and spectra of SHG with probe power equal to 24 mW and THz power equal to 15,
31, 64 uW. THz pump polarization, probe polarization and orientation of the sample are same
as those show in panel (a) of Figure 6-2.
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Panel (b) of Figure 6-7 draws the SHG spectra with probe power equal to 24 mW
and THz power equal to 15, 31 and 64 uW. THz power is reduced by inserting silicon
wafers in the THz beam. In contrast with panel (a) where at different wavelength the
magnitude decrease in the same manner, the spectra in panel (b) reduces in different
ways in shorter, central and longer wavelength ranges. The speculation of four-wave—
mixing process in central wavelength range and five-wave-mixing process at sides can
explain the different variation tendencies of SHG versus THz power in different SHG
wavelength ranges. According to the speculation the central part of SHG spectra varies

linearly with THz power while quadratically at the two sides.

6.3.4. Effect of Polarization of THz on SHG
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Figure 6-8. Spectrum of SHG with Eprobe // Etuz // X (full black square symbol) as shown in panel
(a) of Figure 6-9, with Eprobe // X and Ery, // Z (full red circular symbol) as shown in panel (a) of
Figure 6-10, with Eprope // Ethz // Z (full blue triangular symbol) and with Eprope // Z and Erw, // X
(full dark cyan triangular symbol).
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Figure 6-9. SHG at different wavelengths with THz pump polarization, probe polarization
and orientation of the sample shown in panel (a). Time-domain signal of SHG (b) at different
wavelength in the range from 370 to 410 nm with step of 5 nm. Fourier transformation (c) of

each signal in time domain at different wavelengths. Numbers in panel (c) are frequencies in
THz unit.
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Figure 6-10. SHG at different wavelengths with THz pump polarization, probe polarization
and orientation of the sample shown in panel (a). Time-domain signal of SHG (b) at different
wavelength in the range from 370 to 410 nm with step of 5 nm. Fourier transformation (c) of
each signal in time domain at different wavelengths. Numbers in panel (c) are frequencies in
THz unit.Figure 6-8 shows the spectra of SHG with different compositions of THz
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polarization, probe polarization and sample orientation. It is shown that the spectrum
of SHG with Eprobe // Etnz // X has widest bandwidth and more peaks. The spectrum of
SHG with Eprobe // X and Etz // Z has an intensive peak at ~ 392 nm and a much less
intensive peak at ~ 383 nm. The spectra with Etu; // Z and Ety; // X have only one

similar peak at ~ 392 nm when Eprobe is parallel to Z axis.

Figure 6-9 draws temporal SHG signals at different wavelengths in panel (b) and
their Fourier transformations in panel (c) with THz polarization, probe polarization and
orientation of sample shown in panel (a). The signals in panel (b) of Figure 6-9 increase

very quickly at time equal to zero and then relax slowly to zero with oscillations.

Panel (a) of Figure 6-10 shows the relations of THz polarization, probe
polarization and sample orientation. Panel (b) and (c) of Figure 6-10 respectively plot
temporal SHG signals at different wavelengths and their Fourier transformations. In
contrast with the curves shown in panel (b) of Figure 6-9, panel (b) of Figure 6-10
shows that oscillation is the dominant characteristic for each curve. In Figure 6-10,
both the time-domain curves in panel (b) and frequency-domain curves in panel (c)
indicate that the intensity of oscillation is strongest around 390 nm, which is different
to the case of panel (b) of Figure 6-9 where the signal at 390 nm is the weakest one.
In panel (c) of Figure 6-10 the peaks are located at ~ 2.1, 9.3 and 16.2 which are also
different to those found in Figure 6-9 where the peaks are at ~ 5.4, 7.0 and 9.6 THz.

In addition, we also recorded the SHG signals versus time delay with Eprobe // Z
composed with either Etn; // Z or Et; // X and didn’t found neither oscillation in time

domain nor peak in frequency domain.

6.4. THZ SPECTROSCOPY OF QUARTZ

In this subsection, we show THz-TDS results of Y-cut quartz to compare the
frequencies of oscillations found above with central frequencies of THz absorption
bands. As the power spectrum is enough to show THz absorptions we herein focus on
the power spectrum obtained with THz-TDS. Same to the spectroscopy of
imidazolium-based ILs in chapter 5, THz-TDS results of quartz presented in this chapter

are also obtained with LAPC detector. In the above section we found that THz
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polarization has effects on the time-dependent SHG. In the THz-TDS of Y-cut quartz

we carried out the experiment with configurations of Ey; // Z and Ets, // X.
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Figure 6-11. THz power transmission percentage in Y-cut quartz with Er, // Z (a) and Ern, // X
(b). Z and X are axes of Y-cut quartz as shown in panel (c) of Figure 6-2.

Panel (a) and (b) of Figure 6-11 respectively plot THz power transmission
percentage in Y-cut quartz with Etu; // Z and Etu; // X. It is clear from the figure that Y-
cut quartz is very transparent to THz in the range from ~1 to 7 THz for both the
configurations of Etw; // Z and Etu, // X. The most obvious difference between the curve
of Etnz // Z and that of Ery; // X is that the curve of Ery; // Z has a deep dip at 8 THz
which is absent in the curve of Ety, // X. Similar absorption difference due to different
compositions between the polarization of electromagnetic wave and crystal axes is

reported by Plend| et al.*>®

The frequency of absorption found in THz-TDS of Y-cut quartz doesn’t show direct

relation with the oscillation frequencies of time-dependent SHG found in THz-

64



THz-Pump / SHG-Probe

pump/SHG-probe experiment. Thus, other physical processes such as possible hyper-

157

Raman scattering™’ should be considered to explain the oscillations in time-

dependent SHG signals.

6.5. CONCLUSION

In this chapter we carried out THz pump / SHG-probe experiment with quartz. We
found that THz pump can activate oscillations in quartz. We also found the SHG
generated in quartz increases with increasing power of probe and THz. The spectra of
SHG in quartz pumped with THz show greatly enhanced bandwidth and intensity. THz
polarization has obvious effect on SHG. THz with polarization parallel to Z axis of Y-cut
quartz can trigger intensive oscillations. In Y-cut quartz pumped by THz with
polarization parallel to X axis the SHG increases quickly and then relaxes slowly with
less intensive oscillations. The power transmission spectrum of Y-cut quartz with Ery;

// Z has a deep dip at 8 THz which is absent in the case of Etu, // X.
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Appendix A

Al DATA EXTRACTION

The electric field of THz as a function of time is directly measured through electro-
optical sampling. The amplitude and phase of the THz wave in the frequency domain
is then obtained through Fourier transformation. Aimed at singling out the sole
contribution to the complex refractive index of the ionic liquid from the cell windows,
samples of vary thickness were prepared and compared as explained below. For each

mixture we measured samples with three different thicknesses.
The complex refractive index can be written as
nw) =n) + ix(v), (A6-1)

where v is the frequency, n(v) denotes the usual refractive index, and x(v) indicates
the extinction coefficient. It is straightforward to demonstrate that the following

equations, relating n(v) and k(v) to a variation of the sample thickness d, apply in

general'®8;
_ 9d+éd)—¢p.a) _ Ae(m) | _
n(v) = S5 c+ny= pyroril® +ng, (A6-2)
_ ImEvd)-InE(v,d+6d)  _ AInE(Q) _
K(V) - 2nvéd T 2mvéd ¢ (A6 3)

where ¢ and E indicate the phase and amplitude of the THz optical field. d is the
thickness of the cell, c is the velocity of light in vacuum, and n is the refractive index
of air. Both ¢ and E are functions of frequency and thickness of the cell. A¢ and AInE
indicate respectively the variations of the phase and of the natural logarithm of E

corresponding to a variation of the sample thickness.

Once the complex refractive index is obtained, the complex permittivity can be

calculated with the following formula:

E(v) =A()°. (A6-4)
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By using some algebra, the relative permittivity ¢ and the dielectric loss " are

finally given by the following formulas:
£W) =nw)? - kW)?, (A6-5)
") =-2n(v)k(v), (A6-6)

After obtaining the complex refractive index, the absorption coefficient can be

calculated with the following formula:

4XTTXV

av) = X k(v). (A7)
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Figure Al. Relative permittivity spectra of the mixtures with a volume fraction [C4C1im]l equal
to 75% (a) and 25% (c), and corresponding dielectric loss spectra (b, d). Red open circles
represent experimental data. Black solid line is the fitting curve resulting from the overlap of
six damped harmonic oscillators found for the two neat components. The single curves of the
six oscillators are also shown in the figures with colored solid and dashed lines for neat
[C4C1lim]l and [C4C1im][NTf2], respectively. The colors are blue, cyan and magenta for the
first, second and third oscillator, respectively. The dark yellow solid and dashed line indicates
the value of &, for neat [C4Clim]l and [C4C1im][NTf2], respectively. Note that the central
frequencies do not coincide with the maximum of the resonances since the oscillators are

asymmetric.
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Summary and Outlook

In this dissertation we first generally introduced THz technology and then we
presented the generation of intensive broadband THz source based on laser induced
plasma in air. We also presented THz detection with ZnTe having thickness of 250 um
and 500 pm, 30 um Z-cut GaSe, LAPC and incoherent detection with air sensor. Then
we developed a precise contactless method to measure micro-distance with THz pulse.
We investigated the behavior of complex permittivity of ionic liquids mixtures and
conducted broadband THz spectroscopy on imidazolium-based ionic liquids. Finally,

we conducted THz-pump/second-harmonic-probe experiment in quartz.

In chapter 2 we presented THz source capable of delivering THz pulses having 1
MV/cm peak field amplitude and a ~30 THz bandwidth. We detected the THz pulse
with different sensors including ZnTe, GaSe, LAPC and air sensor. The bandwidth
detected by 500 um ZnTe is narrow due to phase mismatch. Effect of absorption of
phonon at 5.3 THz is found in detection with 250 um ZnTe. GaSe is capable of detecting
THz up to ~30 THz but the detection in the vicinity around 6.5 THz is negatively
affected by phonon modes in the crystal. LAPC is capable of detecting THz up to
around 17 THz without any gap.

In chapter 3 we developed a precise contactless micro-distance measurement
method using THz pulse. We also compared the ability of PMT and ZnTe to measure
micro-distance and found there is nearly no difference between the measurements
with ZnTe and PMT when measuring bigger distances. The difference between ZnTe
and PMT appears when measuring smaller distances. PMT is capable of measuring
distance down to ~20 um due to short and unipolar pulse obtained with PMT.
Comparison of distance measurement in nitrogen and in air with ZnTe revealed that
reflected THz pulses can be directly shown in nitrogen while additional analysis is
necessary to show reflected pulses in air. The comparison between PMT and ZnTe and
comparison of ZnTe in nitrogen and air suggest that PMT has the advantages including
the ability to measure micro-distance down to ~20 um and immunity to water vaper

absorption in air.
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In chapter 4, we fitted complex permittivity spectra of all ionic liquid mixtures
with a linear combination of damped harmonic oscillators. Single simulation model
allows an accurate characterization of the vibration modes present between 0.15 and
4.5. We assigned the lowest-frequency band to rotational or translational motion, and
the other two bands to intermolecular or librational motions in ionic liquids.
Furthermore, we observed that the complex permittivity obeys a linear mixing law,
which can be applied to tune the physicochemical properties of specific mixtures of

ionic liquids.

In chapter 5 we found that broad intermolecular vibration band dominants the
lowest frequency region. The peak absorption intensity of intermolecular vibration
band increases inversely with molecular weight. Unexpected relation between the
shift of peak frequency with the ability to form hydrogen bond of anions is found. In
addition, an unexpected behavior of the FWHM of intermolecular absorption band
versus peak frequency? 7p is also unveiled. The FWHM for ILs with halogen anions is
larger than that of ILs with molecular anions. A doublet with peaks located at 6.2 and
6.8 THz and an intense sharp peak at 12.2 THz present in the absorption spectrum of
[C4C1im][Ntf2]. The doublet and the intense peak at 12.2 THz origin in the wagging
mode of the 0O-S-O group in the anion. All the refractive index spectra of the
investigated ILs have a minimum point whose frequency increases with peak
frequency of intermolecular absorption band. Strong intramolecular vibrations in

anion of [C4C1im][Ntf2] result in dramatic changes in its refractive index spectrum.

In chapter 6, we observed that THz pump can trigger oscillation in quartz. We also
found the intensity of SHG radiated form quartz increases with increasing power of
probe and THz. The spectra of SHG in quartz pumped with THz show greatly enhanced
bandwidth and intensity. THz polarization has obvious effect on the oscillations of SHG
signal. THz polarization has obvious effect on SHG. THz with polarization parallel to Z
axis of Y-cut quartz can trigger intensive oscillations. In Y-cut quartz pumped by THz
with polarization parallel to X axis the SHG increases quickly and then relaxes slowly
with less intensive oscillations. The power transmission spectrum of Y-cut quartz with

Etn;: // Z has a deep dip at 8 THz which is absent in the case of Ety; // X.
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We already observed some interesting phenomena in both THz-TDS of ionic
liquids and THz-pump/SHG-probe experiment of quartz. However, there is still room
to improve the experiment. First of all, ultra-broadband THz-TDS is desired to observe
more intramolecular vibration in ILs. It is necessary to expand the detected THz band
to achieve this aim. There are three prospective methods to expand THz detection
band. The first one is to upgrade the air detection method to air biased coherent
detection. It is also possible to develop other new broadband THz detection methods
such detection with THz induced second harmonic generation in amorphous silicon
and detection with laser-poled dye molecules. To understand the physical processes

of the oscillations observed in quartz additional experiments are desired.

Furthermore, to understand better the inter- and intra-molecular vibration
modes of ILs more data of ILs composed by different kinds of cations and anions are
in need. Broadband THz-TDS of other ILs such as pyridinium-based ILs and

halometallate ILs are also planned in the future research.
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