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        In this thesis, I present a new method we developed to study low frequency (< 700 

cm-1) vibrational dynamics: Time-resolved third-harmonic generation (TRTHG) 

spectroscopy. Among a variety of vibrational spectroscopy techniques, TRTHG 

differentiates itself with robustness, versatility, and simplicity. In TRTHG experiment, 

that involves only two ultrashort laser pulses, the first pulse is used to impulsively 

generate coherent Raman vibrations, and potentially electronic coherence which 

interacts with the time-delayed second pulse and emits a background-free third-



 

 

harmonic signal in between the two incident pulses. It has been applied to study low-

frequency vibrations in various condensed matter, which are intrinsically related to 

important physical and chemical properties, such as thermal conductivity and mode 

anharmonicity. We first achieved and characterized third-harmonic generation on BK7 

glass-air interface with weak incident laser pulses, and acquired Raman spectrum of 

the amorphous medium. By increasing the intensity of the pump laser pulse, we 

characterized in-situ laser-induced crystallization process in glass. We also revealed 

dynamics of low-frequency optical phonons in CaF2 and calcite using TRTHG. Finally, 

by incorporating a flowing liquid sample jet to TRTGH setup, we successfully studied 

low-frequency vibration dynamics on the sub-picosecond timescale in pure water and 

electrolyte in an aqueous solution (i.e., 4 M ZnCl2 in water) and corroborated using 

femtosecond stimulated Raman spectroscopy. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

        Based on light-matter interaction, atomic, molecular and optical (AMO) science 

and engineering undoubtedly plays a very important role in modern physics, chemistry, 

biology and electronic engineering. They make it possible for the research community 

to observe physical matters at atomic and molecular level using light, and advance our 

understanding of the microscopic world as well as our ability to modify structure of 

many materials, chemical reactivity, and develop new electronic devices. For instance, 

Raman and infrared spectroscopy can track nuclei motions. Nonlinear optics is a branch 

of optics that describes how light interacts with nonlinear media in which the dielectric 

polarization responds nonlinearly to the electrical field of the light.  However, the 

observation of optical nonlinearity phenomena requires very high light field intensity, 

which only laser can provide. And that’s why the nonlinear optics was not studied until 

laser coming into beings. Actually nonlinear optics took off since the discovery of 

second harmonic generation in 1961 by Franken1, shortly after the first demonstration 

of first working laser by Maiman in 1960 2. Generally, lower order nonlinear processes, 

such as second-harmonic generation, sum-frequency generation (second order), are 

easier to occur compared to higher order processes like third-harmonic generation and 

four wave mixing (third order) which requiring higher. Fourth and higher order 

nonlinear processes are too difficult to achieve, and thus have relatively limited 

applications. Ultrashort pulse lasers, which have extremely high peak intensity, makes 
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it more feasible to achieve high order processes, facilitating investigations of high order 

nonlinear optics.   

        Nuclear vibrations in molecules and atomic or ionic crystals reflects information 

of material structures and some physical and chemical properties. For example, 

phonons in solid materials plays a crucial part in determining materials’ thermal 

conductivity, and some vibrations facilitates chemical reactions like proton transfer3. 

There are a variety of spectroscopic techniques measuring vibrations, and each has its 

own advantages and disadvantages. Conventional IR and Raman spectroscopies are 

widely used to identify chemical components. They are economic and can be applied 

to many samples, but only sensitive to IR active and Raman active modes respectively 

in ground electronic state, without time resolution. Terahertz time-domain 

spectroscopy4 specializes in measuring low frequency phonons in solid materials with 

ultrafast time resolution. Since many substances, like water and air, strongly absorbs 

Terahertz light, this technique requires strict experiment conditions, is hard to be 

applied to liquid sample. Two-dimensional infrared spectroscopy (2DIR)5 is an 

advanced vibrational spectroscopic technique studying correlation between different 

vibrations with very high time resolution. Since the light source is femtosecond mid-

IR pulse, the studied vibrational frequency ranges from 1000 cm-1 to 3500 cm-1. Time-

resolved impulsive stimulated Raman spectroscopy (ISRS)6,7 is another technique 

using ultrafast laser to measure low-frequency vibrational dynamics with very high 

time resolution. The frequency of coherent phonon which could be generated is limited 

by the bandwidth of the excitation pulse: the phonon period must be shorter than the 

excitation pulse duration. Also, ISRS often suffers low signal-to-noise ratio especially 
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when applied to liquid sample which is intrinsically more disordered compared to solid 

material. Femtosecond Stimulated Raman Spectroscopy (FSRS)8,9 is a very powerful 

tool in investigating molecular dynamics after electronic excitation, which provides 

high temporal and spectral resolution simultaneously via circumventing uncertainty 

principle. In spite of appealing advantages and wide application, both 2DIR and FSRS 

are time consuming and costly due to tons of difficulties in carrying out the optical 

experiments and data analysis.  

        Inspired by and based on impulsive stimulated Raman spectroscopy and third 

harmonic generation, , we fortunately developed a versatile technique called time-

resolved third-harmonic generation (TRTHG)10,11 using femtosecond pulse laser, to 

study low-frequency phonons in liquid as well as solid samples. In the experiment, one 

femtosecond fundamental pulse is focused on sample to excite coherent nuclear 

vibrations on electronic ground state and simultaneously generation electronic 

polarization. A time-delayed femtosecond pulse will interact with the electronic 

polarization to create third-harmonic generation (THG) signal which is modulated by 

the coherent vibration. As a result, coherent vibration dynamics information can be 

extracted from the time domain THG signal trace. Since there are only two fundamental 

pulses used, and only THG signal intensity recorded for a series of time separation 

between the two pulses, the experiment and data analysis are greatly eased compared 

to advanced spectroscopic techniques mentioned above.  

1.2 Outline 
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        In this thesis, this chapter will be followed by chapter 2 describing the 

experimental setup of TRTHG. And chapter 3 will provide some premature theory to 

help understand the technique. Chapter 4 presents our first work about TRTHG, which 

contains characterization of the THG signal, and demonstration of an application10. In 

chapter 4, we say time-resolved surface third-harmonic generation (TRSTHG) instead 

of TRTHG, to emphasize the THG is enhanced at interface. In chapter 5, the technique 

is successfully applied to study laser-induced glass crystallization process11. In chapter 

6, after demonstrating very high signal-to noise ratio in studying low-frequency 

phonons in calcite, we move one big step forward, that is, by incorporating home-built 

flowing liquid sample jet we use TRTHG to study low-frequency vibrations in liquids 

including pure water and zinc chloride solution. Chapter 7 summarizes my work and 

proposes some future works.  

1.3 References 

1. Franken, P. A.; Hill, A. E.; Peters, C. W.; Weinreich, G., Generation of Optical 

Harmonics. Physical Review Letters 1961, 7 (4), 118-119. 

2. Maiman, T. H., Stimulated Optical Radiation in Ruby. Nature 1960, 187 (4736), 

493-494. 

3. Fang, C.; Frontiera, R. R.; Tran, R.; Mathies, R. A., Mapping GFP structure 

evolution during proton transfer with femtosecond Raman spectroscopy. Nature 2009, 

462 (7270), 200-U74. 

4. Schmuttenmaer, C. A., Exploring Dynamics in the Far-Infrared with Terahertz 

Spectroscopy. Chemical Reviews 2004, 104 (4), 1759-1780. 
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broadband stimulated Raman spectroscopy: Apparatus and methods. Review of 
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generation on a thin amorphous medium-air interface. Optics Letters 2013, 38 (17), 

3304-3307. 

11. Liu, W.; Wang, L.; Han, F.; Fang, C., In-situ characterization of femtosecond 

laser-induced crystallization in borosilicate glass using time-resolved surface third-

harmonic generation. Applied Physics Letters 2013, 103 (20). 
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Chapter 2 

Experimental Setup 

2.1 Time-resolved third-harmonic generation 

        Time-resolved third-harmonic generation (TRTHG) setup is schemed in figure 2.1. 

The seed pulse laser in the laser system, provided by a mode-locked Ti:Sapphire 

oscillator (Mantis-5, Coherent), has 500 mW power, 800 nm central wavelength, 82 

MHz repetition rate, 35 fs time duration. It is sent to Ti:Sapphire regenerative laser 

amplifier (Legend Elite, Coherent), with power amplified to 4 W, repetition rate 

changed to 1 kHz, while time duration and central wavelength unchanged. Part of 

fundamental pulse (FP, the pulse laser from regenerative amplifier) with 

∼50 μJ/pulse energy is separated to two arms by a 50/50 beam splitter; both arms are 

then attenuated by an iris and a variable neutral density filter to certain intensity. A 

phase-locked optical chopper is placed in one of the two arms (FP1). A delay stage is 

built in one of the arms to tune time separation between the two pulses. The two p-

polarized FPs are tightly focused onto sample using an f=100 mm spherical concave 

mirror which would not chirp the pulse as much as lens do. The laser focal diameters 

are ∼0.2 mm with a crossing angle of ∼6°. The steady-state spectra of third-harmonic 

generation (THG) signals are measured by a spectrograph with a 600 grooves/mm, 

400 nm blaze reflective grating and a front-illuminated CCD camera (PIXIS: 100F, 

Princeton Instruments) calibrated by an Hg-Ar standard source. For time-resolved 

measurement, FP1 passes through a motorized delay stage (CVI Melles Griot 
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07EAS504) and a phase-locked optical chopper; transient dynamics of each sideband 

signal can thus be isolated, dispersed, and characterized.  

2.2 Flowing liquid sample jet 

        In laser spectroscopy, flowing liquid sample jet is used to get rid of cell windows, 

which may cause some unwanted errors including cross phase modulation, and chirping 

and walkoff between two pulses1,2. Here we incorporate it to TRTHG to study low-

frequency vibrations in liquid. The flowing liquid sample jet setup is depicted in figure 

2.2. A small amount of liquid sample is originally stored in bottom reservoir, and 

transported to upper reservoir by a peristaltic pump through plastic tubing. Because 

constant liquid level in upper reservoir is crucial to maintain constant flowing speed, a 

bypass is designed to induce excess liquid to go back to bottom reservoir and help keep 

the liquid level in upper reservoir constant. In the sample jet, a titanium wire with 0.5 

mm diameter taking a form of inverted ‘U’, is tightly clipped by two titanium plates. 

One plate has a 2 mm diameter hole, which is used to let liquid come into inverted ‘U’. 

The liquid, driven by gravity, will go into the inverted ‘U’ between the two plates, and 

then keeps going down while guided by the wire. When the liquid comes out of the 

nozzle, but is still between two wires (lower part of the inverted ‘U’, the separation of 

the two wires is ~3 mm)2, it will form a thin liquid film because of surface tension. The 

flowing liquid film guided by wires will be collected by a catcher and then finally 

recycled to the bottom reservoir.  

2.3 Femtosecond stimulated Raman spectroscopy 
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        Femtosecond stimulated Raman spectroscopy(FSRS)3,4 is exploited to capture the 

low-frequency Raman spectra of some samples, with the detailed setup reported in our 

group’s previous work5,6. In brief, half of the output laser beam from regenerative 

amplifier is split into three beams required for FSRS, which are depicted in different 

colors in figure 2.3. Around 200 μJ/pulse of the laser output is frequency-doubled using 

a β-barium borate crystal (BBO, type-I, phase matching angle θ = 27.8°, 0.3 mm 

thickness) to generate the actinic pump pulse at 400 nm with the pulse energy of 

50 μJ/pulse, then compressed by a prism pair (Suprasil-1, CVI Melles Griot) to ∼40 fs. 

About 15 μJ/pulse of the laser output is focused on a Z-cut single crystal sapphire plate 

with 2 mm thickness to generate the super-continuum white light. The wavelength 

range from 805-915 nm of the white light that corresponds to ca. 100-1600 cm-1 Stokes 

Raman shift to the 800 nm fundamental is selected using a long-wavelength pass filter, 

and then compressed by a fused silica prism pair (Thorlabs, Inc.) to produce ∼35 fs 

broadband Raman probe pulse. The Raman pump pulse with ∼10 cm−1 bandwidth and 

pulse duration of ~3.5 ps is produced by a homemade grating-based spectral filter 

(1200 grooves/mm, wavelength first order at 750 nm, blaze angle θ = 26.7°). The 

collimated Raman pump, probe, and the photoexcitation beams are all focused onto the 

sample using an off-axis parabolic reflective mirror (to avoid chirp), with the focus size 

of ∼150 μm for the Raman pump and actinic pump beams, and ∼100 μm for the much 

weaker Raman probe beam.  

2.4 References  
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Figure 2.1, Scheme of time-resolved third-harmonic generation spectroscopy setup. 
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Figure 2.2. Scheme of the flowing liquid sample jet.  
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Figure 2.3. (Reprinted from reference 5) Schematic of the newly developed femtosecond stimulated 

Raman spectroscopy (FSRS) in the Chong Fang laboratory. The output laser beam from a Coherent 

femtosecond regenerative amplifier is split to generate three beams: the actinic pump beam at 400 nm 

(40 fs, 1 mW), Raman pump beam at 800 nm (3.5 ps, 6 mW), and Raman probe beam with the 

wavelength range of 805–940 nm (30 fs, 100 nW). BS: beamsplitter, G: reflective ruled diffraction 

grating (1200 grooves/mm, wavelength first order at 750 nm, blaze angle θ = 26.7°), CL: cylindrical 

lens, UM: pick-up mirror, ND: neutral density filter, L: bi-convex lens (f = 10 or 5 cm), SA: sapphire 

plate, LPF: long-wavelength pass filter, PR1: fused silica prism pair, PR2: Suprasil-1 prism pair, P: 

polarizer, λ/2 WP: half-wavelength waveplate, and DL: delay line stage.    
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Chapter 3 

Theory 

3.1 Theoretical description 

        The fundamental mechanism of time-resolved third-harmonic generation (TRTHG) has not 

been completely understood. Here, I present a rather preliminary theoretical description for the 

signal generation in TRTHG. 

        In our setup, the first fundamental femtosecond (fs) pulse k1 creates vibrational coherence Pv 

(an vibrational wavepacket on the ground state potential energy surface) via impulsive stimulated 

Raman process, and it simultaneously generates an electronic polarization Pe(ω) (oscillating dipole, 

electronic coherence) in the sample system of interest. Upon excitation, Pv should be proportional 

to (E1)2, because it’s a stimulated Raman process, and evolves over time (dephasing, 

Pv(t)∝(E1)2a(t), where a(t) represents time evolution factor). Pv represents nuclear motions, and 

should temporally modulate the material’s third order nonlinear susceptibility χ(3) which is related 

to material structure. Pe(ω) should be linearly related to the electric field intensity E1 of k1 (t = 0 

fs, Pe(ω)= χ(1)E1(ω))1 and then evolves with time (t > 0 fs, Pe(ω, t)∝ χ(1)E1(ω)b(t) where b(t) is 

the time evolution factor). When the time-delayed fs pulse k2 arriving at the sample, it interacts 

with Pe(ω, t) in a third order nonlinear process, and scatters signal (kTHG)with frequency of 3ω 

when phase-matching condition2 (kTHG=2k1+k2, or k1+2k2) is satisfied. In the experiment, to 

achieve higher signal-to-noise ratio, we measure kTHG = k1+2k2, which is away from the chopped 

beam (k1). So the relationship would be PTHG(3ω) ∝ χ(3)E1(E2)2c(t)，where c(t) is time evolution 

factor, resulting from modulation of nuclear vibration coherence Pv and electronic coherence Pe. 

Even when the incident pulses are not temporally overlapped or well separated in time, the third 
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order nonlinear signal should be observed if some electronic coherence exists.  This has been 

demonstrated by two-dimensional electronic spectroscopy3,4, in which third order nonlinear signal 

is observed when the three pulses are well separated by hundreds of fs. Similarly, in two-

dimensional infrared spectroscopy5,6, third order nonlinear signal related to vibrational coherence 

can persist for a few picoseconds, since vibrational coherence typically has a longer lifetime than 

electronic coherence. Therefore, for signals after a certain time window, the weak THG signal is 

mainly modulated by the vibrational coherence in the medium generated by the impulsive 

excitation pulse, even though the dominant THG signal decay arises from the fs incident pulse 

duration and the ephemeral electronic coherence (if on or close to resonance). 

        Simply put, nuclear vibrational motions impact the THG signal via modulating the third-order 

susceptibility of the medium.  

3.2 Reference 

1. Contents. In Nonlinear Optics (Third Edition), Boyd, R. W., Ed. Academic Press: 

Burlington, 2008; pp vii-xi. 

2. Liu, W.; Wang, L.; Han, F.; Fang, C., Distinct broadband third-harmonic generation on a 

thin amorphous medium-air interface. Optics Letters 2013, 38 (17), 3304-3307. 

3. Hybl, J. D.; Albrecht, A. W.; Gallagher Faeder, S. M.; Jonas, D. M., Two-dimensional 

electronic spectroscopy. Chemical Physics Letters 1998, 297 (3–4), 307-313. 

4. Fleming, G. R.; Yang, M.; Agarwal, R.; Prall, B. S.; Kaufman, L. J.; Neuwahl, F., Two 

dimensional electronic spectroscopy. Bulletin of the Korean Chemical Society 2003, 24 (8), 1081-

1090. 

5. Hamm, P.; Lim, M.; Hochstrasser, R. M., Structure of the Amide I Band of Peptides 

Measured by Femtosecond Nonlinear-Infrared Spectroscopy. The Journal of Physical Chemistry 

B 1998, 102 (31), 6123-6138. 
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4.1 Abstract 

        We achieve a series of distinct broadband third-harmonic generation (THG) 

signals at the amorphous glass–air interface attributed to third-order and cascaded third-

order nonlinear processes. A novel THG laser sideband arises from cascaded 

interaction between fundamental pulses and the cascaded four-wave mixing signals. 

The spatially separated THG sidebands with distinct spectral profiles manifest 

femtosecond quantum beats. Using a versatile setup with two crossing near-IR pulses 

temporally delayed to each other, we design an incident pulse polarization control 

method on the THG sideband lasers and also acquire the low-frequency surface Raman 

spectrum of the amorphous medium. 

4.2 Introduction 

        Light conversion in nonlinear materials is an active and fruitful research field1. 

Besides numerous reports on second-harmonic generation in anisotropic media, the 

intriguing phenomenon of third-harmonic generation (THG) at interfaces under tight 

focusing conditions has been explored2,3,4,5,6,7. Ideally, molecular-level structural and 

dynamics information can be retrieved from THG photons that are observed in almost 

all optical media. When an interface is present within the focal volume of the excitation 

beam, THG is allowed on the basis of an effective third-order surface nonlinear 

susceptibility, and the generated surface THG is much stronger than that in bulk 

materials. To date, most studies on interface THG have been focused on the 

characterization of ultrafast pulses by autocorrelation and frequency-resolved optical-

gating techniques8,9, study of interface low-frequency Raman modes of crystals in a 
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microscopic system10,11, and optical imaging12,13. The application potential of these 

THG signals, however, is limited by the information retrievable from a single 

ultraviolet (UV) signal output of an optical setup involving an oscillator pulse on 

crystals. 

        In this work, a new optical phenomenon of concomitantly generating three distinct 

sets of broadband THG signals from two noncollinear 800 nm amplified fundamental 

pulses (FPs), tightly focused onto a thin amorphous borosilicate (BK7) glass slide. The 

UV signals emerge at the glass–air interface via direct third-order [χ(3)] as well as 

cascaded third-order [χ(3):χ(3)] nonlinear processes. First, the THG signals THFP1,2 that 

are collinear with the FPs (see Fig. 4.1) are individually formed by each FP. Second, 

the THG signals TH±1 are generated by noncollinear interactions between two FPs. 

Third, the novel THG signals CTH±1 arise from interactions between the FPs and the 

nascent cascaded four-wave mixing (CFWM) sidebands. The simultaneous observation 

of multiple THG signals via different mechanisms is rooted in our compact and 

versatile setup, mainly consisting of one thin nonlinear medium and two incident 

amplified near-IR pulses in a crossing geometry. We characterize the TH±1 signals 

spectrally and temporally, and implement a new incident beam polarization control of 

the THG output. Upon varying the time delay between the two intense FPs, we obtain 

the low-frequency surface Raman spectrum of an amorphous medium (e.g., fused silica) 

from the ultrafast oscillatory component of the THG signal intensity temporal profile, 

which is further supported by our femtosecond stimulated Raman spectroscopy (FSRS) 

measurements on the same material14. 

http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g001
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4.3 Experimental method 

        The experiment is performed using a femtosecond (fs) mode-locked Ti:Sapphire 

regenerative laser amplifier (Legend Elite, Coherent) that provides a 35 fs pulse train 

centered at 800 nm with a 1 kHz repetition rate. The FP with ∼50 μJ/pulse energy is 

separated by a 50/50 beam splitter; both arms are then attenuated by an iris and a 

variable neutral density filter to ∼8 μJ/pulse. The two p-polarized FPs are tightly 

focused onto a 0.15-mm-thick BK7 glass slide using an f=100 mm spherical concave 

mirror. The laser focal diameters on the glass back surface are ∼0.2 mm with a crossing 

angle of ∼6°. The steady-state spectra and kinetic traces of THG signals are measured 

by a spectrograph with a 600 grooves/mm, 400 nm blaze reflective grating and a front-

illuminated CCD camera (PIXIS: 100F, Princeton Instruments) calibrated by an Hg–

Ar standard source. The FPs and CFWM signals in the near IR are recorded by a 

spectrometer (Ocean Optics). For time-resolved measurement, one FP passes through 

a motorized delay stage (CVI Melles Griot 07EAS504) and a phase-locked optical 

chopper; transient dynamics of each sideband signal can thus be isolated, dispersed, 

and characterized. FSRS is exploited to capture the low-frequency Raman spectrum of 

a thin fused silica window, with the detailed setup reported in our previous work14. In 

brief, the fundamental laser with ∼1.6  mJ/pulse energy is dispersed by a ruled 

reflective grating (1200  grooves/mm, 750 nm blaze) and passed through an adjustable 

slit with ∼90  μm width corresponding to the Raman pump bandwidth of ∼10  cm-1 and 

pulse duration of ∼3.5  ps. To achieve an ultrabroad detection window of ca. 100-

4000  cm-1, the Raman probe is selected from a CFWM sideband array generated by 

two crossing weak near-IR pulses in another 0.15-mm-thick BK7 glass slide15. The 
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Raman pump and probe beams are focused onto the sample using a parabolic mirror. 

After transmission, the probe beam carrying the stimulated Raman signal is 

recollimated and focused into a spectrograph, followed by dispersion and imaging onto 

the CCD array camera. 

4.4 Results and discussion 

        We previously demonstrated that when an FP and a weak supercontinuum white 

light are noncollinearly focused onto a thin nonlinear crystal or an amorphous medium, 

the versatile broadband upconverted multicolor arrays emerge from the CFWM 

processes16,17. In the present work, when two intense FPs (∼8  μJ/pulse, ∼35  fs pulse 

width, ∼7×1011  W/cm2 peak power density that is well below the damage threshold for 

glass18) are temporally and spatially overlapped as well as tightly focused on the back 

surface of a thin glass slide, a series of spatially dispersed sideband signals emerge 

between and beside the two FP beams shown by the photograph in Fig. 4.1. Note that 

the UV signals appear in pairs due to the symmetric geometry of the two equivalent 

FPs. Figure 4.2 presents the normalized spectra of all the sidebands along with the FPs. 

Two pairs of near-IR pulses (CFWM±1,2 in Fig. 4.1) are observed, and based on the 

phase-matching condition (PMC) depicted, it can be assigned to CFWM processes via 

two interacting FPs16,19. Moreover, three distinct pairs of UV pulses are observed near 

the FPs and imaged using a fluorescence card and a UV bandpass filter. When a laser 

beam is tightly focused on a medium, the THG processes are found to be weak inside 

the bulk owing to Gouy phase shift, which induces destructive interference and 

consequently cancels THG2,5. However, this effect is dramatically suppressed at the 

http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g001
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g002
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g001
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interface and THG signals can be much enhanced5,6. In our setup, because the thin BK7 

glass is transparent at the FP wavelength range but strongly absorbs in the UV, the 

observed THG signals can only originate from the back surface of the glass that faces 

the air. As illustrated in Fig. 4.1, three pairs of THG signals with distinct center 

wavelengths are obtained via different PMC mechanisms. The THFP1,2 sidebands at 

265 nm propagating collinearly with FPs are directly generated by each FP at the glass–

air interface6, i.e., ω(TH_FP1,2) = 3ω(FP1,2) where ω(TH_FP1,2) and ωFP1,2 are 

frequencies of TH_FP1,2 and FP1,2, respectively. The most pronounced UV 

signals TH±1 at 267 nm appear in between the two crossing FPs, 

e.g., ωTH−1=2ωFP1+ωFP2. The newly identified weak CTH±1 signals at 263 nm are 

associated with the cascaded processes based on pure third-order susceptibility 

[χ(3):χ(3)] via coupling between the FPs and the nascent first-order CFWM±1 signals, 

e.g., ω(CTH−1)=2ω(FP1) + ω(CFWM−1) while ω(CFWM−1)=2ω(FP1) – ω(FP2). All the 

UV signals have an ultrabroad bandwidth of ∼1450 cm-1. We remark that the 

observation of all the laser sidebands requires them to fulfill both the energy and wave 

vector conservation equations. Considering the noncollinear copropagation of the two 

incident FPs, the crossing-angle-dependent PMC16,19 for THG signals demonstrates a 

similar trend of center wavelength variation as compared with the spectra in Fig. 4.2, 

e.g., the cascaded CTH signals are blueshifted from other noncascaded THG signals. 

Figure 4.3 displays the ultrafast non-resonant dynamics of the observed THG and 

CFWM signals. The delay-time-dependent traces manifest different temporal 

responses due to varied PMCs for distinct cubic processes. For TH±1 signals 

[Fig. 4.3(a)], assuming Gaussian pulse shape, the fitting yields an ∼36  fs incident 

http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g001
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g002
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g003
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g003
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pulse width that matches the FP duration20. In practice, THG at the glass–air interface 

is an efficient method to diagnose fs pulses8,9 independent of laser wavelength and 

requiring much less stringent phase matching as compared to second-order nonlinear 

pulse characterization methods5. CFWM±1 signals [Fig. 4.3(b)] stem from phase 

matching of cascaded processes inside the bulk glass, and the temporal profile is fitted 

with a Gaussian corresponding to ∼48 fs incident pulse duration. The dynamics is 

derived from the ∼100  fs electronic response time of bulk glass21, hence giving a 

broader time-dependent intensity profile compared to TH±1 signals. For CTH±1 signals 

[Fig. 4.3(c)], the cascaded coupling between the FPs and CFWM±1 signals leads to an 

even broader temporal profile, indicating a pulse duration of ∼69 fs. The THFP signals 

[Fig. 4.3(d)] are generated by individual FPs, and their temporal response manifests a 

negative dip with a correlative pulse duration of ∼44 fs due to FP energy loss for 

generating the aforementioned other THG and CFWM signals. The energy conversion 

efficiency of all the sidebands is ∼6% due to χ(3) processes measured by the FP power 

past the glass slide with and without the interaction of the other FP beam. This effect 

can be qualitatively seen from the loss of THFP1,2 signals. 

        The discovery of such an array of multiple THG laser sidebands in a thin medium 

prompts us to explore their practical application besides measuring the incident pulse 

duration. It was established that a circularly polarized laser beam could not produce 

THG radiation in isotropic materials2,6. In particular, the dependence of THG on the 

polarization and ellipticity of the driving fields was reported by Tsang6, wherein the 

incoming beam ellipticity was tuned by rotating a λ/4 wave plate placed before the 

focusing lens for THG. The beam ellipticity was defined as the ratio of the two axes of 

http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g003
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g003
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g003
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the polarization ellipse (ε=Ey/Ex), which could be consecutively tuned from 0 (linear) 

to 1 (circular polarization) and hence dramatically control the THG output. In our 

experiment, we implement a new design: by simply rotating the polarization of one of 

the two incoming FPs via a λ/2 wave plate, both FPs are still linearly polarized but with 

a crossing angle θ between their polarized directions. The electric field amplitudes of 

the two axial components for the composite polarization state can thus be expressed 

as Ex=[E2
FP1+(EFP2*cos θ)2]1/2, and Ey=EFP2*sin θ, where EFP1,2 is the electric field 

strength of the two linearly polarized FPs. In other words, our two-FP linear 

polarization crossing geometry imitates the one-pulse elliptic polarization state. As θ is 

tuned from 0 to ±π/2 by rotating the λ/2 wave plate in the FP2 beam path, 

the TH±1 signals are switched off simultaneously, confirming that both FPs participate 

in generating these UV signals sandwiched between them (see Fig. 4.1). The 

experimental and theoretical results for FP-polarization-dependent TH±1 signal are 

presented in Fig. 4.4. The THG signal versus ε exhibits the general bell-shape response6 

and matches very well with the calculated values based on the expression 

cos(επ/2) shown as the smooth solid curve in Fig. 4.4. In contrast to a previous report 

using a sophisticated spatial light modulator to manipulate polarization and enhance 

THG imaging spatial resolution22, this newly observed THG dependence on a 

composite polarization state paves a convenient way for further incorporating a third 

FP (e.g., twice as strong as the first two FPs) to achieve all optical switch23 for the 

spatially separated UV signal (e.g., TH±1) on the fs timescale. 

        A close inspection of the UV signal intensity profile upon delaying one of the FPs 

reveals fs quantum beating. It has been reported by Bartels and coworkers11,24 that the 

http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g001
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g004
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g004
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vibrational motion in noncentrosymmetric crystals can be resolved by studying the 

THG signal at the crystal–air interface. We tackle the problem using amorphous glass 

that is centrosymmetric and observe a reproducible time-resolved oscillation in the 

background-free TH±1 kinetic trace (i.e., not the dynamics of the two FPs in a typical 

pump-probe setup). At the same experimental condition with BK7 glass, 

Fig. 4.5(a) displays the ultrafast temporal response of TH±1 signals generated in a thin 

fused silica plate with the time delay step of ∼6.7 fs. The modulating vibrational modes 

initiated by impulsive stimulated Raman scattering are retrieved by fast Fourier 

transform (FFT). The FP has a ∼32 nm bandwidth, corresponding to coherent mode 

excitation up to ∼500 cm-1. For comparison, we collect the low-frequency Raman 

spectrum of pristine fused silica using a home-built FSRS setup with a newly improved 

CFWM-based probe14,15, and the resulting spectrum is in excellent agreement with the 

literature [Fig. 4.5(a) inset]. The FFT spectrum shows a broad dominant band 

at ∼440 cm-1, attributed to the Si-O-Si bond rocking and bending in the noncrystalline 

matrix, generally six-membered rings of SiO4 tetrahedral structure. The narrow band 

at ∼ 500 cm-1 is assigned to four-membered rings in the largely random silica network. 

Using continuous Morlet wavelet basis to perform time-frequency domain analysis25, 

we unravel the time evolution of each vibrational component detected. The lifetime of 

the Raman mode at ∼440 cm-1 is ∼200 fs [Fig. 4.5(b)], in accordance with the short-

range optical phonon mode propagation in amorphous glass26. In contrast, the sharp 

feature at ∼500  cm-1 diminishes after ∼600  fs, implying a reduced mode 

inhomogeneity with longer-range ordering, consistent with the proposed higher density 

ring structure27 and larger coherence interaction length in the condensed phase. The use 

http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g005
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g005
http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534#g005
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of amplified fs pulses affords the opportunity to generate multiple UV sidebands, probe 

molecular properties in situ, and at the same time initiate photo-induced changes or 

interfacial chemical reactions. The incident-FP-power-dependent THG revealing laser-

induced-crystallization on the glass surface will be reported in a future publication. 

4.5 Conclusion 

        In summary, we report multiple THG signals being generated at the glass–air 

interface by tightly focusing two intense near-IR fs pulses onto a 0.15-mm-thick BK7 

glass slide. Three distinct pairs of THG sidebands originate from nonlinear interactions 

between incident FP beams and their generated CFWM signals. It is notable that the 

cascaded THG signals (CTH±1) in our noncollinear setup arise from a different process 

from the previously reported cascaded second-order nonlinearity [χ(2):χ(2)]-induced 

THG3. The CTH generation is recently demonstrated in our laboratory under similar 

experimental conditions for a wide range of nonlinear materials, including thin 

isotropic and anisotropic media (e.g., sapphire, BBO crystal) and liquid thin films (e.g., 

water). The UV signals can be switched off as the two incident FP polarizations become 

perpendicular to each other. Finally, by analyzing the background-free coherence-

modulated TH±1 signals, we observe optical phonon oscillation dynamics from the 

back surface of fused silica. FFT and Morlet wavelet transfer results clearly resolve the 

dominant coherent low-frequency Raman modes of the amorphous material traversing 

the focal point of the two FPs. The generation and characterization of the ultrafast, 

spatially dispersed, mechanistically diverse THG laser sidebands thus provide a viable 

and comprehensive new toolset to probe interface molecular properties of almost any 
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thin nonlinear medium with high specificity, particularly for those amorphous materials 

lacking second-order nonlinearity. 
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Figure 4.1. Photograph of THG and CFWM sideband signals with FP power of ∼8 μJ/pulse. The 

relatively dim CFWM sidebands in the near IR are highlighted by the white circles. The different sets of 

distinct sideband pulses are labeled. Bottom, wave vector diagrams illustrating the various phase-

matching conditions responsible for the nascent THG and CFWM sideband lasers. 
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Figure 4.2. Normalized spectra of the newly generated THG and CFWM sidebands using two intense fs 

FP laser beams tightly focused onto a 0.15-mm-thick BK7 glass slide. The spectral shift of the nascent 

THG sidebands in the UV as well as the CFWM sidebands in the near IR wavelength range is apparent. 
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Figure 4.3. Ultrafast temporal profiles of the signal intensities for (a) TH±1, (b) CFWM±1, (c) CTH±1, 

and (d) THFP1,2 sideband signals. The solid curves represent the Gaussian-profile fitting results. The 

corresponding incident pulse width in real time with a typical Gaussian shape is computed (based on the 

FWHM ratio of 1.225 for THG) and listed in each subfigure for comparison. The relative signal strength 

is reflected by the integrated peak intensity on CCD, e.g., CTH±1 is much weaker than CFWM±1. 
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Figure 4.4. Composite polarization state dependence of TH±1 sideband signals generated at the glass–

air interface upon varying the crossing angle θ between the two depicted FP polarizations. Multiple 

runs of tuning the θ values between 0 and ±π/2 are performed to ensure reproducibility, and the 

averaged TH±1 signal intensity at each θ is plotted against the y/x electric field amplitude ratio therein. 

The smooth solid curve represents the theoretical calculation (see text). 

  

http://www.opticsinfobase.org/ol/fulltext.cfm?uri=ol-38-17-3304&id=260534


33 

 

 

 
 

Figure 4.5. (a) Ultrafast dynamics of the TH±1 sideband signal intensity collected from a thin fused 

silica slide. The inset shows the low-frequency Raman modes of fused silica from FFT of the TH±1 

temporally oscillatory intensity trace, in comparison with the Stokes–Raman spectrum from our FSRS 

experiment on the same material. (b) Time-frequency-domain results of the TH±1 dynamics through 

wavelet decomposition using Morlet wavelet basis. The distinct time evolution of the two dominant 

coherent Raman modes below 600 cm-1 on the subpicosecond time scale is salient. 
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5.1 Abstract 

        Coherent phonon dynamics in condensed-phase medium are responsible for 

important material properties including thermal and electrical conductivities. We report 

a structural dynamics technique, time-resolved surface third-harmonic generation 

(TRSTHG) spectroscopy, to capture transient phonon propagation near the surface of 

polycrystalline CaF2 and amorphous borosilicate (BK7) glass. Our approach time-

resolves the background-free, high-sensitivity third harmonic generation (THG) signal 

in between the two crossing near-IR pulses. Pronounced intensity quantum beats reveal 

the impulsively excited low-frequency Raman mode evolution on the femtosecond to 

picosecond timescale. After amplified laser irradiation, danburite-crystal-like 

structure units form at the glass surface. This versatile TRSTHG setup paves the way 

to mechanistically study and design advanced thermoelectrics and photovoltaics. 

5.2 Introduction 

        Light-induced crystallization in amorphous semiconductors, glass, thin films, 

organic solutions, and biological molecules has been an intriguing topic in the field of 

applied physics, physical chemistry, optoelectronics, as well as crystal science and 

engineering1,2,3,4. Understanding material properties during and after crystallization is 

thus of fundamental and technological interest, and a sensitive probe for microscopic 

processes that determine macroscopic functions is the molecular vibration. Raman 

spectroscopy was used to study the vibrational response of amorphous materials such 

as vitreous SiO2, where the width of vibrational modes directly reflects the structure 

disorder5. Time-resolved vibrational coherence spectrum based on impulsive 

http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#c5
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stimulated Raman scattering (ISRS) has been demonstrated6,7. Femtosecond (fs) laser 

pulse induced coherent lattice vibrational dynamics were studied in semiconductors 

and metals through several nonlinear optical techniques including second harmonic 

generation (SHG) and sum frequency generation (SFG)8,9,10 and, more recently, third 

harmonic generation (THG)11,12. These nonlinear optical techniques to explore 

coupling between electrons and nuclei at surfaces typically use the MHz oscillator 

output pulses in a pump-probe setup, measuring the reflectivity or transmission changes 

of the probe at the sample spot upon interaction with the pump pulse. 

        In this work, we report the development of a distinct time-resolved surface third-

harmonic generation (TRSTHG) spectroscopy, and the in-situ characterization of the 

fs laser-induced crystallization on the thin borosilicate (BK7) glass surface through 

coherently excited phonons at the vibrational frequency range of ca. 10–500 cm −1. The 

acronym TRSTHG emphasizes the ultraviolet (UV) nature of our detected signal from 

two incident fundamental pulses (FPs) in the near IR (i.e., 800 nm), and the surface-

enhancing characteristics of these THG signals generated in between the two FPs. 

Coherent phonons (CPs) are launched by the amplified fs pulses that provide broad 

spectral bandwidth, and the dominant driving force is ISRS that enables us to 

investigate the generation and relaxation of vibrational coherences. The TRSTHG 

processes stem from the cubic nonlinear electric susceptibility χ(3) of the medium that 

can be expressed as a time-dependent quantity involving the equilibrium value and an 

atomic position-dependent term13,14, i.e., χ(3)(t) = χ(3)
0 + (∂χ(3)/∂Q)⋅Q(t), 

where (∂χ(3)/∂Q) represents the Raman nonlinearity and Q(t) describes the lattice 

vibrations in a typical crystal structure, and higher-order insignificant terms are 
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omitted. Upon impulsive generation of CPs in the medium by the fs pulse, the THG 

signal that originates from the third-order nonlinear optical response will be temporally 

modulated due to the time dependence of χ(3) in reference to varying atomic positions 

on the fs to picosecond (ps) timescale13. Therefore, even without resonance 

enhancement, the Raman-induced CPs can superimpose a damped oscillatory 

component on the nonoscillatory decaying component following the ultrafast electronic 

response around the time zero for excitation15,16.  

5.3 Experimental method 

        The prototype experimental setup has been recently reported by us. 12 In brief, the 

THG signals are generated using a fs Ti:Sapphire regenerative amplifier (Legend Elite-

USP, Coherent) laser system, which provides 1 kHz, 35 fs pulse train centered at 

800 nm. A portion of the FP is separated by a beam-splitter (50R/50T) to ∼50 μJ/pulse 

per arm with the same p-polarization, attenuated by an iris and a variable neutral 

density filter. One of the FP arms (FP1 in Fig. 5.1) is fixed to pulse energy of ∼6  μJ, 

while the other arm (FP2) is tuned within ca. 6–35  μJ/pulse for the power-dependent 

laser crystallization experiment on glass. The two FPs are tightly focused onto the thin 

sample using an f = 10 cm Ag-coated spherical concave mirror, with beam diameters of 

∼0.2 mm at the foci and a crossing angle of ∼6° 17. The maximal peak power density 

of ∼3.2 × 10 12 W/cm2 is still below the glass damage threshold upon fs pulse 

irradiation18. For time-resolved measurement, FP 1 passes through a high-resolution 

motor-controlled delay stage (07EAS504, CVI Melles Griot) and is chopped at 500 Hz 

with a phase-locked optical chopper (3501, Newport). In order to minimize the FP-

http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#c12
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f1
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THG12 scattering into the detector and to increase the CP generation efficiency, we 

detect the THG signal closer to the unchopped FP2 beam [see Fig. 5.1 ]. The sideband 

signal TH+1 is focused using an f = 10 cm fused silica lens, and its UV portion is filtered 

through a UV bandpass filter (FGUV11, Thorlabs) and measured by a Si biased 

photodiode detector. The time-dependent signal intensity is then collected via a lock-

in amplifier and a computer. All experiments are carried out at the room temperature 

of 22 °C. 

5.4 Results and discussion 

        When a laser is tightly focused on a medium, THG processes are weak inside the 

bulk due to Gouy phase shift; however, this effect is dramatically suppressed at the 

interface and a much enhanced THG signal is generated11,19. We previously 

demonstrated that upon tightly focusing two intense near-IR FPs onto a thin glass slide, 

a series of spatially separated UV sidebands emerge from the glass-air interface due to 

different third-order nonlinear phase-matching conditions12. The most pronounced UV 

signals TH±1 at 267 nm are generated through the interaction of the two crossing FPs, 

e.g., ωTH+1 = 2ωFP2 + ωFP1 [Fig. 5.1 ]. By precisely changing the time delay between the 

two FPs, we observed oscillatory THG signals in amorphous fused silica. In this work, 

we first study the vibrational dynamics in a 1-mm-thick calcium fluoride (CaF2) 

polycrystalline plate (WFD-U15, Harrick Scientific Products) by measuring the 

TH+1 signal intensity with delay time step of 6.7 fs (FP1 is preceding), and both FPs at 

∼6  μJ/pulse. The below-band-gap excitation by the near-IR FPs initiates a coherent 

vibrational-motion-induced macroscopic polarization in the focal volume, wherein the 

http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f1
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f1
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crossing FPs produce light at the distinct THG direction. The highly reproducible 

oscillation in the THG intensity temporal evolution [Fig. 5.2 ] results from coherent 

scattering due to polarization components at the vibrational mode frequencies. The fast 

Fourier transform (FFT) spectrum is shown in the inset of Fig. 5.2 , which well matches 

the standard Raman spectrum of CaF2. Several pronounced low-frequency Raman 

modes are attained because the FP has a ∼32 nm bandwidth that supports coherent 

mode excitation up to ∼500 cm-1. In addition to literature CaF2 Raman modes20 at 

∼322, 265, 250, 220, and 157 cm-1, three other modes are clearly observed below 

150 cm-1. 

        To unravel the free induction decay of each detected vibrational component, we 

use continuous Morlet wavelet basis21 to perform time-frequency domain analysis. As 

shown in the two-dimensional contour plot in Fig. 5.3, the strongest 322 cm−1 mode 

shows a dephasing time of ∼750 fs measured by the single-exponential fitting. Three 

acoustic CP modes at ∼120, 55, and 30 cm−1 reveal different decay time of ca. 400 fs, 

800 fs, and 1.6 ps, respectively. These terahertz (THz) modes can be attributed to boson 

peaks that are commonly observed in amorphous solids, supercooled liquids, and 

crystals22,23,24, which in our experiment is a strong indication of polycrystal defects or 

long-range lattice disorder in polycrystalline CaF2 under investigation22,23.   

        The observation of CP dynamics on the surface of CaF2 demonstrates the potential 

of our background-free, non-destructive, time-domain technique to study the low-

frequency Raman modes (i.e., below ∼500 cm−1) with high sensitivity. For potential 

optoelectronic applications, we target the in-situ characterization of laser-irradiating 

reconstruction in BK7 glass. When a fs laser is tightly focused onto a transparent 

http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f2
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f2
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f3
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amorphous material, the transient accumulated heat intensity in the focal spot area can 

become high enough to induce densification of glass through multiphoton absorption 

and ionization processes, which directly lead to structural changes or crystallization in 

the material25,26. Such crystallization processes in glass can be used for data storage 

and direct writing of optical waveguide and optical grating27,28. To avoid nearby UV 

scattering and increase THG signal-to-noise ratio in glass, the intense unchopped FP2, 

besides generating the UV signal via interaction with FP1, acts as an actinic excitation 

pulse with sufficient peak power to melt and reform the amorphous phase of glass into 

the crystalline phase. Notably, the observed TH+1 signal can only be generated at the 

back surface of the glass-air interface12 because glass is transparent at the FP 

wavelength region but strongly absorbs in the UV range. 

        Transient TH+1 signal evolution in a 0.15-mm-thick amorphous BK7 glass plate 

(cover glass, Thermo Scientific) is plotted in Fig.5.4(a) as the FP2 pulse energy is 

increased from 6 to 35 μJ. We move the sample after laser irradiation and data 

collection on the same spot for several minutes, to ensure that each time-resolved trace 

is measured on a pristine area of the glass plate under the specified irradiation power. 

With FP2 at 6 μJ/pulse, TH +1 shows a Gaussian profile without any temporal 

oscillations [bottom curve, Fig. 5.4(a) ], representing an autocorrelation signal of the 

incident FP pulse12. Since glass is long-range disordered, the THG signal generated at 

low power does not contain any significant CP modes due to poor band structure in the 

amorphous material where the phonons are strongly dispersed or scattered29. As the 

FP2 power is increased, THG temporal oscillations after ∼100 fs are clearly observed 

and get further enhanced with higher power. The decay dynamics can be fitted with a 

http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#c12
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f4
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f4
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single exponential with a time constant of ∼350 fs, suggesting the involvement of some 

electronic population change upon intense photoexcitation13. After subtracting the 

broad incoherent fit, the residual coherent oscillatory components at various 

FP2 powers are shown in Fig. 5.4(a) inset. These dynamic traces directly reflect an 

increasingly ordered structure after fs laser irradiation on glass, where the CP modes 

experience longer mean free path leading to enhanced heat conductivity29,30. 

        To identify the impulsively excited CP modes in crystallized BK7 glass, we use 

FFT to retrieve the underlying low-frequency modes responsible for TH+1 temporal 

oscillations with FP2 of 35 μJ/pulse [Fig. 5.4(b) ]. The standard Raman spectrum of 

BK7 glass shows a broad dominant ∼400 cm-1 band attributed to the Si–O–Si bond 

rocking and bending in the disordered matrix. The narrow 500 cm-1 peak is mainly 

assigned to the relatively smaller fourfold Si–O rings in the largely random silica 

network5. However, the FFT spectrum of crystallized BK7 glass shows multiple 

characteristic peaks within 100–500 cm-1, significantly differing from amorphous glass 

or quartz (not shown). Previous experimental and theoretical studies proposed the 

formation of danburite-like structure units (e.g., including two SiO4 and two 

BO4 tetrahedral) in borosilicate glasses at high temperature and pressure31. The 

danburite Raman modes in the 100–500 cm-1 range are mainly attributed to stretching 

and bending modes of Si–O–Si groups as well as translational and rotational modes of 

the SiO4 and BO4 units31,32. Eminently, the FFT spectrum of BK7 glass after fs laser 

irradiation shows good agreement in the peak positions and relative mode intensities 

with the danburite standard. The broad peak width in FFT could arise from incomplete 

and/or inhomogeneous crystallization3 as well as ephemeral CP dynamics that limits 

http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f4
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f4
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mode detection in the time domain6,9. This key observation reveals that danburite-like 

structure units are forming at the glass surface after intense laser irradiation. 

Using the aforementioned wavelet analysis, we further unravel the time evolution of 

each frequency-resolved CP mode embedded in the TH+1 signal trace with different 

FP2 power [Figs. 5.5(a)–5.5(f) ]. The usage of higher FP2 power ensures that a local 

temperature increase is achieved for the measured CP dynamics on the sub-ps timescale 

because the microscale heat transfer typically occurs on the ps to μs timescale33. With 

the FP2 power increase, the dephasing time of each mode lengthens, suggesting the 

growth of microcrystalline structure at or near the laser focal point. Furthermore, 

incident-power-dependent frequency shifts of two marker modes are clearly observed. 

As shown in Fig. 5.5(g) , the 150 cm−1 mode [FP2 = 10 μJ/pulse, see Fig. 5.5(a) ] 

displays a monotonic redshift to ∼120 cm−1 with the increase of FP2 power 

[Figs. 5.5(b)–5.5(f) ], which indicates that laser-irradiated phase changes occurring in 

the danburite-like crystal are due to temperature-induced thermal expansion34. 

Meanwhile, the 350 cm-1 mode manifests an opposite frequency change: a slight 

blueshift of ∼8 cm-1. This anomalous behavior was observed in quartz crystal with a 

temperature increase from 300 to 900 K34. We thus surmise that the observed blueshift 

is due to an unusual thermal expansion of the B–O bond in the nascent danburite-like 

structure35.  

        Can we substantiate the laser crystallization at glass surface without vibrational 

spectral analysis? Since a circularly polarized laser beam cannot generate THG in 

isotropic materials36, the order to disorder structure transformation in semiconductors 

could be tracked by the THG generated with a circularly polarized laser pulse37. In our 

http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f5
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f5
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f5
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4831655#f5
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previous report, we demonstrated that the THG signals in BK7 glass could be switched 

off as the two incident FP polarizations become perpendicular to each other12. Based 

on this recent finding, we hereby design a control experiment by adding a half 

waveplate into FP1 beam to rotate its polarization state from p to s. The weak 

TH+1 signal intensity is measured via a lock-in amplifier with both FPs at 6 μJ/pulse. 

The laser crystallization is induced as the p-polarized FP2 power is increased to 

20 μJ/pulse for ∼6 min, followed by its power decrease to the original 6 μJ/pulse for 

THG measurement. We observe a conspicuous ∼50% increase of the TH+1 signal 

intensity, which clearly demonstrates that (1) the perpendicularly polarized FPs achieve 

optical switch and (2) crystalline thus anisotropic structure is formed at the BK7 glass 

surface by laser irradiation. More work on this tracking of material disorder to order 

phase changes will be reported in a future publication. 

5.5 Conclusion 

        In conclusion, fs pulsed-laser-induced structural transformation of amorphous 

borosilicate glass is investigated using our recently developed TRSTHG spectroscopy. 

Results from polycrystalline CaF2 clearly resolve the dominant coherent low-frequency 

Raman modes of the material by analyzing the highly sensitive, ubiquitous, and 

background-free THG signal generated in between the two incident FPs. Whereas in 

amorphous BK7 glass, time-resolved quantum beats occur as the laser irradiation 

power reaches above ∼10 μJ/pulse. FFT analysis of the temporal oscillations elucidates 

characteristic CP modes indicative of a danburite-like crystalline structure, which is 

formed at the glass surface after several minutes of intense laser irradiation. In response 
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to the increasing incident laser power, two marker CP modes display distinct frequency 

shifts. The atomic-level interplay between light (i.e., photons) and the electrical and 

vibrational forces (e.g., phonons) determines the conformation and dynamics of the 

atoms in the condensed phase, offering fundamental physical insights. More 

quantitative description can be obtained with theoretical modeling and calculations that 

are currently underway. Our technique represents a viable means to study directly in 

the time domain the collective nuclear motions accompanying electronic responses to 

determine the thermal and electrical conductivities of materials for myriad applications. 
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Figure 5.1. Delineation of the TRSTHG setup. Transient phonon dynamics can be retrieved by 

temporally delaying the two incident near-IR fundamental pulses and detecting the UV signals generated 

in between them. To reduce scattering interference and improve THG signal strength, we measure 

TH +1 that is farther away from the beam being chopped (FP1). The weak CTH +1 signal that arises from 

cascaded four-wave mixing is circled near the FP2 beam.  
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Figure 5.2. Transient TRSTHG signal of polycrystalline CaF2 up to 3.4 ps. The black dashed line shows 

the exponential fit of the non-oscillatory component. The inset exhibits the low-frequency modes of 

CaF2 from FFT (with Blackman window function) of the TH+1 intensity temporal oscillatory component 

(blue), in comparison with the standard Raman spectrum (red).  
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Figure 5.3. Morlet wavelet-transformed time-frequency contour plot of the TH+1 quantum beats in 

CaF2 up to 3.2 ps. Bottom panel manifests different dephasing dynamics for the underlying CP modes, 

which is indicative of varied structural origins for these low-frequency vibrational peaks. The vertical 

axis is presented as the normalized intensity of the three modes.  
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Figure 5.4. (a) Laser irradiation power dependence of the quantum beats in BK7 glass. The inset shows 

stronger coherent oscillations with the increase of FP2 power. (b) FFT spectrum of crystallized BK7 

glass with the irradiation fs pulse energy of FP2 at 35  μJ (red), in comparison with the standard Raman 

spectrum of BK7 glass (blue) and danburite crystal (black).  
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Figure 5.5. Morlet wavelet-transformed time-frequency contour plot of the TH +1 temporal oscillations 

in BK7 glass at different FP2 pulse energy of (a) 10 μJ, (b) 15  μJ, (c) 20  μJ, (d) 25  μJ, (e) 30  μJ, and (f) 

35  μJ. The dashed lines evince a continuous redshift of the ∼150 cm −1 mode with increasing FP2 power, 

while the colorbars show that the wavelet-transform contour height increases in accord with stronger 

temporal oscillations of the THG signal. (g) The FP2-power dependent frequency shifts of two CP modes 

in crystallized BK7 glass. 
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6.1 Abstract 

        Low-frequency vibrations are foundational for material properties including 

thermal conductivity and chemical reactivity. To resolve intrinsic phonon dynamics in 

condensed matter, we implement time-resolved third-harmonic generation (TRTHG) 

spectroscopy to unravel skeletal motions in calcite and water in situ. The lifetime of 

three Raman-active modes in crystalline calcite at 155, 282 and 703 cm-1 is found to be 

ca. 1.6 ps, 1.2 ps and 55 fs, respectively. The lifetime difference is due to 

crystallographic defects and anharmonic effects. By incorporating a wire-guided liquid 

jet, we apply TRTHG to investigate pure water and ZnCl2 aqueous solution, revealing 

ultrafast dynamics of water librations and a characteristic 280 cm-1 vibrational mode in 

the ZnCl4(H2O)2
2- complex. TRTHG proves to be compact and versatile that directly 

uses the 800 nm fundamental laser output to capture ultrafast low-frequency vibrational 

dynamics in condensed phase materials, providing the important time dimension to the 

spectral characterization of molecular structure-function relationships. 

6.2 Introduction 

        Phonons, together with charge carriers, play an essential role in determining 

properties of condensed matter including thermal and electrical conductivities. Recent 

research on thermoelectrics has revived the need to measure acoustic and optical 

phonons to uncover how those low-frequency lattice motions affect energy transport in 

solid-state materials1,2. Despite technical advances, it remains challenging to track 

phonon dynamics on molecular timescales3, 3 which hinders fundamental 

understanding and rational design of new functional materials in condensed phase4,5. 
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In addition to conventional Raman and infrared spectroscopy, ultrafast optical 

techniques have been developed to investigate ultrafast phonon and charge carrier 

dynamics on the timescale of femtosecond (fs) to picosecond (ps), including transient 

absorption or reflectance measurement6,7, second-harmonic generation8, sum-

frequency generation9, and terahertz spectroscopy10,11. Theoretical and computational 

efforts have also aided in modelling phonon and charge dynamics12,13,14. However, 

crucial information about phonon evolution in solid-state material is still lacking. The 

extension of phonon studies to liquid (e.g., water) becomes more problematic because 

low-frequency vibrations are intrinsically difficult to detect in more  random and 

disordered states15,16,17.  

        In this work, we select calcite as the first molecular paradigm because it is one of 

the most abundant crystals on earth with extraordinary nonlinear optical properties and 

extensively studied phonon motions12,18,19. To elucidate ultrafast phonon dynamics, we 

implement time-resolved third-harmonic generation (TRTHG) spectroscopy which has 

been recently demonstrated in several laboratories that showed high sensitivity to 

phonon motions in solid-state materials such as polycrystalline CaF2 and amorphous 

BK7 glass20,21,22. We extend spectral characterization of low-frequency vibrational 

motions to pure water and 4 M ZnC12 salt solution by implementing a home-built 

flowing liquid sample jet system. The structural dynamics insights are retrieved that 

deepen our fundamental understanding of phonon motions in condensed phase, and 

provide targeted design principles for functional materials with improved thermal and 

electrical properties. 
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6.3 Experimental method   

        Briefly, an fs Ti:sapphire laser regenerative amplifier (Legend Elite-USP, 

Coherent) seeded by an oscillator (Mantis, Coherent) provides fundamental pulses (FPs) 

with 35 fs pulse duration, 800 nm center wavelength at 1 kHz repetition rate. A portion 

of the p-polarized FP is divided by a beamsplitter (50R/50T) into two arms with ~50 

μJ/pulse energy each, attenuated by an iris and a variable neutral density filter. One 

arm (FP1 in Figure 2.1) is set to 6 μJ pulse energy, while the other arm (FP2) is tuned 

from 6-35 μJ. The two FPs are spatially overlapped in a Gaussian spot on the 1-mm-

thick calcite crystal plate using an f=10 cm Ag-coated concave mirror, with beam 

diameters of ~0.2 mm at the foci and ~6° crossing angle. The calcite crystal is rotated 

to achieve maximal UV generation at the THG phase-matching angle. A high-

resolution motorized delay stage (07EAS504, CVI Melles Griot) controls the time 

delay between the two incident pulses. FP1 is chopped at 500 Hz by a phase-locked 

optical chopper (3501, Newport). To increase the coherent phonon generation 

efficiency and minimize the FP-THG scattering, we monitor the THG signal after a 

UV-bandpass filter (FGUV11, Thorlabs) on the unchopped FP2 beam side (see Figure 

2.1) with a Si photodiode detector.22 The time-dependent THG signal intensity is 

detected by a lock-in amplifier synchronized to the optical chopper. All the 

experimental data are collected at ambient pressure and room temperature of 22 °C. 

        In the liquid sample jet (Figure 2.2), the liquid is pumped to upper reservoir by a 

peristaltic pump from the bottom reservoir. The upper reservoir is open and has a 

bypass to maintain constant liquid pressure. Driven by gravity, liquid sample flows 

from the upper reservoir and forms a thin film between two parallel titanium wires 
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when it exits the jet vertically. After the sample catcher, liquid sample is recycled from 

the bottom reservoir and pumped upward. For femtosecond Raman measurements, a 

newly developed tunable FSRS setup is used to generate the Raman pump pulse at 580 

nm, ~2 ps, 8 mW, and a much weaker fs broadband probe pulse to the red side of the 

Raman pump. Both pure water (Millipore) and 4 M ZnCl2 in aqueous solution are 

measured in a 1-mm-pathlength quartz flow cell on the same day, and 180,000 Raman 

spectra are collected and averaged for each sample. At least three independent 

measurements are performed on each sample to ensure reproducibility. 

6.4 Results and discussion  

        In the optical setup (Figure 2.1), because calcite weakly absorbs 800 nm light (~90% 

transmission, probably due to impurities and defects), some electronic resonance is 

achieved in the medium via one field interaction with the first pump pulse21,22. The 

time-dependent polarization from those oscillating electric dipoles created by the first 

fs-pulse interacts with another time-delayed fs-pulse and scatters THG signals in the 

phase-matching directions beyond the first pump pulse duration. Notably, higher 

structural order leads to longer-lived signal intensity quantum beats (mainly 

contributed by vibrational coherences23) hence larger detection time window in 

TRTHG, which corroborate that the initial fs pulse interacts with the medium to 

generate a transient electronic response that decays on the fs to ps timescale22,24,25. We 

selectively probe the background-free THG signal emitted in the k1+2k2 phase-

matching direction (see Experimental Section), confirmed by power dependence 

measurements as Figure 6.1 shows that the THG signal intensity close to time zero 



59 

 

 

delay increases linearly (0.852≈1) with pulse k1 intensity but quadratically (1.84≈2) 

with pulse k2 intensity. In particular, the medium non-resonant response leads to the 

dominant THC signal around time zero of the two incident pulses that shows a decay 

close to the ~35 fs pulse duration. While the electronically resonant response (e.g., 

evinced by the ~260 fs decay time constant in Figure 6.2a) enables us to probe 

molecular vibrational dynamics beyond the incident pulse duration via the much 

weaker but still detectable TRTHG signal. The first incident broadband pulse also 

generates  coherent phonons on the electronic ground state (S0) via impulsive 

stimulated Raman scattering (ISRS)20,26,27,28. The transient coherent phonons damp on 

the ps timescale in S0 while modulating material polarization via cubic nonlinear 

electric susceptibility which has a time-dependent quantity from the equilibrium value 

perturbed by an atomic position- dependent term on the ultrafast timescale,  

χ(3)(t) = χ(3)
0 + (∂χ(3)/∂Q)⋅Q(t)              (1) 

where (∂χ(3)/∂Q) represents the Raman-type nonlinearity and Q(t) stands for the low-

frequency (typically skeletal) vibrations in a molecular system (e.g., lattice motions in 

a crystal29,30).  Scheme 6.1 shows the ISRS process that consists of two field 

interactions from the first incident laser pulse kl while the initial vibronic configuration 

in the electronic and vibrational ground state is represented by |g,0>. Once the 

vibrational coherence is impulsively generated in the medium from time zero upon 

interaction with the first fs-pump pulse, it will continue to modulate the time-dependent 

third-order polarizability according to equation (1) hence the oscillations in TRTHG 

signal intensity. This essentially decouples the generation of coherent phonons from 

time-delayed THG signal generation while the decaying from time-delayed THG signal 
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generation while the decaying vibrational quantum beats can be retrieved on the basis 

of equation (1). Notably, the persistence of coherent phonons in S0 on the ps timescale 

before complete damping enables us to track vibrational quantum beating on that 

timescale and infer the structural dynamics. The shorter timescale for the impulsively 

generated electronic resonance bolsters the assignment of these transient phonon modes 

(with fs to ps lifetime in our samples) as coherent wavepackets evolving in S0 
31. 

        By tuning time delay between the two incident 800 nm pulses, we obtain clear 

oscillatory signals superimposed on the THG decay profile from light-matter 

interactions by the incident fundamental pulses (FPs), which are then Fourier 

transformed to yield the underlying low-frequency coherent modulation modes in 

crystal lattice (calcite) and hydrogen bonding network (water and aqueous salt solution, 

see below).  

        In the nonlinear response function of condensed-phase samples, both electronic 

and nuclear responses contribute, though the initial electronic response (typically on 

the sub-fs timescale) is much faster than the nuclear response (fs to ps timescale). 

Because calcite absorbs at 800 nm (10% absorption), some electronic coherence is 

achieved, which may be evinced by the ~260 fs decay time constant with a small weight 

(Fig. 6.2a) inferring the free induction decay (FID) of the nascent electronic oscillating 

dipoles in the medium32.   To expose atomic motions, we analyze TRTHG signal after 

60 fs by fitting the overall intensity decay to double exponentials (Fig. 2a) and 

extracting the residua oscillatory component (Fig. 2b). The dominant non-resonant 

decay time constant is ~38 fs, consistent with the incident pulse duration of 35 fs. The 

THG signal continues to drop to a small, almost constant but nonzero background after 
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ps, which mainly arises from the scattering of THG signal constantly generated along 

the FP1 direction (i.e., 3k1), which does not exhibit quantum beats in our detection 

scheme. We confirm this point by blocking FP1 that is being chopped and this signal 

background diminishes. Fig. 6.2c shows the fast Fourier transform (FFT) of intensity 

oscillations that diminish within ps, revealing a number of lattice vibrations in calcite. 

Due to the FP1 bandwidth, three low-frequency modes below 800 cm-1 are impulsively 

excited and they match the frequencies in the standard Raman spectrum but not the 

relative intensity ratios. This is because the first laser excitation coherently drives 

Raman transitions26,27. Upon normalizing the TRTHG-FFT and standard spontaneous 

Raman spectra to the 282 cm-1 peak, the 155 (703) cm-1 mode retrieved from FFT is 

stronger (weaker) than the corresponding Raman mode, respectively, correlating with 

higher (lower) intensity of incident photons within the pulsed laser bandwidth (Fig. 

6.2c insert). This confirms the impulsive excitation nature of the observed modulation 

modes (6.1.Scheme) for TRTHG detection, which enhances the lower-frequency 

phonon modes that play a typically more important role in governing energy transport 

properties of condensed-phase functional materials.  

        In comparison to standard Raman peaks with Lorentzian lineshape, the FFT 

spectrum in Fig. 2c shows that all the dominant peaks can be fitted using Gaussian 

profiles with small error32,33,34, indicative of strong inhomogeneous effect from those 

transiently generated optical phonon modes in the calcite sample. Four classes of 

crystallographic defects could contribute: (1) point defects like vacancy and interstitial 

defects, (2) line defects including dislocations, (3) planar defects such as grain 

boundaries, and (4) bulk defects30,35. Another contributing factor arises from the ways 
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the experiments are performed. In spontaneous Raman conducted with a continuous-

wave (cw) laser, sharp vibrational modes without phase relations or anharmonic effects 

are generated. However, in TRTHG spectroscopy, the preceding fs-pulse 

simultaneously excites all the Raman modes within its broad spectral bandwidth via 

stimulated Raman processes26,28,36. Following fs photoexcitation, these coherent 

vibrational motions interact with one another during structural evolution that provides 

various energy dissipation pathways hence the observed Raman peak inhomogeneity.  

        To dissect the temporal evolution of phonons, we perform Morlet wavelet 

transform37 of the THG oscillatory component. The two-dimensional (2D) frequency-

time intensity contour plot in Fig. 2d without any fitting clearly shows three distinct, 

transient phonon modes. Furthermore, the phonon intensity shows a mode-dependent 

rise with the higher-frequency mode displaying the faster rise and decay, consistent 

with early-time energy transfer toward lower-frequency phonons via anharmonic 

coupling38. However, in the initial steps to calculate phonon intensity at a certain 

frequency, the wavelet basis is only partially overlapped with the target signal in the 

time domain, making it difficult to precisely extract lifetime especially for the short-

lived modes with broad linewidth (e.g., 703 cm-1). To further substantiate the lifetime 

retrieval from the TRTHG data, we build on the FFT analysis and wavelet transform 

results that confirm the existence of three characteristic optical phonons, and 

numerically fit the coherent quantum beats in Fig. 2b with triple decaying sine waves,   



S(t)  Aie
 t /i sin( it i)

i1

3

   (2) 
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where



Ai , 



i , 



 i and 



i represent each mode amplitude, lifetime, frequency and phase, 

respectively. The extracted multiple phonon frequency and lifetime from this least-

squares-fitting method can be accurately determined with a standard deviation (s.d.) 

error of < 5% representing an effective experimental method to dissect vibrational 

dynamics when a number of low-frequency modes contribute in tandem to the observed 

quantum beats.  

        The fitting reveals that the 155, 282 and 703 cm-1 modes have the lifetime of ca. 

1.6 ps, 1.3 ps and 250 fs, respectively. Why is the 703 cm-1 mode ephemeral? From 

vibrational normal mode analysis, the 155 cm-1 mode corresponds to out-of-phase 

translation of the carbonate ions parallel to the (111) plane of the rhombohedra cell. 

The 282 cm-1 mode is assigned to librations of the carbonate ions around the two-fold 

symmetry axes. The 703 cm-1 mode is associated with the symmetric deformation of 

planar CO3 units12,39. The two lower-frequency modes involve translations between 

Ca2+ and CO3 with no relative atomic motion within the carbonate ions. However, in 

the 703 cm-1 mode, the four atoms move in the center of mass system of CO3 and 

experience more internal "frictions" to damp the coherent phonon motions, leading to 

a reduced lifetime. Moreover, the process by which high-frequency strongly interacting 

phonons decay into low-frequency weakly interacting phonons without breaking 

energy and momentum conservation is a significant factor shortening the phonon 

lifetime38. Lastly, since a phonon is essentially a travelling mechanical wave in a 

medium, various phonons respond to defects in different ways during propagation35. 

Low-frequency optical phonons with long wavelengths have high tolerance for the size 

of defects due to their stronger diffraction ability. In contrast, high-frequency modes 
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are more vulnerable to local defects because they are more likely to be scattered and 

damped.                                                                                       

        One major advantage of TRTHG is the elucidation of transient phonon dynamics. 

Typically, the lifetime of a phonon mode can be estimated from its spectra width using 

energy-time uncertainty,  

                               (3) 

with the reduced Planck constant  5.3 ps·cm-1 for the lifetime-dominated line 

broadening mechanism38,40,41. Besides instrumental factors, this method neglects other 

factors such as crystallographic defects and anharmonic effects that influence peak 

width, which can be accounted for by a scaling factor. Notably, TRTHG enables 

detection of coherent phonon dynamics starting from time zero of photoexcitation, and 

the mode-dependent lifetime measurement. The observed full-width-at-half-maximum 

(fwhm) and lifetime of three  dominant phonon modes at 155, 282, 703 cm-1 are ca. 19, 

20, 25 cm-1 and 1.6 ps, 1.3 ps, 250 fs, respectively (see above). The product of fwhm 

and lifetime deviates from ℏ, confirming that other broadening factors contribute to the 

peak width42. Moreover, with an additional 800 nm pulse, 2D TRTHG has been 

recently demonstrated in our laboratory that may provide a compact alternative for 2D 

UV spectroscopy32,43, and will be reported in a future publication. The success of 

TRTHG to reveal solid-state phonon dynamics motivates us to explore more potential 

applications of this technique. Molecular vibrations in liquids are crucial in chemical 

reactions44.  Particularly, low-frequency skeletal motions play a key role in excited-

state proton transfer45,46,47,48. However, liquids are intrinsically disordered and 

molecules in liquids can move on ultrafast timescales. Low-frequency vibrations, 
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especially those related to intermolecular forces in liquids, are thus challenging to 

capture. Can we study the low-frequency vibrational dynamics in solution by 

incorporating a home-built flowing liquid sample jet to the TRTHG setup? We start 

with pure water, the omnipresent solvent and also the "matrix of life". The TRTHG 

data (Fig. 6.3a) clearly display intensity quantum beats within 1 ps, which is shorter 

than the calcite detection time window (Fig. 6.2a). The double-sine-wave fitting in Fig. 

6.3b reveals a dominant modulation mode at ~385 cm-1 with a lifetime of 66±8 fs. We 

assign this Raman mode to an intermolecular vibration within the water librational 

band49,50,51 that significantly modulates the cubic nonlinear electric susceptibility χ(3) of 

the medium (see equation (1))30,52. The broad peak at ~160 cm-1 with a lifetime of 

130±15 fs likely consists of the H-bond O—H∙∙∙O stretching mode at ~180 cm-1 in 

water53, which is a translational motion that receives much less energy than rotational 

degrees of freedom on the sub-100 fs timescale54 and exerts less influence on the 

nascent THG signal. The comparison between the FFT spectrum of TRTHG oscillatory 

data and the ground-state FSRS spectrum34 (see Experimental Section) in Fig. 6.4a 

corroborates the assignment of the two broad peaks to the reported H-bond stretching 

and librational modes in water16,53,55. To overcome signal-to-noise issues and 

substantiate the TRTHG capability to reveal solution "phonon" modes, we continue to 

study low-frequency vibrations with greater polarizability and longer lifetime. 

Transition metal complexes typically have large electronic polarizability due to 

oppositely charged metal center and ligands. Fig. 6.3c shows the TRTHG data on 4 M 

ZnCl2 aqueous solution with pronounced quantum beats (Fig. 6.3d). The underlying 

vibrational mode from fitting (see equation (1) but with a single decaying sine wave) 
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is at ~285 cm-1 (~280 cm-1 in FFT spectrum, Fig. 6.4b) with a lifetime of 370±25 fs. 

This mode is a characteristic symmetric stretching band (vlalg, D4h point group) of 

ZnCl4(H2O)2
2- complex in 4 M ZnCl2 aqueous solution, supported by both experimental 

and theoretical reports55,56,57 , also matching our ground-state FSRS spectrum with a 

dominant 280 cm-1 peak. The increase of observed vibrational mode lifetime in 

comparison to pure water (~100 fs) as well as narrower linewidth in Fig. 6.4b versus 

4a (see equation (3)) suggests that more structural order is established in the ZnCl2 

aqueous solution, particularly in the first solvation shell of the dominant ZnCl4(H2O)2
2- 

complex.  

6.5 Conclusion  

        In summary, we have investigated coherent low-frequency vibrational dynamics 

in condensed phase using the newly developed background-free TRTHG spectroscopy. 

The surface specificity of THG has been demonstrated and could be beneficial to probe 

interfacial boundaries20,21,22,58. For the first time, we reveal lifetimes of three optical 

phonons in calcite crystal lattice and attribute the structural dynamics origin to 

crystallographic defects and anharmonic effects in the medium. The lower-frequency 

modes are enhanced due to the impulsive excitation of coherent phonons by the fs near-

IR laser pump pulse which may prove instrumental to study thermal transport. Upon 

integration with a home-built liquid sample jet, TRTHG is capable of revealing low-

frequency vibrational motions in liquid phase from pure water to ZnCl2 aqueous 

solution. We obtain the water librational band at ~385 cm-1 with a lifetime of ~70 fs, 

and a lengthened lifetime (~370 fs) of the 285 cm-1 characteristic band associated with 
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the complex. These experimental data showcase the unique power and high sensitivity 

of TRTHG spectroscopy to spectrally and temporally characterize low-frequency 

vibrational motions in condensed phase, which open new avenues to obtain structural 

dynamics insights and rational design principles for improved functional materials in a 

wide range of energy and biology-related fields. 
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6.1.Scheme Feynman diagrams depicting the ISRS process that generates the low-frequency vibrational 

coherence being detected. (a) Two interactions on the ket side of the density matrix yield the coherent 

vibrational mode such as an optical phonon wavepacket (e.g., labeled as i and j for various vibrational 

level coherences) on the electronic ground state S0. (b) One interaction on the ket side with one 

concomitant interaction on the bra side result in coherent vibrational wavepacket motions in the 

electronic excited state (e.g., S1). The time delay between the two incident pulses is marked as At, during 

which time the electronic coherence dephasing occurs in the medium hence the T HG intensity decrease 

(see text) while the vibrational coherence generated from ISRS in So decays with typically longer time 

constants.  
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Figure 6.1. The observed THG signal strength dependence on the incident pulse intensities. ITHG 

emitted along the k1+2k2 phase-matching direction, increase with pulse 1 power to the first order (blue 

squares, experimental data; blue solid line, fits), while with pulse 2 power to the second power (red dots, 

experimental data, red solid line, fits). 

 

  



76 

 

 

 

 
 

Figure 6.2. TRTHG spectroscopy on calcite. (a) The intensity data (red solid trace) show clear time-

dependent oscillations within 4 ps. The incoherent decay is fitted bi-exponentially (black solid curve) with 

weighted time constants noted in the insert. (b) The extracted oscillatory component (red circle line) with 

triple-sine-wave fitting results (blue line). The insert shows the enlarged plot up to 400 fs. (c) The FFT 

spectrum (red solid trace) is overlaid with the standard Raman spectrum of calcite crystal (green solid trace), 

normalized to the 282 cm-1 peak height. The insert depicts the broadband FP1 pulse that impulsively drives 

the coherent phonon modes. (d) The wavelet transform contour plot of the time-resolved frequency 

components from the THG intensity quantum beats. The slices through three peak positions (magenta dashed 

lines) are plotted against delay time and shown in the insert. 



77 

 

 

 

Figure 6.3. TRTHG spectra of water and 4 M ZnCl2 aqueous solution. (a) The raw data of H2O (red) 

and the single-exponential fit (blue) that largely represents the autocorrelation profile of the incident 

pulse. (b) The coherent oscillatory component from (a) in red solid trace is numerically fitted by a 

summation of decaying sine waves in blue dashed trace. (c) The raw data of 4 M ZnCl2 aqueous solution 

(red) and the single-exponential fit (blue). Similar to (a), the asterisk denotes an anomaly at ~730 fs that 

may arise from a back-surface reflection of the flowing liquid film with a thickness of ~200 m. (d) The 

coherent oscillatory component from (c) in red solid trace is numerically fitted by a decaying sine wave 

in blue dashed trace. 
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Figure 6.4. Comparison between the FFT spectrum (red) of the TRTHG intensity quantum beats shown 

in Figure 6.3 and the ground-state FSRS spectrum (blue) below 500 cm-1 of water (a) and 4 M ZnCl2 

aqueous solution (b), respectively. 
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Chapter 7 

Conclusion and Prospects 

7.1 Conclusion 

        Time-resolved third-harmonic generation (TRTHG) spectroscopy was 

successfully developed and applied to study low-frequency vibrations in condensed 

matter, and characterize vibration-related processes like glass crystallization. The 

following advantages of TRTHG were demonstrated throughout the work: (1) Easy and 

versatile experimental setup. Only two fundamental pulses were focused to generate 

THG signal, making experiment easy to carry out with multitude of flexibilities. (2) 

Background-free detection: Signal was spatially separated from the incident beams, 

which enhance the signal-to-noise ratio. (3) Short acquisition time. The signal was 

collected by Si photodiode detector with a lock-in amplifier for different delay times, 

which required only a few minutes to acquire one dynamic trace. Usually averaging 

three to five traces would provide enough signal-to-noise ratio. (4) Simple data analysis. 

Generally, single or double exponential decay function fitting of the original time 

domain trace works well to extract oscillatory component of THG signal. After that, 

fast Fourier transform (FFT), wavelet transform analysis, and single or multiple 

decaying-sin-wave fitting were applied to accurately determine frequency and lifetime 

of different vibrational modes. This analysis was done using common scientific data 

analysis softwares, such as Igor Pro and Origin. These intrinsic advantages help 

TRTHG pave a new way to mechanistically study and possibly provide rational design 

principles for advanced thermoelectrics and photovoltaics.   
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        If third-order susceptibility χ(3) of the material of interest is small, high power 

incident pulses are needed in order to generate THG signal. However, strong incident 

light may cause some damage to the material. For instance, some biological materials 

are very vulnerable to light. Therefore, TRTHG may not be suitable for materials which 

have small χ(3), and vulnerable to light. 

7.2 Experimental prospects  

        In the experiment, the fundamental pulses were centered at 800 nm. As mentioned 

above, the coherent vibrations excited were determined only by the bandwidth of the 

pulse. The materials studied in this thesis are all mostly transparent at 800 nm, meaning 

that there was no or little electronic resonance. However, if the pulsed photon energy 

accesses the upper electronic state of the system, the Raman active vibrational 

coherence would be greatly enhanced due to resonance effect, which may increase the 

oscillatory component’s amplitude and lead to higher signal-to-noise ratio.   

        Also, since the material studied here were largely transparent at the incident light 

wavelength, we suggest that non-resonance absorption is responsible to the electronic 

coherence. Usually, the non-resonance absorbance (for example, two-photon 

absorption and three-photon absorption) is very low. If the first pulse wavelength 

matches the energy gap between the ground state and excited state of the system of 

interest, strong electronic coherence would be created, which finally results in stronger 

THG signal that acts as the carrier wave to detect the intensity oscillations. 

        The THG signal was collected by photodiode detector in the experiment. 

Photodiodes detected the overall intensity of the THG signal, but lost spectral 
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information.  It would be interesting to explore how the spectrum of THG signal 

changes when the second pulse k2 arrives at different delay times.  Even though it will 

take more time to perform experiments using a CCD camera to capture frequency-

resolved spectra at different delay times. In addition, analysis of large delay time 

datasets will inevitably requires more efforts.  

         We observed in our current experiment that, when the two pulses were well 

separated, the signal baseline was above zero, which may be due to scattered noise of 

3k1 (third-harmonic generation of the first pulse, recall that the chopper is in the k1 

beam path). Another source of interference may come from 3k2 (third-harmonic 

generation of the second pulse, also carry phonon dynamics information) scattering. 

3k2 may contribute to the oscillatory component of in the measured signal, because the 

third-order susceptibility controlling 3k2, was also modulated by the coherent Raman 

vibration generated by k1. 

7.3 Theoretical prospects 

        A full theoretical description of the fundamental mechanism of TRTHG is needed. 

Some challenging questions remain to be addressed.  

        First, in Chapter 3, I treated the electronic coherence and vibrational coherence 

separately, which was reasonable considering that they exist on very different 

timescales. It leads to convenience in theoretical description, but sacrifices accuracy. 

Therefore, more complete and in-depth theoretical efforts should be taken to study the 

interaction between the electronic and vibrational coherence.  



82 

 

 

        Moreover, it is possible that the electronic coherence generated by the first pulse 

k1 lasts long (even though it was so weak after ~100 fs). A Polariton whose lifetime 

ranging from 1 to 100 picoseconds1,2, was possibly generated and contributes to 

generation of THG signal even when the second pulse was delayed by a relatively long 

time.  

        In addition, we argue that coherent nuclear vibration generated by the first pulse 

modulates third-order nonlinear susceptibility χ(3). But the relation between them was 

not explicitly presented from first principles. Therefore, theoretical work should focus 

on clarifying how periodic nuclear vibration leads to oscillatory THG signal and how 

the impulsively generated optical phonon decays on the ground state.   

        With future experimental and theoretical efforts, we hope to improve our current 

understanding on the TRTHG and the observed optical phonon dynamics with a deeper 

theoretical and structural perspective. 
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Appendix 

Table of Acronyms 

AMO Atomic, Molecular and Optical 

BBO Barium Borate  

CCD Charge-Coupled Device 

CFWM Cascaded Four Wave Mixing 

CP Coherent Phonon 

CTH Cascaded Third-Harmonic (Generation) 

cw Continuum Wave  

FFT Fast Fourier Transform 

FID Free Induction Decay 

FP Fundamental Pulse 

fs Femtosecond 

FSRS Femtosecond Stimulated Raman Spectroscopy  

fwhm Full Width at Half Maximum 

IR Infrared 

ISRS Impulsive Stimulated Raman Spectroscopy 

PMC Phase-Matching Condition 

ps Picosecond 

SFG Sum-Frequency Generation 

SHG Second-Harmonic Generation 

TH Third-Harmonic (Generation) 

THG  Third-Harmonic Generation 

TRSTHG Time-Resolved Surface Third-Harmonic Generation 

TRTHG  Time-Resolved Third-Harmonic Generation 

UV Ultraviolet 

2D Two-Dimensional 

2DIR Two-Dimensional Infrared Spectroscopy 
 




