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ABSTRACT 
 

Interfaces play a crucial role in the exchange of energy and matter in various physical, 

chemical and biological systems.  A particular interest has been to study interfaces 

between aqueous phases and various minerals because of their importance in 

understanding geochemical phenomena as well as for applications such as enhanced oil 

recovery.  The nonlinear optical technique of vibrational sum-frequency generation 

(SFG) spectroscopy, introduced over 20 years ago, has become a powerful tool to 

investigate various surfaces, in particular, mineral-water interfaces.  One of the 

challenges of the SFG spectroscopy of aqueous surfaces is the need to tune the central 

frequency of relatively narrowband IR lasers through the broad range of the OH-stretch 

frequencies of water molecules (3000 - 4000 cm-1).   

 

We have developed a novel ultrabroadband IR laser source that generates infrared pulses 

in the ~2800–6000 cm-1 range (�~3300–1800 nm) with bandwidths ���>1000 cm-1, and 

bandwidths >2000 cm-1 in the near-IR range (�~1000–2000 nm).   Pulse front tilt of 

signal pulse has been corrected allowing for compression of signal pulses down to 25 

fsec.  Such ultrabroadband IR pulses allow us to perform SFG spectroscopy of aqueous 

surfaces over the entire frequency range of water molecule spectrum (extending from 

~2900 cm-1 to ~3800 cm-1) simultaneously, without tuning the laser (“in one shot”).  We 

have used this novel ultrabroadband IR source to investigate the vibrational SFG spectra 

of silica/water interfaces.  The high signal-to-noise ratio of our spectroscopic setup has 

allowed us to study low-intensity features that were not studied in detail, or recognized 

previously in the SFG-spectroscopy investigations, including: 
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1) non-hydrogen bonded OH vibrations at hydrophilic silica/water interfaces; 

2) combination [stretch+bend] bands of water at the silica surface appearing at 

~5000-5200 cm-1. 

3) Overtones of water stretching modes at silica/water interfaces. 

The most important conclusions from these studies are outlined below. 

 

1. Non-hydrogen bonded hydroxyls at silica/water interface.  Typically SFG-

studies of mineral/water interfaces (in particular, silica/water) have focused on the 

most pronounced features – peaks of H-bonded hydroxyls at ~3150 and ~3450 

cm-1.  We have been able to systematically observe and study a weaker peak at 

~3670 – 3700 cm-1.  This peak becomes more pronounced as the pH of aqueous 

phase decreases, as well as the ionic strength increases, indicating that the 

hydroxyls corresponding to this spectral feature are situated in a very close 

proximity to the surface.  Isotopic dilution experiments indicate that the 3700 cm-1 

feature is not due to asymmetric OH stretches as was suggested before.  Based on 

our results, we suggest that this spectral feature corresponds to hydroxyls of water 

molecules at the silica surface that cannot hydrogen bond with silanol groups 

because of the lower density of silanols compared to H2O.  We believe this to be 

the first surface-specific study of non-hydrogen bonded hydroxyls at silica, a 

surface widely accepted as hydrophilic. 

 

2. SFG spectroscopy of [�OH+�HOH] combination bands of water at silica 

surface.  We have extended SFG spectroscopy of the interfacial hydroxyls at 
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mineral/water surfaces into the near-IR frequency range.  The studies of overtones 

of interfacial OH(OD) groups will provide information on the anharmonicity of 

such species, and thus on the energy of dissociation.  In addition, the positions of 

the overtone frequencies of the hydroxyls are more sensitive to interactions with 

the environment than the fundamental stretch frequencies.  Our particular focus 

has been to study the stretch+bend combination band �comb=�OH+�HOH of liquid 

water which occurs in the near-IR spectral range at ~5000-5200 cm-1.  It is 

typically much weaker in the FTIR absorption spectra than the fundamental 

transitions of the OH stretches or HOH bending, similar to overtones of these 

modes.  We have performed, what we believe to be, the first surface-specific 

vibrational SFG spectroscopic measurements of combination bands of water 

molecules at silica surfaces.  SFG spectroscopy of water combination band allows 

access to the water bending mode (�~1600 cm-1), which still has not been 

observed in sum-frequency. 
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CHAPTER 1.  MOTIVATIONS FOR THE GENERATION OF 

ULTRABROADBAND INFRARED PULSES.  NONLINEAR OPTICS.  

INTRODUCTION INTO OPTICAL PARAMETRIC 

AMPLIFICATION. 

 
 
Abstract: 

Applications such as ultrafast spectroscopies of various vibrational transitions, generation 

of attosecond X-ray pulses, optical coherent tomography are in demand of ultrabroadband 

ultrashort infrared pulses.  Nowadays, tunable laser pulses, in particular, in the infrared 

frequency range, are generated almost exclusively by various nonlinear optical processes.  

In this chapter, we introduce nonlinear optical phenomena such as second harmonic and 

sum-frequency generation, self-phase modulation, four-wave mixing, frequency down-

conversion techniques.  Finally, we discuss in more detail the technique of optical 

parametric amplification, the method that we use in our laboratory to generate 

ultrabroadband mid-IR pulses for surface vibrational spectroscopy of water/mineral 

interfaces. 
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1.1 Applications requiring broadband ultrashort infrared pulses 

 
The possibility to generate ultra-broadband ultrashort pulses in the infrared range (��1 – 

100 �m; frequency range ν �3.1012 – 1.1014 Hz, or ����100 – 10000 cm-1) is of great 

importance to various applications in science, industry and medicine.  These include 

ultrafast vibrational spectroscopies 1-16, THz spectroscopy of low-frequency transitions in 

semiconductors 17-19, generation of X-ray attosecond pulses 20-31, optical communications 

32-35, optical coherent tomography36-38.   

 

One of the fundamental reasons behind the importance of generating broadband coherent 

laser radiation is the ability to achieve very short pulse durations in the range of tens of 

femtoseconds (1 fs = 10-15 s) or even shorter.  The electric field profiles of the pulse in 

the time- and frequency domains, E(�) and E(�) respectively, are connected via Fourier 

transformation.  The latter, in turn, connects the pulse duration �� to the pulse bandwidth 

�� via the so-called time-bandwidth product39 (Appendix 1): 

 

const=∆⋅∆ ωτ ,                                               (1) 

where the value of the constant depends on the shape of the electric field envelope39 

(Appendix 1 ).  This relation applies not only to the infrared part of the electromagnetic 

spectrum, but also to other frequency ranges.  Thus, in general, the broader the pulse’s 

spectrum, the shorter the pulse duration that can be achieved.  For example, a Gaussian 

pulse with a duration of 100 fs has to have a minimum bandwidth of ~ 4 THz, or ~140 

cm-1.   In order to obtain a Gaussian pulse with a pulsewidth of 10 fs, the minimum 

bandwidth has to be 40 THz, or 1400 cm-1.  In reality, however, in order to find a 
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transform limit duration for each pulse shape, Fourier transformation has to be performed.  

And since pulses generated from broadband sources deviate from Gaussian shape, 

typically larger bandwidths are required to achieve the same transform limit pulse 

duration as for a Gaussian pulse. 

 
 

1.1.1 Ultrabroadband spectroscopies of ultrafast vibrational phenomena 

 

Vibrational transitions, e.g., stretches and bending vibrations of various chemical bonds 

formed by such elements as hydrogen, oxygen, nitrogen, carbon, silicon, phosphor etc. lie 

in the range ~1000 – 4000 cm-1.  In addition, the frequency region below ~1000 cm-1 

contains various vibrations corresponding to low-energy vibrations such as deformations, 

rotational transitions, lattice phonons in solid materials.  The frequency of vibrations, as 

well as the intensity, of a certain mode in a molecule is a measure of the interactions of 

the molecule with its surrounding environment.  For example, the frequency of the O–H 

stretch is very sensitive to hydrogen-bonding, displaying red-shift upon increase of 

hydrogen-bonding: ��(O–H) shifts from ~3750 cm-1 to about ~3400 cm-1 when water 

molecules condense from the gas phase to liquid, and to about ~3200 cm-1 when water 

molecules crystallize from the liquid to solid.  In addition, the linewidth of the ��(O–H) 

peak increases largely from few cm-1 or less for gas phase to ~200–300 cm-1 (FWHM) for 

liquid water.  Other examples of chemical bonds that have been used as probes of 

interactions within various systems are N–H (��~3400 – 3700 cm-1) and C=O (��~1650 – 

1900 cm-1) bonds in amides, C–H (��~ 2900 – 3000 cm-1) stretches in lipids , and C�N 

bonds in nitriles 6,40   
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Various ultrafast vibrational processes that occur in water – the most common and most 

important solvent – still remain the topic of extensive research.  Even though “static” 

FTIR spectroscopy can provide a wealth of information on the water hydroxyl vibrations, 

the various lifetimes deduced from the linewidths are indirect and are a convolution of 

various relaxation processes and inhomogeneous broadening.  Technological advances in 

laser sources providing tunable picosecond and ~100-fs pulses in the IR enabled direct 

probing of processes such as ~100-picosecond population relaxation of isolated surface 

silanols41-45, ultrafast (~100 fs) vibrational energy relaxation of OH stretches in liquid 

water46-48 and at aqueous surfaces12,14-16.  The possibility of generating even shorter 

infrared pulses (~50 fs) 49 revealed directly sub-50 fs loss of vibrational memory, i.e. loss 

of vibrational phase, between different OH oscillators in liquid water1,2.   

 

It is obvious that in order to probe such fast processes as vibrational phase loss in 

condensed media pulses as short as 10-20 fs are required.  Such pulse durations require 

bandwidths on the order of ~1500–2000 cm-1. However, tunable parametric laser sources 

most widely used provide IR pulses with bandwidths up to ~200 – 300 cm-1 (Chapter 2).  

With IR pulses as short as few femtoseconds, we would be able to follow in real time the 

vibrations of various chemical bonds that typically have the oscillation times on the order 

of a few to tens of femtoseconds (for example, C-H stretches at ~3000 cm-1 oscillate with 

a period of ~11 fs).   
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Fig. 1.  Sum-frequency vibrational spectrum from water/alkylated 

hydrophobic silica interface (solid black line) with ultrabroadband IR 

pulses (color) generated from the noncollinear optical parametric 

amplifier in our lab in Temple University50-52.  The sum-frequency 

spectrum here was obtained without tuning the laser source as the pulses 

from our broadband IR OPA have sufficient bandwidths that allow 

measurement of sum-frequency spectra of aqueous/mineral surfaces over 

the indicated spectral range without ever tuning the IR pulses. 

 

Our particular interest has been to generate ultrabroadband (���>1000 cm-1) IR pulses in 

the ~3000 – 6000 cm-1 frequency range in order to probe simultaneously the broadband 

features of interfacial water molecules that correspond to the fundamental OH stretches 

(Fig. 1).  We aimed at achieving two objectives:  

1) Acquisition of the broad spectra with ultrabroadband IR pulses in a single 

integration of a multichannel spectrometer such as a charge-coupled device (CCD), 

or, in other words, getting spectra “in one shot” (without tuning the laser source and 

doing any adjustments in spectroscopic setup).  The idea behind such mode of sum-

frequency spectral acquisition is based on the broadband SFG spectroscopy of 
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alkyl-monolayers with ~200 cm-1 broad IR pulses by the Richter group in 1998 53, 

except that now we are expanding the bandwidth of simultaneous sum-frequency 

measurement to >1000 cm-1; 

 

2) direct measurement of time-dependent vibrational response with ultrashort IR 

pulses on the time-scale <40-50 fs.  The ultrabroad bandwidths of the IR pulses 

should provide pulses as short as ~20 fs, which should improve the temporal 

resolution achieved so far.  

  

We will discuss later the application of the ultrabroadband IR pulses from our newly-

developed optical parametric amplifier to sum-frequency spectroscopy of silica/water 

interfaces to probe, in particular, ultrabroadband higher-frequency vibrational transitions 

of interfacial hydroxyls, such as overtones and combination bands (Chapters 5, 8).  

  

1.1.2 Generation of attosecond X-ray pulses at higher frequencies 

A “hot” area of research where there is high demand for generation of ultra-short high-

energy pulses in the ~1-2 �m wavelength range is the production of attosecond pulses (1 

as = 10-18 s) at the extreme UV/X-ray frequencies via high-harmonic generation23,25,26, as 

an alternative to X-ray generation from synchrotrons.  Such short pulses can probe the 

excitation/relaxation processes of core electrons, and they have become a potential tool to 

visualize the motion of electrons in the atomic orbitals24.  Nowadays, as X-ray pulses can 

be generated on a table top by focusing high-energy few-cycle near-IR pulses into a jet of 

a noble gas (helium, neon, argon or krypton) 23,28,54-56.  The process that leads to emission 
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of X-rays is the oscillating motion of the valence electrons of the gas molecules in the 

high electric field of the exciting pulse.  The oscillating electric field of the driving pulse 

initially ionizes the atom 26.  As the electric field reaches its maximum, the electron 

reaches its maximum amplitude of the coordinate displacement.  The X-ray emission 

occurs as the accelerated electron recombines with the parent ion after it changes the 

direction of motion following the reversal of electric field.  The energy of the emitted 

photons is the potential energy of the electron in the electric field plus the ionization 

potential of the parent atom26.  The spectra of X-rays generated in such a way typically 

extend from tens to hundreds of eV27,28.  Some of the recent milestones include the 

generation of the shortest pulses of ~80 as at ~80 eV57, while the shortest most energetic 

isolated pulses, as short as 160 attosecond at the photon energy ~30 eV, have been 

recently generated with ~2 nJ energy per pulse58.  

 

According to the theory describing the motion of electrons in high-intensity electric fields, 

the wavelength of the exciting pulse defines the so-called cut-off frequency of the X-ray 

spectrum �cutoff by the following formula:   
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where e and me are the charge and mass of an electron respectively, E0 is the amplitude of 

the electric field at the center of the pulse envelope, Ip is the ionization potential of the 

gas molecules and 
λ
πω c2=  is the central angular frequency of the near-IR driving laser 

pulse25,26.  From this expression it follows that the longer the driving pulse wavelength, 

the higher the cut-off frequency of the continuum for the same peak intensity of the 
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exciting laser pulse.  An additional advantage of using longer-wavelength driving laser 

fields is that the intensity of the longer-wavelength driving pulses can be maintained at 

lower values, thus minimizing the ionization that depletes the density of electrons 

available for high-harmonic generation.  The use of longer-wavelength (1-2 �m) driving 

lasers has been discussed as a promising method to push the X-ray continuum generation 

further into higher frequencies 31.  However, the efficiency of X-ray generation via high-

harmonic generation is proportional to �-5 - �-6, thus an optimum wavelength has to be 

found.  An alternative method to overcome the problem of lowering of the conversion 

efficiency has been proposed recently, which consists in combining the driving IR pulse 

with another pulse in the visible (which is close to the second-harmonic of the IR pulse)21.  

This method has demonstrated extension of the cutoff frequency of the X-ray pulses 

above 100 eV with IR pulses at ~1.5 �m from ~70 eV when 800 nm driving pulses were 

used20.  Another approach has been implemented by the Murnane-Kapteyn group, 

wherein ~40-fs 2-�m IR pulses extended high-harmonic generation into ~500 eV, while 

the efficiency of the high-harmonic generation process was improved significantly by 

adjusting the phase matching conditions across the gas cell by controlling the gas 

pressure28.  

 

1.1.3 High-resolution optical coherence tomography 

Ultra-broad near-IR pulses in the range ~1.3 – 1.5 um are best suited for use in optical 

coherence tomography36-38.  This technique uses interference between two initially 

coherent optical pulses, one of which remains unchanged (reference pulse) and the other 

one is sent to the sampled tissue (probe pulse).  As the probe pulse propagates in the 
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biological sample, it partially reflects at the borders between different types of tissue.  

The reflected probe pulse is then overlapped in space and time with the properly 

synchronized reference pulse and, similar to Fourier Transform spectroscopy, the 

dependence of the signal from the two interfering pulses on their relative delay 

(interferogram) is recorded.  The 3-dimensional image is obtained by scanning the 

sample in the plane normal to the beams’ axis.  The on-axial resolution of OCT is 

proportional to the factor �o
2/��, where �o is the central wavelength and �� is the 

bandwidth of the pulses.38   Thus the preference of broader pulses in OCT becomes 

apparent.  The advantage of the near-IR pulses at ~1.3 – 1.5 �m over pulses in the visible 

(�<1 �m) and at longer wavelengths (�>1.7 �m) is that the combined effect of absorption 

and scattering of biological tissues in this range is the minimal 38.  Thus, near-IR pulses 

allow OCT microscopy of tissues to larger depths.       

 

1.1.4 Optical communications 

Pulses in the 1.2 – 1.5 �m wavelength region find applications in the optical 

communications industry 33,35 where broadband pulses are transmitted over long distances 

(10 – 100 km) in optical fibers.  Because various forms of silica - the major component of 

optical fibers – have their group-velocity dispersion equal zero at ~1.3 – 1.4 um, optical 

pulses undergo the smallest distortions (e.g. pulsewidth lengthening, dispersion, pulse 

shape distortions) in this wavelength range.  The use of broader pulses gives the prospect 

of more channels for data transmission (by encoding information bits into more colors), 

as well as of faster data processing (as shorter pulses can be achieved with broader 

bandwidths).   
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Currently, the generation of the tunable infrared laser pulses widely employs nonlinear 

optical effects, especially in the conditions of an academic laser laboratory.  In the next 

section, we introduce nonlinear optics (NLO), and in parallel discuss the very recent 

achievements in the production of broadband IR radiation in non-birefringent media (via 

third-order NLO).  After that, we introduce optical parametric amplification as a NLO 

method to generate tunable IR pulses.   

 

1.2 Nonlinear optical phenomena 

One way to produce broadband laser pulses is to use a gain medium that has a broad 

emission spectrum.  Titanium-doped sapphire has the broadest gain centered at 800 nm 

and stretching from ~650 nm to ~1000 nm.  Due to this unique property, together with 

other technological advantages, Ti:sapphire is one of the most important materials in 

ultrashort intense pulse generation today 39,59.  Unfortunately, there are no promising 

materials that have such a broad gain in the infrared (particularly at �>2 �m) as 

Ti:sapphire has in the visible/near-IR.  Developments in the technology of Er-doped fiber 

lasers allowed direct generation of sub-100-fs pulses in the near-IR (~1.5 �m) directly 

from the fiber oscillator 60.  This seems to be the longest wavelength at which such short 

pulses could be generated directly in the IR from a solid-state gain-active medium 

(although further compression of such pulses after self-phase modulation has led to ~4.3 

fs pulses at 1.3 �m 34).    The reason for such limitation is that the wavelength at which a 

certain gain medium lases depends on the properties, including lifetimes, of the electronic 

energy levels that participate in the creation of population inversion.   
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An alternative for the generation of tunable broadband IR laser pulses are free-electron 

lasers (FELs)61.  FELs employ emission from accelerated electrons that are “wiggling” in 

a varying magnetic field created by a series of aligned magnets (undulators).  Tuning of 

FELs can be readily achieved by changing the strength of the magnetic field of the 

undulators.  Tunability of FELs, in principle, continuously covers the range from 

microwaves to X-rays61,62   However, since free-electron lasers require acceleration of 

electrons, the operation of FELs demands tremendous facilities, including coverage of 

large areas, high-voltage supply, cooling facilities etc.  This makes free electron lasers 

expensive to maintain, as well as limited to dedicated facilities, typically at national 

laboratories. 

 
 

Nonlinear optical methods allow to overcome the problem of a limited 

tunability/bandwidth of the active-gain lasers, in particular at the infrared wavelengths; at 

the same time, implementation of nonlinear optics can be readily done on a table top, in 

conditions of a typical laser research laboratory.  Below we introduce the basic concepts 

behind the nonlinear optical phenomena, and discuss several types of NLO processes, 

some of which have been used for generation of ultrabroadband IR pulses.  We finally 

proceed with the description of optical parametric amplification as a method to generate 

tunable laser pulses.   

 

In most natural processes of the light-matter interaction, such as light scattering, 

reflection, absorption etc., the polarization in the material caused by the incident light is 

linear with the amplitude of the electric field of light.  The term “nonlinear optics” 
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describes interaction of light with matter in such regime in which the polarization in the 

material P is no longer linear with the electric field of the incoming light.  In this case, 

higher-order terms of the electric field vector start making significant contribution into 

the material polarization: 

...
3)3(2)2()1( +++= EEEP χχχ                                         (3) 

Here, )1(χ =� is the first-order polarizability of the material; )2(χ  and )3(χ  are higher-

order polarizabilites of the material.  Physically, the polarization is created by the 

electronic cloud that oscillates in response to the electric field of the incident beam.  In 

most cases, the higher-order terms can be neglected, since the electric field intensities are 

relatively low.  However, for large electric field amplitudes – a condition that can be 

facilitated by laser radiation – the contribution of the higher order terms can not be 

neglected anymore.  Such a regime of light-matter interaction can make the index of 

refraction of the material dependent on the instantaneous electric field intensity (as in 

self-phase modulation), or produce new frequencies by mixing electric fields of different 

colors (as in sum-frequency generation).   

 

A very crucial feature of nonlinear optical phenomena is that they can be effectively 

driven by the laser beams which are off-resonant from the material’s energy levels (i.e. 

the band gap).  The electrons in the optical medium respond to the excitation by the 

incoming laser field almost instantaneously and oscillate at the frequency of the wave.  

The electrons are not excited to the conduction band, but rather to a virtual level, which 

persists only for as long as the laser field is present (Fig. 2, III).  The frequencies that are 

emitted when the electrons relax from the virtual level, will depend on various factors 
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such as the orientation of the nonlinear material with respect to the laser beam, 

temperature, beam polarization (so-called phase matching conditions, see below).  This 

means that from the same nonlinear optical material (e.g. a nonlinear crystal), different 

frequencies can be generated depending on the settings of a particular nonlinear process, 

while the active gain media lase only at particular frequencies defined by their energy 

level structure (Fig. 2, I).  We use this feature to produce tunable ultra-broadband IR laser 

pulses that we apply further to spectroscopy of interfaces.   

 

On the other hand, the intensity of nonlinear processes can be enhanced substantially 

when one of the incident interacting beams is in resonance with certain transitions of the 

medium.  This feature is used, in particular, in the surface-specific sum-frequency 

generation spectroscopy, and is discussed in Chapter 5.  
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Fig. 2.  The wavelength of active-gain lasers involves transitions between energy 

levels of the gain medium (I), thus the frequencies of such lasers are typically defined 

by the emission spectrum of the lasing medium.  On the other hand, nonlinear optical 

methods allow the production of laser beams of various frequencies from the same 

nonlinear optical material (II).  This is due to the fact that transitions between valence 

(VB) and conduction (CB) bands are typically not involved in the nonlinear optical 

process (III), in this case optical parametric generation.  The wavelength of emitted 

radiation in this case depends on the indices of refraction, which in turn, depend on the 

geometry of interacting beams with respect to the nonlinear material (	) and 

temperature (T).     

 
 

 

The variety of optical nonlinear phenomena is vast 63 , and we do not intend to cover all 

of them in this section.  Nevertheless, we will introduce at least those nonlinear optical 

phenomena that are connected to the generation of tunable broadband laser pulses, in 

particular: 

(i) spectrum broadening via self-phase modulation (SPM);  
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(ii) frequency up-conversion via second-harmonic and sum-frequency generation 

(SHG and SFG); 

(iii) four-wave mixing (FWM); 

(iv) frequency down-conversion. 

 

In Section 1.3, we will particularly focus on the method of optical parametric conversion 

since we use it in our laboratory to generate the broadband IR radiation.  The use of sum-

frequency generation as a surface-sensitive vibrational technique will be separately 

described in Chapters 5-6. 

 

1.2.1 Spectrum broadening via self-phase modulation (SPM) 

When high-intensity laser pulses are focused into a dense optical material, the index of 

refraction of the material starts to depend on the instantaneous intensity of the electric 

field I(t)∝ |E(t)|2 39,63,64: 

n(I)=n0+n’ I(t)                                                 (4) 

where n0 is the material’s linear (“normal”) index of refraction, n’ is the second-order 

nonlinear index of refraction.  The phase shift of the electric field of the short pulse after 

propagating through the material of thickness L is defined as follows39,64: 
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where 
0 (�0) is the central angular frequency (wavelength).  The pulse modulates its own 

phase due to the intensity-dependence of the index of refraction, hence the term “self-

phase modulation”, or “SPM”.  The instantaneous frequency is defined as: 
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From Eqn. 6 it is apparent that the instantaneous frequency accumulates a shift from the 

central wavelength, and thus the pulse undergoes spectral broadening.    

 

From a practical point of view, self-phase modulation can be detrimental in cases where 

ultrashort pulses need to be transported over long distances through a certain material.  

On the other hand, SPM can serve as a means to generate broadband seed pulses at 

frequencies other than the central frequency of the pump laser65.  Such a seed pulse can 

be further amplified in an optical parametric amplification process, as we discuss below 

in sections 1.3 and sections 3.2–3.5 .  In Fig. 3 we show an example of modulation and 

broadening that ~55-fs 800 nm pulses from a Ti:sapphire laser (Rega-9050) undergo after 

being focused into a 2-mm sapphire plate66.   

 

 

 

 

 

 



 17 

 
Fig. 3.  Self-phase modulation (SPM) of ultrashort 800 nm pulses in a 2-mm 

sapphire plate measured with a FTIR spectrometer66.  Pulses before SPM are 

~30-nm broad and have a nearly Gaussian shape (red curve).  Pulses after SPM 

are much modulated around 800 nm, and new colors are significantly 

represented in the pulses at longer wavelengths (>900 nm).  Please note that 

the intensities in the visible part are also largely present in the modulated 

spectrum65; however, the FTIR spectrometer used for the measurement is not 

sensitive to the visible.   

 

The spectrum of the pulses undergoes a significant modulation at the central frequency of 

the driving laser pulse; in addition, a continuum in the near-IR (Fig. 3), as well as in the 

visible65 (not shown), appears.  It is obvious that broadening of the pulse spectrum can 

potentially lead to shorter pulse durations, according to the time-bandwidth product 

(Appendix 1)   In fact, self-phase modulation has been used to generate ~6 fs pulses at 

800 nm by broadening ~13 fs, 35 nJ pulses from a Ti:sapphire regenerative amplifier67. 
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The method of self-modulation has also been used to produce ultra-short pulses in the 

near- and mid-IR frequency ranges;  ~18 fs 300-�J pulses at 2 �m were generated by self-

phase modulation and self-focusing of the same frequency pulses from a slightly 

modified TOPAS optical parametric amplifier68. Single-cycle pulses of duration ~4.3 fs 

at 1.3 �m have been reported recently by broadening pulses from an Er-doped fiber 

oscillator/amplifier system34.  However, such a method, in general, is limited mostly to 

the producing light near the central wavelength of the driving pulse.  In the next sub-

sections, we describe the nonlinear optical phenomena that lead to production of new 

frequencies.   

 
 
1.2.2  Frequency up-conversion via second-harmonic and sum-frequency generation 

(SHG and SFG) 

Second harmonic generation (SHG) and sum-frequency generation (SFG) are examples 

of second-order nonlinear optical processes.  SHG was one of the first nonlinear 

phenomena that was experimentally demonstrated at optical frequencies as soon as the 

ruby laser was invented69.  During SHG, the frequency of the incoming field is doubled 

(Fig. 4), while in the process of SFG, the frequency at the sum of frequencies of the two 

interacting beams is generated.  

 

In the process of second-harmonic generation, the polarization in the material contains 

the component proportional to the square of the electric field of the incoming light beam 

..)exp()exp()exp( 000 cctiEetiEetiEeE +=+= ωωω  39,64,70,71.  Let us define: 
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where �(1) and �(2) are the linear and 2nd order nonlinear susceptibilities of the medium, 

respectively, e  is a unit vector, and c.c. is a complex conjugate.  As becomes apparent 

from Eqn. 7, the resulting polarization in the material will contain oscillations at the 

frequency which is twice that of the incoming exciting light field.  The oscillating 

polarization will emit an electric field, PE emit ∝ , which will also contain oscillations at 

the frequency 2�.  Similarly, for sum-frequency generation the time-dependent nonlinear 

polarization in the material contains the components that oscillate at the sum (and 

difference) of the frequencies of the mixing fields: 
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nonlinear ++== −+ ωωωωχχ .               (8) 

Here, E01 and E02 are the amplitudes (or, in a more general case, time-dependent 

envelopes) of the mixing fields.  We notice that there is also a term corresponding to 

oscillations at the difference frequency.  We discuss this process in sub-section 1.2.4 on 

frequency down conversion.   

 

Because in most experiments, intensities are measured rather then the electric fields, we 

need to connect these values for the incoming laser beam and the generated second 

harmonic/sum frequency signal.  By recalling that the electric field strength of the wave 

at the second-harmonic or sum-frequency is proportional to the corresponding nonlinear 

polarization, and that the intensity of the radiation is proportional to the modulus square 

of electric field (e.g. ISHG ∝ |ESHG|2), we get the following important relations between the 

intensities of the nonlinear signals and the beam intensities: 
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2
fundSHG II ∝ ,                                                       (9) 

 
21 ωω III SFG ∝ .                                                     (10) 

 
The relations in Eqns. 9 and 10 help verify whether a certain emission is due to nonlinear 

interaction of light with the medium.  In addition, Eqn. 9 is the basis behind higher-

resolution microscopies relying on second harmonic72,73, since the square law leads to 

tighter focusing, and thus, to generation of SH from a smaller beam area compared to 

one-photon scattering.  

  

Fig. 4.  Schematics of second harmonic generation (SHG) and sum frequency generation 

(SFG) shown as two photons producing a new photon at a new frequency.   

Lower panels: energy diagrams for SHG and SFG.  �0 is the ground level of the system, 

while �1 is either a virtual energy level, or a real energy level of the nonlinear medium.     
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1.2.2.1 Phase matching.   

In order for SHG and SFG to occur efficiently, the so-called phase matching condition 

has to be fulfilled71: 

0002 ωωω kkk +=   (for SHG),                                         (11) 

21 ωω kkk SFG +=   (for SFG).                                          (12) 

Since the photon momentum is proportional to the wave vector, the latter two equations 

essentially establish the principle of momentum conservation.  Similar equations can be 

written for other nonlinear processes.  The reason why this condition is called “phase 

matching” is because in order for these nonlinear effects to be efficient, the phases of the 

interacting electric fields have to match over the interaction length.  Let us illustrate this 

concept on one of the simplest cases of phase matching - collinear second-harmonic 

generation.  In this case, Eqn. 11 can be written in a scalar form: 

 
00

22 ωω kk = .                                                            (13) 
 

Recalling that 
c
n

k
)(ωω ⋅=  (where 
 is the angular frequency in the vacuum, n is the 

index of refraction of the material, c is the speed of light), we derive from Eqn. 13: 
 

n(�SHG)= n(�0).                                                        (14) 
 
Further, since phase velocity – velocity of propagation of the electric field oscillations – 

is defined as n
c

ph =ν ,   Eqn. 14 suggests that phase velocities of the fundamental and 

second harmonic fields have to match (Fig. 5), hence the term “phase matching”.   
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Fig. 5.  Explanation of phase matching for the case of collinear second-

harmonic generation.  Electric fields of the fundamental (E0) and second-

harmonic (ESHG) waves, respectively, are shown as functions of distance x 

traveled in a nonlinear medium.  �0' and �SHG' indicate the wavelengths of 

the interacting waves in the material.  For efficient phase matching, the 

phases of the maxima of the two electric fields have to coincide along the 

entire interaction length; this is identical to the requirement that the phase 

velocities of the second-harmonic and fundamental waves (�ph) be the 

same. 

 

At this point, we need to mention that in order for the phase matching condition, for 

example, Eqn. 14, to be fulfilled, there have to be two frequencies at which the material 

has the same index of refraction.  This is practically impossible for many optical 

materials such as silica and various glasses, because the index of refraction for all 

materials changes with wavelength due to dispersion.  For this reason, processes such as 
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second harmonic generation are driven most efficiently in so-called birefringent materials.  

These are typically materials that have anisotropic crystal structure, and possess at least 

two indices of refraction for beams with orthogonal polarizations.  We discuss 

birefringence in more detail in section 1.3 on OPA.    

 

The  vector form of Eqns. 11 and 12 means that in general nonlinear optical processes 

can be realized not only in a collinear geometry, where the interacting beams co-

propagate in the same direction, but also in a non-collinear geometry.  Typically, SHG is 

performed by focusing the beam at the fundamental frequency into a nonlinear material. 

Thus normally it is performed in collinear configuration.  Many other nonlinear optical 

processes are carried out in collinear geometry, since it is in many cases easier to perform.  

In Chapter 2, we discuss how non-collinear phase matching leads to an extension of 

bandwidth, enabling the generation of ultrashort tunable pulses.  In addition, if the beams 

interact in a non-collinear configuration, the photon momentum conservation (Eqns 11 

and 12) that allows nonlinear generation of waves in pre-defined directions, which in turn 

enable spatial signal separation.   

 

Phase matching allows achieving very high conversion efficiencies for nonlinear optical 

processes, such as SHG and SFG, over long distances of propagation in nonlinear 

materials.  In addition, the wave vectors depend on the indices of refraction.  Thus the 

frequencies at which a certain desired nonlinear process (e.g. SHG or OPA) will 

efficiently occur, can be tuned by adjusting various parameters of the nonlinear process 

such as beam propagation in the crystal (see sub-section 1.3.1 below).  On the other hand, 
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conditions stated by Eqns. 11 or 12 typically limit the range of frequencies, around the 

central frequency of broadband pulses, for which efficient nonlinear conversion occurs.  

This in turn limits the shortest achievable pulsewidths.  We consider the limitations of the 

bandwidth of parametric processes, and how these limitations can be lifted, in Chapter 2. 

 

Second-harmonic generation is a very common method to produce coherent photon 

beams in the visible to near-UV wavelength ranges74-76.  Intracavity SHG is widely used 

to double the fundamental of Nd3+-doped gain media at ~1.06 �m (such as Nd3+-YAl 

garnet; Nd3+-yittrium lithium fluoride) to produce intense beams at ~530 nm 39,70 that are 

further used to pump ultrafast femtosecond Ti:sapphire lasers59.  Other uses of second-

harmonic generation include the measurement of durations of femtosecond pulses via 

autocorrelation39, as well as nonlinear surface-specific probe due to the limitations of the 

symmetry (see Chapter 5). 

 

Similar to SHG, sum-frequency generation (SFG) is used as a means to generate laser 

beams at higher frequencies than the driving pump laser.  In spectroscopy, SFG can be 

used to upconvert weak IR signals into the visible spectral range, where sensitive 

detectors are largely available77.  In addition, sum-frequency is used as a surface-sensitive 

spectroscopic tool to probe interfaces due to limitation set on SFG by the symmetry of 

the media (Chapters 5-8). 
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1.2.3  Four-wave mixing (FWM) 

In four-wave mixing (FWM), three electric fields are combined to generate a fourth wave.    

In principle, different possible combinations of the three incoming frequencies are 

possible, but we will discuss here only those cases of combinations of frequencies that 

are used experimentally for either pulse generation, or in spectroscopy.  FWM is based on 

the third-order nonlinearity of the material (i.e., the cubic term in Eqn. 3).  Even though 

the efficiency of the nonlinear response decreases with the increasing order of the 

response, the third-order response (e.g. third-harmonic generation, FWM) can be 

generated in materials that possess inversion symmetry with much higher efficiencies 

than the second-order signals (second harmonic or sum frequency)64. (While SHG is 

forbidden in centrosymmetric materials in the dipole approximation, a quadrupole 

response is possible though it is much weaker78).  An additional flexibility is that the 

phase matching condition for FWM can be achieved in a non-collinear geometry.   
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Fig. 6.  Top:  Phasematching in the case of four-wave 

mixing when two frequencies are equal and originate 

from the same beam.  Bottom: corresponding energy 

diagram39,63,64. 

 

Four-wave mixing is the basis for coherent anti-Stokes Raman scattering (CARS) which 

is widely used as a spectroscopic and microscopy tool 79-81.  CARS uses the signal 

enhancement when the difference between the frequencies of the pump and Stokes beams 

is in resonance with a particular mode (e.g. vibrational) of the studied system81 (Fig. 7)  

One of the challenges in CARS is that a large contribution to the CARS signal is 

generated by the instantaneous nonresonant third-order response of electrons.  One 

approach to suppress the nonresonant CARS signal is to use a time delayed probe pulse 

to generate a CARS from prolonged coherent response of vibrational modes79. Another 
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method to improve the contrast of the resonant vibrational signal with respect to the non-

resonant signal is to use heterodyne CARS detection82.   

 

 

Fig. 7.  Energy diagram for coherent anti-Stokes Raman 

scattering (CARS).  �0 and �1 are the ground and first excited 

vibrational energy levels of the system.  The CARS signal is 

greatly enhanced when the frequency difference (
1-
2) is in 

resonance with the energy of a transition (in this case 

vibrational) of the system 
VIB.    

 

Four-wave mixing has been also used to generate ultrabroadband laser pulses in various 

frequency ranges.  Since FWM relies on the third-order nonlinear response of matter, it is 

not restricted by the inversion symmetry requirement of even order nonlinear optical 

techniques, and thus can be driven in isotropic media such as air, various gases, fused 

silica, optical fiber core.  The frequency of the generated pulses will depend on the 

frequencies of the interacting waves (Fig. 6).  Such approach has been shown to generate 

237 nm UV pulses from 400 nm and near-IR 1.3 �m pulses83.  Our particular interest in 
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FWM is that it can be also used to generate broadband infared pulses, in particular when 

2
1 and 
2 are close in frequency.   45 fs near-IR pulses at ~1.4 �m have been generated 

by driving �(3)-based optical parametric amplification in a hollow-core fiber84.  Tunable 

near-IR pulses in the range 1 – 1.5 �m with durations as short as ~18 fs have been 

recently generated by four-wave optical parametric amplification in fused silica pumped 

by 800 nm and seeded by visible pulses from a non-collinear optical parametric 

amplifier85.  Furthermore, FWM has been used to generate mid-IR and even THz pulses.  

In 2000, Cook and Hochstrasser showed generation of intense ~2 THz pulses by four-

wave rectification of 800-nm and 400-nm pulses in various gases86.  Later, mid-IR pulses 

as short as ~13 fs, covering one octave (~2.5 – 5.5 �m), were generated by four-wave 

mixing of self-phase modulated intense 800-nm and 400-nm pulses in air87.  A more 

recent report showed generation of IR continuum simultaneously covering frequency 

range from ~3300 cm-1 down to ~400 cm-1 (25 �m)88.   

 

A major drawback, however, of generating broadband IR radiation via FWM is that, even 

though the third-order response is allowed in isotropic media, it is much less efficient 

than the second-order response in materials that have non-zero �(2).  Thus, FWM for pulse 

generation in gases requires high pulse energies (on the order of mJ87).  On the other hand, 

the use of second-order nonlinear processes, when applied to birefringent crystals (see 

below), allows for much higher conversion efficiencies, and in a certain conditions, the 

bandwidths of amplification can be largely enhanced.  In the next sub-section, we 

consider 2nd-order nonlinear methods for frequency down-conversion, followed by a 
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section devoted to optical parametric amplification – the method that we use in our 

laboratory to generate ultrabroadband IR pulses. 

 

1.2.4  Second-order frequency down-conversion methods 

Second-order methods of frequency down conversion are essentially reversed versions of 

second harmonic and sum-frequency generation.  These include difference-frequency 

generation (DFG), optical parametric generation (OPG) and optical parametric 

amplification (OPA) as illustrated in Fig. 8.  

 

  
Fig. 8.  Energy diagrams for difference-frequency generation (DFG) 

and optical parametric generation (OPG) processes.   

 

In DFG, two laser beams of approximately same intensities interact to generate a third 

wave at the difference frequency. (Fig. 8).  The two electromagnetic waves interact in a 

nonlinear mixing process and generate electric fields oscillating at the sum and difference 

of frequencies of the interacting fields (Eqn. 8).  In certain conditions, determined for 

example by phase matching, difference frequency generation will dominate over sum 

frequency generation63,64.  In OPG, a single intense laser beam (“pump”) produces two 
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beams at lower frequencies, so-called “signal” and “idler”, with the signal being the 

higher-frequency beam.     

 

Phase matching conditions for such methods as DFG are very similar to those for SHG 

and SFG.  As DFG and OPG are second-order nonlinear methods, they require the lack of 

inversion symmetry64.  Thus, IR pulse generation via DFG and OPG is carried out mostly 

in nonlinear optical crystals71.  Normally, OPG is not used to generate IR pulses alone, 

since its efficiency is typically very low.  The explanation for the low efficiency of OPG 

is that for the parametric process to occur, there must be photons at signal and/or idler 

frequencies (in accordance with the coupled equations for electric fields for the three 

interacting waves63,71, see sub-section 1.3.3).  However, from experiment it is known that 

OPG can occur when only one beam (“pump”) is incident on the nonlinear crystal.  The 

possibility of OPG occurrence even with only pump beam is explained by the presence of 

photons caused by vacuum fluctuations over the entire electro-magnetic spectrum; these 

photons essentially play the role of signal and/or idler seed.  In practice, OPG can be used 

to generate seed pulses to be amplified in further stages of OPA89,90 

 

 

1.3  Optical parametric amplification 

Optical parametric amplification (OPA) has become a popular technique for the 

generation of laser pulses over a very broad spectral range from the visible into the 

infrared91.  OPA is essentially seeded optical parametric generation.  The terminology 

and phase matching considerations for OPA are the same as for OPG, as are the relations 
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between the beam frequencies (Fig. 9).  In OPG, the pump beam creates a polarization of 

crystal’s electrons.  If no seed beam is provided, then OPG is said to occur, typically with 

a very low efficiency (Fig. 9);  however, if even a small-intensity flux of photons (e.g. 

white-light beam, ~nJ/pulse) is supplied at the frequencies  at which either signal or idler 

is expected, these photons will drive the conversion of the nonlinear polarization into the 

corresponding frequencies of signal and idler, provided that phase matching conditions 

are met.  As OPA is a second-order nonlinear process, it is forbidden in media with 

inversion symmetry (see below).  In addition, similar to SHG, the phase matching 

condition has to be met, preferably over the entire length of interaction of the signal, idler 

and pump waves in the nonlinear crystal.  These conditions can be fulfilled in 

birefringent nonlinear crystals.  In the next sub-sections, we discuss the principles of 

phase matching in nonlinear crystals, with a particular focus on phase matching in 

materials that we use in our laboratory (e.g. potassium titanyl phosphate, potassium 

niobate); we briefly consider the theory of nonlinear response and the efficiency of OPA 

process, and conclude by discussing experimental OPA configurations for the generation 

of IR pulses.  

 

 
Fig. 9.  Energy diagram for optical parametric amplification.   
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1.3.1 Birefringence; nonlinear optical crystals 

We already discussed that second-order nonlinear optical processes set special conditions 

on the optical materials to occur efficiently.  The phase matching condition for OPA can 

be written as follows: 

isp kkk +=                                                  (15) 

which can be rewritten in terms of indices of refraction: 

iiisssppp enenen ⋅+⋅=⋅ )()()( ωωωωωω                            (16) 

where pe , se  and ie  are unity vectors in the directions of pump, signal and idler beams, 

respectively.  As we showed before, isotropic optical materials such as fused silica, 

cannot satisfy phase matching condition for second-harmonic generation (Eqn. 14), since 

they have a single index of refraction which changes with wavelength due to material’s 

dispersion.  Birefringent crystals are anisotropic optical materials that can satisfy phase 

matching for second-order nonlinear processes71.  Birefringence is caused by the presence 

of a so-called optical axis in the crystal, which is essentially an expression of the crystal’s 

anisotropy.  The index of refraction for a certain wavelength will not only depend on the 

material’s dispersion (as for all other optical materials), but also on the direction of the 

beam with respect to the optical axis and on the beam’s polarization.   

 

In general, nonlinear optical crystals are classified into uniaxial and biaxial.  Examples of 

uniaxial crystals include beta-barium borate and lithium niobate; and such crystals as 

potassium titanyl phosphate and potassium niobate are biaxial71.    Let us first consider 

description of relatively simpler phase matching in uniaxial crystals.   
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Fig. 10.  Coordinate system of XYZ axes for 

description of phase matching properties of a 

nonlinear material.  Here, Z is the optical axis of 

the crystal, k is the wavevector of the beam, 	 and 

 are coordinate angles of the beam. 

 
 

In general, the propagation of beams in a nonlinear crystal is described in a Cartesian 

(XYZ) system of coordinates (Fig. 10).  For uniaxial crystals, a specific direction exists 

which is defined by the crystal’s optical axis, and typically it is assigned to the Z-axis71.  

The plane that contains the Z axis and the wave vector of the laser beam is called the 

principal plane.  The beam whose polarization is perpendicular to the principal plane is 

called ordinary beam (o-beam); the beam whose polarization is in the principal plane is 

called extraordinary beam (e-beam)71 (Fig. 11).  The index of refraction of an o-beam 

does not depend on the propagation direction, while the index of refraction of an e-beam 

depends on the angle between the Z-axis and the beam direction.  The angle theta 

between the optical axis and the beams inside the crystal is called the phase matching 
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angle (Fig. 10).  The indices of refraction for the ordinary and extraordinary beams 

propagating normal to the Z-axis are called the principal values no and ne, respectively.  

A uniaxial crystal is called negative if no>ne, and positive if no<ne
71.  At each given 

wavelength, the dependence of the refractive index of e-beam on the phase matching 

angle is the following71: 
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From Eqn. 17, several conclusions can be drawn: 

1) ne(90o) = ne 

2) ne(0o) = no 

3) at all other values of 	, ne(	) varies between ne and no.  

 

From these properties of the indices of refraction we can see the significance of the 

optical axis: it’s the direction in the crystal along which the two orthogonal polarizations 

o and e become indistinguishable.  In addition, maximum birefringence of the optical 

material, which is the difference ne – no, is observed in the direction normal to the optical 

axis, for orthogonally polarized beams. 
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Fig. 11.  Left: Ordinary beam is the beam whose electric field vector is perpendicular 

to the principal plane, i.e the plane formed by the optical axis of the crystal (Z) and 

the direction of propagation of the beam  

Right: Extraordinary beam is the beam whose electric field vector is in the 

principal plane.  

 

Keep in mind that each of the principal indices of refraction also depends on the 

frequency, due to dispersion in the nonlinear crystals.  Thus, one can always calculate the 

values of no�no(
) and ne(
, 	) in order to find appropriate conditions for phase matching 

of practically any second order nonlinear process (OPG, SHG, SFG).   

 

Now, we can explain in more detail how to find the optimal phase matching conditions, 

as demonstrated here on the example of second harmonic generation in a negative (no>ne) 

uniaxial crystal.  According to Eqn. 14, the indices of refraction for the fundamental and 

second-harmonic waves have to be equal.  As we mentioned above, birefringent materials 

allow to achieve this phase matching condition by providing different indices of 

refraction for beams of different polarizations (Fig. 12).  For each fundamental beam at 

wavelength �, which in this case has to be ordinary, we can find an angle 	 at which the 
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index of refraction of the extraordinary second-harmonic wave ne(�,�) will match the 

index of refraction of the ordinary fundamental no(�).    

 

 

Fig. 12.  Explanation of phase matching for second harmonic in a 

negative uniaxial crystal.  For a fundamental o-beam at wavelength 

�1, one can find a phase matching angle 	1 at which the index of 

refraction of second-harmonic e-beam will match that of the 

fundamental (green lines).  The same can be done at other 

wavelengths of the fundamental o-beam (blue lines).  

 

The principles of phase matching in birefringent materials can be visualized with the 

example of second harmonic generation (Fig. 12).  The same principles apply when one 

is searching for a phase matching angle in the case of OPA/OPG.  However, since in the 

latter case three wavelengths are interacting, the visualization is more complicated.  

Instead, the proper phase matching conditions for OPA can be readily found by numerical 
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calculations if the dependence of the principal indices of refraction on wavelength is 

known for the particular nonlinear material71.   

 

Let us now introduce the types of phase matching.  These are essentially various 

combinations of the polarizations of the interacting waves in the nonlinear crystal, and 

can be established for different second-order nonlinear processes.  For the case of 

OPG/OPA, type-I phase matching condition is fulfilled when the polarizations of the 

signal and idler beams are the same, while the polarization of pump is orthogonal to that 

of signal and idler.  For uniaxial crystals, 

)(,,, θpeioso kkk =+                                                     (18) 

in negative crystals (so-called “ooe” phase matching) , and                           

poiese kkk ,,, )()( =+ θθ                                                 (19) 

in positive crystals (so-called “eeo” phase matching).                               

An example of type-I phasematching is OPA in lithium niobate and potassium niobate 

crystals to produce broadband near- and mid-IR pulses50,92  (Section 3.3).   

 

Type-II phase matching is fulfilled when the polarizations of signal and idler are 

orthogonal to each other.  In this case, the following combinations of beam polarizations 

are possible71: 

)()( ,,, θθ peieso kkk =+   

                                                   in negative uniaxial crystals;                                        (20) 

)()( ,,, θθ peiese kkk =+  
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poiose kkk ,,, )( =+θ  

                                                            in positive uniaxial crystals.                                (21) 

poieso kkk ,,, )( =+ θ  

 

An example of type-II phasematching is 800-nm pumped OPA in potassium-titanyl 

phosphate to produce broadband near-IR and mid-IR pulses93,94.   Please note that all the 

above definitions of types of phase matching also apply to such processes as second-

harmonic and sum-frequency generation (since OPG can be considered as “inverse” 

SFG).  In the latter case, the type of phase matching is defined by the mutual 

polarizations of the pair of the lower-energy incoming beams that produce SHG or SFG71.  

For example, type-I phasematching is fulfilled during generation of 400-nm photons via 

second harmonic generation of a 800-nm beam from a Ti:sapphire laser focused into a 

BBO crystal.   

 

From Fig. 12 it follows that phasematching for different fundamental wavelengths � will 

occur at different corresponding angles 	.  If we plot the dependence of the angle 	 at 

which phase matching occurs, versus the fundamental (or second-harmonic) wavelength, 

we will obtain a so-called phase-matching curve (Fig. 13, a).  In the case of OPG/OPA 

processes, the phase matching curve is obtained by plotting the phase matching angle vs. 

the signal (or idler) wavelength at a given pump wavelength.  Phase matching curves are 

a convenient tool in determining phase matching conditions for a particular parametric 

process.  One can calculate them if the indices of refraction are known for a specific 

nonlinear material in the desired wavelength range; in addition, the software that 
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performs various calculations for different nonlinear processes routinely has become 

available95.  Note that phase matching can be achieved in some cases not only by 

adjusting the geometry of beams (i.e. phase matching angle), but also the crystal’s 

temperature, since the refractive indices depend on temperature as well71.  We do not 

discuss this aspect of phase matching in detail, however we note that temperature-

controlled phase matching is carried out in some materials such as lithium borate (LBO) 

in intracavity-SHG.   

 

 

 

 

 

 

Fig. 13.  Phase matching curves for various nonlinear processes calculated using 

SNLO software95.  (a) type-I SHG in BBO; (b) type-I OPA in BBO with 800 nm 

pump; (c) type-II OPA in KTP with 800 nm.   

 

(a) 

(b) (c) 
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In considering the phase matching curves for signal and idler for type-I OPA in BBO (Fig. 

13, b) and type-II OPA in potassium-titanyl phosphate90,93 . (Fig. 13, c), both pumped at 

800 nm, we point out the degeneracy point for which �s= �i=�degen=2�p (
s= 


i=
degen=
p/2).  In the case of 800 nm pump, the degeneracy occurs at 1600 nm.  A 

noticeable difference between these two phase matching cases is that phase matching 

curves for signal and idler for type-I OPA (Fig. 13 (b)) merge at the degeneracy point, 

while signal and idler phase matching curves for type II OPA (Fig. 13(c)) cross at phase 

matching point, but do not merge.  This is quite obvious since signal and idler become 

essentially indistinguishable at degeneracy point in type-I OPA because polarizations of 

signal and idler are same.  Another observation here is that the phase matching curve in 

Fig. 13 (b) is parallel to the wavelength scale at the degeneracy point.  As we discuss 

below in Section 2.2, this is the consequence of signal-idler group-velocity matching, 

which leads to the increase of OPA bandwidth.   

 

1.3.1.1  Phase matching in biaxial crystals. 

Uniaxial crystals have essentially only one unique direction – the optical axis.  The 

indices of refraction of orthogonally polarized beams that travel along the optical axis are 

the same, while the birefringence of the crystal is largest in the direction perpendicular to 

the optical axis.  Because the index of refraction of an extraordinary-polarized beam is 

essentially defined only by the angle theta between the beam and the optical axis, the 

description of phase matching in uniaxial crystals is, in principle, straightforward.   

Biaxial crystals, in contrast to uniaxial, have three principal indices of refraction, and 

their dependence on the direction within the crystal is more complicated than that for 
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uniaxial crystals.  Still, there is a direction in a biaxial crystal along which the index of 

refraction is constant irregardless of the beam polarization direction,  Actually, it follows 

from the term “biaxial crystal”, there are two such optical axes. 

 

Let us now consider the description of light propagation in biaxial crystals.  Similar to 

uniaxial crystals, an XYZ coordinate system is assigned to the crystal’s structure in some 

way.  Typically, a connection is made between the XYZ coordinate system of dielectric 

axes, i.e., axes along which optical properties can be measured experimentally, and the 

(a,b,c) system of crystallographic axes, i.e. axes that are defined by the crystal’s unit cell 

structure and can be accessed by x-ray diffractometry.  Further, the choice of the XYZ 

axis orientation is made such that the optical axis of the crystal lies in the ZX plane.  For 

simplicity, we can limit ourselves to propagation of the beam(s) in the principal planes 

XY, XZ, or YZ.  Three principal indices of refraction can be assigned to a particular 

biaxial crystal: nX, nY and nZ.  Furthermore, two general cases of relations between the 

indices are possible71: nX<nY<nZ and nX>nY>nZ .  Let us consider the former of these two 

cases.  Consider, for example, beam propagation in the ZY plane (Fig. 14).  If the beam is 

polarized perpendicular to the ZY-plane, the index of refraction equals nx independent of 

the beam’s orientation (solid arc); if the beam is polarized in the YZ plane, the index of 

refraction varies between ny and nz (dotted ellipsoid)71.  The same applies for propagation 

in the other two principal planes.  For the beam propagating in the XZ plane, at a certain 

value of angle theta the circle corresponding to ny index of refraction will intersect with 

the ellipsoid corresponding to nx-nz indices of refraction.  This direction corresponds to 

the insensitivity of the index of refraction to the beam polarization, and so it’s the 
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direction of the optical axis.  The other optical axis will lie in the (-X, Z) plane.  The 

angle formed by the optical axis and the Z axis Vz is defined by the expression: 

( )
( ) 2/122

2/122

sin
XZY

XYZ
Z

nnn

nnn
V

−

−= .                                                 (22) 

A similar approach can be applied to finding the direction of the optical axis for the case 

nX>nY>nZ .      

 

 

Fig. 14.  Biaxial nonlinear crystal dielectric axes XYZ in the 

coordinate system of the crystal,, together with the optical axis, 

for the following relation between principal indices of refraction 

nx<ny<nz.  (Adapted from 71)  The circle segments (solid lines) 

and ellipse segments (dotted lines) define the values of indices 

of refraction depending on the direction of propagation 

 

In general, because biaxial crystals have three indices of refraction, the terminology of 

ordinary and extraordinary beams, in principle, cannot be applied in this case.  Instead, it 
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is proposed71 to call beams “slow” and “fast”, in accordance with the beam’s phase 

velocity (ns>nf).  In this case, the types of phase matching are defined similar to uniaxial 

crystals, for example, fast=slow+slow is assigned as type-I, fast=slow+fast is assigned as 

type-II71.  Nevertheless, if phase matching is considered in one of the principal planes of 

the crystal (e.g. XZ), we can apply terminology of the uniaxial crystals to biaxial, 

especially if two of the principal indices of refraction are close in their values90.  Such 

case applies to potassium-titanyl phosphate (KTP), a biaxial crystal of mm2 (rhombic-

pyramidal) symmetry71.  At 800 nm, KTP has the following indices of refraction: nZ~1.84, 

nX~1.74 � nY~1.7571 .  If we equalize nx=ny, then we will find that essentially indices 

nx=ny behave as no in a uniaxial crystals, while nz behaves as ne (Fig. 14).  Because in this 

particular case (nx�ny)<nz, KTP can be considered as a “positive” biaxial crystal71,90.  

Similarly, for potassium niobate, for example,,at 800 nm, nX~2.1401, nY~2.2447 � 

nZ~2.2874 (when assignment X,Y,Z � c,a,b is used 96).  If we equalize nY=nZ, then the 

pair of indices (nY=nZ) behaves as ne in a uniaxial crystal, while nX behaves as no.  This is 

similar to the situation ne<no in a uniaxial crystal, thus potassium niobate can be 

considered as a “negative” biaxial crystal71.       

 

1.3.2  Crystal symmetry and effective nonlinearity 

In order for processes such as OPA, SHG and SFG to be possible, the second-order 

nonlinear susceptibility of the medium has to be non-zero.  Let us show that �(2)=0 in the 

media with inversion symmetry.  For a second-order nonlinear process such as SHG, we 

write down the nonlinear polarization vector in a direction +x in a certain coordinate 

system: 
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PNL(x)= �(2).E(x).E(x)                                                     (23) 

 

The nonlinear polarization in the opposite direction –x is: 

 

PNL(-x)= �(2).E(-x).E(-x)                                                   (24) 

 

The inversion symmetry dictates that PNL(x)= –PNL(-x), and E(x)= –E(-x), thus we get: 

 

�
(2).E(x).E(x) = –�(2).E(x).E(x),                                            (25) 

 

which is possible only when �(2)=0.  Similar derivations can be shown for other 2nd-order 

nonlinear optical processes.  For this reason, SHG, SFG or OPA is not possible in 

amorphous isotropic materials, e.g. silica, or such crystals as sodium chloride whose 

crystalline structure possesses inversion symmetry.   

 

Let us now consider the 2nd order nonlinearity of birefringent crystals.  The nonlinear 

susceptibility �(2) in general is a tensor consisting of elements �ijk that connect the three 

components of the nonlinear polarization vector PNL to various nonlinear products among 

different components of the total electric field in the medium Ei, Ej, Ek 71.  Traditionally, 

the notation for the nonlinear optics of crystals uses coefficients dijk, which are connected 

with nonlinear susceptibility as: 

 �ijk = 2dijk.                                                             (26) 
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The three-dimensional tensor dijk can be simplified to a “two-dimensional” representation 

dil; in this case, index i runs through values 1 to 3 (corresponding to X, Y, Z), and index l 

runs through values 1 to 6 corresponding to various combinations of polarizations 71: 

 
 XX YY ZZ YZ=ZY XZ=ZX XY=YX 

l = 1 2 3 4 5 6 
 
Thus, the components of the nonlinear polarization vector can be written as: 

�=
l

liliNL EdP 2
, 2                                                   (27) 

In general form, the components of nonlinear polarization can be written as components 

of vector 71: 

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

⋅
�
�
�

	




�
�
�

�



=
�
�
�

�

�

�
�
�

�

�

YX

ZX

ZY

Z

Y

X

Z

Y

X

EE

EE

EE

E
E

E

dddddd
dddddd

dddddd

P
P

P

2
2
2

2

2

2

363534333231

262524232221

161514131211

                    (28) 

 

Further, some of the coefficients of the dil matrix are found to be interrelated due to 

symmetry conditions for various nonlinear crystals, and as a result the number of 

independent nonlinear coefficients is reduced from 18 to 1071: 

d21 = d16 d24 = d32 d31 = d15 
d13 = d35 d12 = d26 d32 = d24 

d14 = d36 = d25 
 

For a particular second-order nonlinear process, the quantity that defines the efficiency is 

the so-called effective nonlinearity deff which is essentially defined as the summation of 
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the projections of nonlinear coefficients along all three directions of the unit polarization 

vector p: 

deff = p1dp3p2 = p2dp3p1 = p3dp1p2                                     (29) 

In an uniaxial crystal, the unit polarization vector is given in polar coordinate angles 	 

and  (Fig. 10) in the system of dielectric axes XYZ, and |p|=1 for o- and e-beams: 

poX= - sin�,     peX=cos�cos� 

poY=cos�,        peY=cos�sin�                                                                                           (30) 

poZ=0,              peZ=-sin� 

 

Using Equations 29 and 30, one can calculate the expressions for deff for various types of 

nonlinear interaction in uniaxial crystals.  These formulas have been tabulated and are 

available in the literature71.  For example, for a uniaxial crystal of 3m (C3v) symmetry, 

such as BBO or LiNbO3, for type-I interaction o,o,e (which occurs in negative uniaxial 

crystals): 

deff = d31sin� – d22cos�sin3�.                                       (31) 

The latter equation helps in finding a proper phase matching plane for, e.g., OPA in 

lithium niobate (which we employ in our broadband IR generation scheme).  For this 

crystal, the nonlinear effective coefficients are d31�-4.35 pm/V, d22�2.10 pm/V 71.  

Because the two nonlinear coefficients are of different signs, in order to maximize the 

modulus of the deff nonlinearity, the phase matching plane can be chosen such that 

sin3=197.  This happens for =-90o, so that the phase matching plane in this case is (-Y, 

Z), and the phase matching angle 	 is varied.   
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For biaxial crystals, the derivations of the deff coefficients are more complicated than for 

uniaxial crystals, since the three indices of refraction have to be taken into account.  

Nevertheless, such formulas have been calculated for different crystal symmetry types, 

and can be further simplified if beam propagation in one of the principal planes is 

considered.  Crystals of mm2 symmetry are most commonly used biaxial crystal.  The 

biaxial crystals that we use in our laboratory for generation of ultrabroadband IR pulses – 

potassium-titanyl phosphate and potassium niobate relate to this symmetry group as well.  

For such crystal symmetry, the following equations have been derived for the effective 

nonlinearity deff : 

 

For case nX < nY < nZ, assignment X,Y,Z � a, b, c (as for potassium-titanyl 

phosphate)71,98: 

 
Plane deff (ss-f), Type-I deff (sf-f), Type-II 

XY 0 d15sin2
�+d24cos2

� 
YZ 0 d15sin� 
XZ, �<VZ d32sin� 0 
XZ, �>VZ 0 d24sin� 

 
For case nX < nY < nZ, assignment X,Y,Z � c, a, b (as for potassium niobate) 71,96,98: 
 

Plane deff (ss-f), Type-I deff (sf-f), Type-II 

XY d32sin� 0 
YZ d32sin2

�+d31cos2
� 0 

XZ, �<VZ d31cos� 0 
XZ, �>VZ 0 d15cos� 

 

Thus we can always find the proper phase matching plane for the desired parametric 

process.  Typically, for potassium titanyl phosphate pumped at 800 nm, type-II phase 

matching in plane XZ is chosen, as it provides the broad tunability range90, together with 
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a relatively high |deff|~3 pm/V (since d24~3.92 pV/m99).  For potassium niobate pumped at 

800 nm, type-I OPA in ZX(bc)-plane is implemented, providing a large spectral 

allowance in the ~1 – 4 �m range, together with a high effective nonlinearity (d31=-11.9 

pV/m71).   

 

1.3.3  Theory of the efficiency of parametric processes 

The theory of second-order nonlinear processes, including parametric amplification, 

relies on the coupled nonlinear equations89 that connect the electric fields of interacting 

waves with the components of the nonlinear polarization in the crystal.  The initial 

equation is the wave equation that is derived from Maxwell’s equations63: 
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where �0 is the electromagnetic constant, ×∇  is the rotor (curl) operator: 
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We start with the electric field which is a superposition of the three interacting waves that 

is approximated as a plane wave propagating in the z direction (not to be confused with 

the Z dielectric axis): 
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Next, we write down the expressions for the components of the nonlinear polarization 

along the x and y axes: 
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where indices m, k, l take on x and y (since the beam propagation is in the direction z).  

Placing expressions 34 and 35 into Eqn 32, and using the approximation of slowly 

varying amplitudes (
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)64,89, we get the following coupled equations: 
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Here, Ai, As and Ap indicate the amplitudes of the envelopes of idler, signal and pump 

respectively, * denotes complex-conjugate value, �k = kp – ks – ki is the so-called phase 

mismatch.  As we discuss in Chapter …, this parameter is very important in defining the 

bandwidth of OPA process.  The system of equations 36 can be solved for the case of 

undepleted pump (Ap~const), and setting the boundary conditions as some initial 

amplitude of the signal beam As0 and zero intensity for idler (Ai0=0).  By recalling that 

the beam intensity for each beam 2
02

1
xxx AncI ε= , the following solutions for the 

intensities of the signal and idler are obtained after propagation through the length, L, of 

the crystal89: 
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Here 
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where Ip is the pump intensity.  By assuming large gains (	L>>1), we get the following 

expression for parametric gain in case of a zero phase mismatch (�k=0): 
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Equations 40 and 41 help to estimate the parametric gains at the given conditions of the 

OPA process at the zero phase mismatch (deff of the crystal, pump intensity etc.).  Several 

conclusions can be made from Eqns. 37-41, in particular:  

1) in the case of perfect phase matching (�k=0), gain depends exponentially on the 

length of crystal, and exponentially on the square root of the pump intensity.  

Thus, even a small increase of the crystal length can lead to a dramatic increase of 

the gain89.  

2) the gain is proportional to the function 2

2 )(sinh
g

gL
, in which the coefficient g can 

be defined as the gain that is decreased by an imperfect phase matching �k .  As 

�k increases (phase matching deviates from perfect), the gain will rapidly fall to 

zero because of the mentioned dependence of gain on g. 
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By using Eqns. 37, 39 and 40, one can predict the gain bandwidth for a particular 

configuration of optical parametric amplification.   Such calculations are in particular 

helpful when predicting the broadening of amplification when designing a non-

collinear optical parametric amplifier, as shown in Fig. 15 for the case of the near-IR 

potassium-titanyl phosphate non-collinear OPA (Chapter 2)100.   
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Fig. 15.  Dependence of the signal gain coefficient on wavelength 

calculated for our potassium-titanyl phosphate noncollinear OPA100.  

The following parameters were used: crystal thickness L=2mm, 

�pump= 800 nm, pump pulse intensity Ipump= 110 GW/cm2, 	pump=48o, 

deff=2.955 pm/V (type-II phase matching in XZ-plane), �int=4o.  

Inset: geometry of pump, signal and idler beam wave-vectors 

interacting inside the nonlinear optical crystal; the phase matching 

angle, 	, between the pump wave-vector and the z-axis is defined, as 

well as the internal signal-pump non-collinear angle, �.  Reprinted 

with permission from: Isaienko, O. and Borguet, E., Pulse-front 

matching of ultrabroadband near-infrared noncollinear optical 

parametric amplified pulses. J. Opt. Soc. Am. B  26(5), 965-972 

(2009).  Copyright 2009, Optical Society of America. 

 

Additionally, estimations of gain in OPA processes show that the use of birefringent 

nonlinear materials is much more efficient than four-wave mixing in isotropic media.  

Typical energies of white-light continuum generated via self phase modulation of 

microjoule 800 nm femtosecond pulses from, e.g. sapphire, are on the order of ~nJ 

(energy densities ~1-10 pJ/nm65).  By focusing ~100 �J 800-nm pump pulses into a 
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nonlinear crystal, pump peak intensities on the order ~50-100 GW/cm2 can be easily 

generated.  At such values of Ip, gains of ~1.106 can be achieved89 (see Fig. 15)  , leading 

to amplification of continuum seed to microjoule pulses.  On the other hand, in order to 

get microjoule pulses from the FWM-schemes, pump pulse energies of ~1 mJ are 

required87, which is ~10x less efficient compared to OPA.   

 

 
1.3.4  Typical experimental implementations of OPG/OPA.  Chirped-pulse optical 

parametric amplification (CPOPA) 

Now that we considered the important details of the theoretical description of parametric 

processes, we discuss general schemes for implementation of optical parametric 

amplification.  We will focus mainly on the generation of tunable IR laser beams.   

 

In a typical scheme for OPA of near- and mid-IR pulses (Fig. 16), the near-IR seed for 

OPA stage is produced by optical parametric generation in another nonlinear crystal.  

Additionally, the same crystal can serve as OPG stage for seed generation and OPA stage 

for amplification90.     

 

 
Fig. 16.  General scheme for optical parametric amplification with 800 

nm pump seeded by signal from an optical parametric generation stage.   
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Another common scheme for optical parametric amplification of infrared pulses uses 

generation of seed pulses via continuum generation, or self-phase modulation92 (Fig. 17).  

This scheme is usually employed with femtosecond pump pulses, since continuum 

generation can be easily achieved by focusing low-power femtosecond beam (few 

microjoules per pulse) into a thin plate of a dense optical medium, e.g., a few-mm 

sapphire window89   The Richmond group has demonstrated a scheme in which OPA was 

seeded by continuum generated by picosecond pulses from flowing ethylene glycol101.  

However, for such seeding scheme, ~125 �J/pulse out of the entire 750 �J/pulse 800 nm 

laser beam had to be used for while-light continuum generation.  With femtosecond laser 

pulses, sufficient continuum generation can be achieved already with~1-2 �J/pulse at the 

continuum generation stage65,93. 

 

 
Fig. 17.  General scheme for optical parametric amplification with 800 

nm pump seeded by signal from a continuum generation stage.   

 

In both of these schemes (Fig. 16 and Fig. 17), the OPA crystal is phase-matchable in the 

mid-IR range (e.g. KTiOPO4, KNbO3, LiNbO3, KTiOAsO4)89,92.   In our laboratory, we 

employ seeding with white-light continuum93 (Fig. 17).  We should note that other 

schemes are available for OPA in other wavelength ranges as well.  For example, one of 

the most popular setups to generate visible pulses is the generation of a 400 nm beam, by 
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doubling the large part of the front-end Ti:sapphire laser in, e.g., a BBO crystal, to pump 

another BBO crystal to amplify the white-light continuum in the visible89.   

 

Parametric amplification has also been implemented in the so-called chirped-pulse optical 

parametric amplification (CPOPA)102-104. A generalized scheme for CPOPA is shown in 

Fig. 18.   CPOPA uses basic principles of chirped pulse amplification (CPA)105: 

temporally stretched seed pulses are amplified by narrowband long pump pulses in a 

nonlinear crystal, after which the amplified signal pulses are recompressed to transform 

limited durations.  The long pump pulses typically originate from a nanosecond 

Nd:doped laser which is temporally synchronized with the broadband seed pulses.  The 

advantages of CPOPA over CPA in active-gain media is that OPA process can allow 

ultrabroadband amplification bandwidth (Chapter 2), while CPA in active gain media 

frequently suffers from gain-narrowing at high values of gains39.  Thus very short and 

high-energy pulses can be obtained from CPOPA with bandwidths that are limited only 

by phase matching conditions102,103,106,107. 
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Fig. 18.  General layout of a chirped-pulse optical parametric 

amplifier102,103. 

 

Recent developments in the mid-IR generation lead to OPCPA of ~microjoule pulses 

with sub-100 fs durations from periodically-poled lithium-niobate108,109.  This field 

continues to develop as more recent work110 demonstrated even shorted pulses (~67 fs).  

 

Conclusions: 

We have discussed several emerging fields of science that demand ultrashort intense 

infrared pulses, including ultrafast vibrational spectrosopies and generation of attosecond 

pulses via high-harmonic generation.  We covered the basics of nonlinear optics in 

birefringent crystals, and introduced optical parametric amplification as a relatively 

efficient nonlinear optical method to generate tunable laser pulses, with the focus on the 

IR generation.   
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In the next Chapter, we discuss the dependence of bandwidth of OPA on various factors 

of a particular parametric amplification setup, and introduce the concept of non-collinear 

optical parametric amplification as a powerful tool to generate ultrabroadband tunable 

pulses. 
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CHAPTER 2.  GROUP VELOCITY MATCHING AS A TOOL FOR 

THE GENERATION OF ULTRABROADBAND TUNABLE PULSES 

FROM OPTICAL PARAMETRIC AMPLIFIERS. 

 
 
Abstract: 

The bandwidth of pulses generated via optical parametric amplification can be extended 

from typical values of ~200 cm-1 in collinear geometry to ~2000 cm-1 or even more under 

certain conditions.  In this chapter, we will show that one of the major factors that define 

the bandwidth of a parametric process is the so-called group-velocity mismatch between 

signal and idler pulses.  We will consider three special cases when the bandwidth of the 

OPA process can be extended substantially by signal-idler group-velocity matching: 1) 

type-I OPA at the degeneracy;  2) type-I OPA at degeneracy when the wavelength of zero 

group-velocity dispersion of the nonlinear material coincides with the degeneracy 

wavelength;  3) non-collinear OPA (NOPA).  Finally, we will briefly review recent 

achievements in the generation of ultra-broadband ultrashort pulses via non-collinear 

optical parametric amplification in the visible, the frequency range in which the concept 

of NOPA was demonstrated first. 
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2.1.  Bandwidth of optical parametric amplification   

The typical values of bandwidths of pulses from collinear OPAs lie in the range of a few 

hundred wavenumbers (~10 THz), limiting the shortest pulse durations achievable for 

such bandwidths to ~50-fs1.  In this chapter, we will consider the connection of the 

bandwidth of parametric processes to the various parameters of amplification, such as the 

relations between group velocities of the interacting beams and their relative geometries.   

 

Let us start by considering the general case of three interacting beams; pump, signal and 

idler, whose wave-vectors, for the generality of discussion, propagate at certain angles 

with respect to each other (Fig. 1), namely with an angle � between signal and pump, and 

an angle � between idler and pump.  We will mainly follow the derivations presented in 

previous works.1-3 

 

 
Fig. 1.  Geometry of the wavevectors of beams 

interacting during optical parametric process3. 

 
For the case of the three interacting waves, one can write the following conditions for 

efficient phase matching: 

     �p = �s + �i                                                                                                                  (1) 
 
     kp = ks + ki                                                                                                                    (2) 
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Here, Eqn. (1) constitutes the principle of energy conservation, and Eqn. (2) describes the 

momentum conservation, or phase matching, condition.  As long as the condition in Eqn. 

(2) is satisfied in a certain band of frequencies, the parametric process will be efficient 

within the corresponding allowed bandwidth.  From Eqn. (2), one can define the so-called 

phase mismatch parameter �k: 

 
�k = kp – ks – ki                                                          (3) 

 
The efficiency of parametric amplification strongly depends on the phase mismatch, and 

reaches a maximum when �k=0, and decreases rapidly as �k deviates from zero 1.  Thus, 

we can propose a criterion for the bandwidth of amplification such that when the modulus 

of �k falls within a certain range of values, the corresponding frequencies will be phase 

matched, and thus amplified.  Normally, such a criterion is set as follows1-3: 

|�k.lc| � �                                                           (4) 

where lc is the length of the nonlinear crystal.  This condition sets the efficiency of the 

parametric process at ~40% 3. 

 

Next, we decompose the phase mismatch, which is a vector value, into the projections 

onto directions parallel and normal to the pump wave vector, respectively: 

�k = kp – kscos� – kicos�                                                      (5) 

ks sin� = ki sin�                                                              (6) 

Then, in order to connect the phase mismatch to the bandwidth of amplification, we write 

out the phase mismatch in a Taylor series around a central frequency of the signal pulse 

�0 as follows: 
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where ��s=(�-�0)  is the bandwidth (or more precisely, the detuning from the central 

frequency, or half-width) of the amplified pulses, �k0 is the phase mismatch at the central 

frequency, corresponding to the case of perfect phasematching: 

�k0 = kp0 – ks0 cos�– ki0 cos�.                                               (8) 
 
At the central frequency, �k0 = 0.  Normally, the consideration is limited up to the 

second-order term, as the higher-order terms make a decreasingly smaller contribution to 

the overall phase mismatch.  In some cases, however, higher-order terms need to be 

considered as well, see below. 

 

The definitions of so-called group velocity �gr and group velocity dispersion g are given 

by 4,5: 
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where index x=signal, idler or pump. 

In the cases considered here we make an assumption of a narrowband (monochromatic) 

pump pulse, from which �kp/��=0.  This assumption is reasonable for most cases of 

ultra-broadband optical parametric amplification that we are going to consider: compare 

typical bandwidth of the pump beam from a regenerative amplifier, ~150 cm-1, to the 

bandwidths of amplification reached in various OPA schemes, ~2000 – 3000 cm-1.  (In 

some cases the bandwidth of the pump can lead to an additional broadening of 



 

 69 

amplification6; however, the contribution of the pump is typically much less than the 

broadening due to the parametric generation.)  This assumption and Eqns. 5, 6, 9 and 10 

allow us to derive the following expressions for the first and second derivatives of the 

phase mismatch: 
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Now we can return to Eqns. (4) and (7) and derive the bandwidth of amplification for two 

general, and most commonly occurring, cases of dispersion of interacting pulses within 

the nonlinear medium.  

Case 1)  

   0≠∆
∂
∆∂
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k ω
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and 2

2

2

s

s

s
s

kk ω
ω

ω
ω

∆
∂

∆∂>>∆
∂
∆∂

                                                                                          (14) 

Case 1 corresponds to type-I amplification of signal and idler pulses when the 

wavelengths are far away from the degeneracy.  Case 1 also applies to type-II 

amplification (whereby the signal and idler group velocities do not match at the 

degeneracy point).  In case 1 the bandwidth of OPA is defined mostly by the first-order 

dispersion of the interacting pulses in the nonlinear medium:  
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where cos� was approximated to 1, since the non-collinear angles are normally small. 

(See Appendix 2 for a complete derivation).  Equation (15) shows that the bandwidth of 

OPA is inversely proportional to the so-called group velocity mismatch (GVM) between 

signal and idler pulses when all other dispersion orders are much less than the first-order 

dispersion.  The value of GVM is typically non-zero in the case of conventional collinear 

OPA, since cos(�+�)=1, and 
si νν

11 ≠  due to the nonlinear material’s dispersion.  As a 

result, the bandwidth of collinear OPA is limited to a certain value (see below for a 

numerical example).  However, as we will show below, we can employ the dependence 

in Eqn. 15 to increase the amplification bandwidth in the non-collinear geometry.  We 

will return to it later as we consider the principles behind the non-collinear OPA. 

 

Case 2)  

0≈∆
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k ω
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An exemplary case fulfilling this condition is type-I amplification around the degeneracy 

point (since �s=�i naturally), for which (Appendix 23):  
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Equation (17) shows that here the bandwidth of OPA is defined as inversely proportional 

to the second-order dispersion of the nonlinear material towards the signal (idler) pulses.    
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We finally note that Eqns. (15) and (17) describe the so-called parametric bandwidth3, 

which is essentially the intrinsic bandwidth of the optical parametric amplification 

process for the given frequencies of interacting beams and phase matching conditions in 

the crystal.  The parametric bandwidth does not depend on such parameters as the pump 

pulse intensity, and it defines the maximum possible bandwidth achievable for the given 

set of phase matching conditions between pump, signal and idler.3  The final spectrum of 

the amplified signal (and idler) pulses will be defined by the so-called gain bandwidth3, 

which, in addition to the phase matching conditions, depends also on the parametric gain 

G. 1,3: 
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where Ip – pump intensity; np, ns, ni – indices of refraction of the material at pump, signal 

and idler wavelengths, respectively; deff – effective nonlinear optical coefficient.1  

Equation (18) can be obtained by solving the system of coupled nonlinear differential 

equations for the interacting electric fields of the three beams, in the approximation of 

undepleted pump.1  The bandwidth of the parametric gain is defined as the range between 

frequencies at which G½=½Gmax=½G(�k=0).  From Eqn. (18), we can set the following 

condition for the corresponding range of the phase mismatch values (similarly to Eqn. 

(4)): 
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where 
2

1k∆  is phase mismatch at frequencies corresponding to the G½=½Gmax condition.   

 

In order to determine the bandwidth of parametric gain, we write out, similar to the 

derivations related to Eqns. (5 - 17), the phase mismatch in a Taylor series with respect to 

the frequency offset (Eqn. (7)).  We express the first- and second-order dispersion terms 

via the group velocities and group velocity dispersion of the signal and idler pulses (Eqns. 

(9-12)).  After this, we solve Eqn. (20) for the two typical cases again (see Appendix 2 

for a complete derivation): 

(a) for the non-zero signal-idler group-velocity mismatch (Eqn. (13)), we get the 

following expression for the gain bandwidth3: 
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(b) for the case of signal-idler group-velocity matching, the contribution of the 

second-order dispersion is the largest, and so we get the following expression for 

the gain bandwidth3: 
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where, similar to Eqn. (17), 
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By comparing eqns. (15) and (21), and correspondingly eqns. (17) and (22), one 

concludes that the gain bandwidth has essentially the same dependence on phase 

mismatch parameters, i.e., group velocity mismatch, for signal and idler as the parametric 

bandwidth.  As discussed in Ref. 3, the parametric bandwidth defines the maximum 

expected gain bandwidth for certain phase matching conditions, depending on the pump 

intensity and the parametric gain.  Thus, in order to describe broadening or narrowing 

effects of various parameters (e.g., dispersion of non-linear material,…) on the OPA 

process, it is simpler to use the parametric bandwidth in our calculations.   

 

In the following sections, we discuss the cases in which Eqns. (15) or (17) are applicable 

to describe the effect of signal-idler group-velocity matching on the spectral broadening 

of OPA processes, namely:  

(i) type-I OPA at degeneracy;  

(ii) type-I OPA at degeneracy when the GVD of the nonlinear material is 

close to zero and  

(iii) type-I non-collinear OPA.   

We conclude this Chapter by reviewing the generation of ultra-short tunable pulses in the 

visible spectral range from 400-nm pumped NOPA, in which the NOPA concept was 

demonstrated first, to guide our discussion of extensions to the IR. 

 
 
2.2.  Expansion of bandwidth of type-I OPA at the degeneracy point 

As we showed in the previous section, the bandwidth of OPA is inversely proportional to 

the group velocity mismatch between the signal and idler pulses, if the contribution of the 
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higher-order dispersion terms to the phase mismatch can be neglected.  The value of 

signal-idler GVM, however, will always be close to or equal zero around the point of 

degeneracy for type-I OPG/OPA.  This is quite obvious, considering that in type-I, the 

signal and idler pulses become indistinguishable at the degeneracy point, i.e. they have 

the same polarization and almost the same wavelength, leading to natural group velocity 

matching.  As a result, the bandwidth of OPA will substantially increase (Eqn. (15)).   

 

We demonstrate this concept with the example of type-I optical parametric amplification 

in beta-barium borate crystal (BBO) when pumped at 395 nm.  The phase matching curve 

for this case is shown in Fig. 2.    

 

 

 
Fig. 2.  Left: Scheme for type-I collinear optical parametric amplification.  Beam 

polarizations are shown (e, extraordinary; o, ordinary); x,y,z, optical axes of the crystal; �, 

internal phase matching angle.  Right: Phase matching curve in BBO crystal pumped at 

395 nm calculated using SNLO software 7.  Hatched areas show the bandwidths of 

amplification at the degeneracy wavelength (�	degen) and away from the degeneracy point 

(�	s).       
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As the signal and idler frequencies approach the degeneracy point at 	degen = 2x395 nm = 

790 nm, the slope of the phase matching angle dependence on wavelength approaches 

zero.  This means that at a certain single value of the phase matching angle (�~29.50 in 

this case), a broad range of frequencies will be phasematched simultaneously.  This 

situation is shown in Fig. 2 with a hatched area indicating the bandwidth of amplification 

at the degeneracy point �	degen.  Such a behavior is explained with the help of Eqns. (15) 

and (17): as the signal-idler GVM approaches zero at 	degen, the bandwidth of OPA 

process will be defined by a much smaller second-order term. 

 

The bandwidth of amplification significantly is reduced when the signal (idler) pulses are 

tuned away from the degeneracy point, which appears in the phase matching curve 

calculations as the increase of the slope of the phase matched angle dependence versus 

wavelength.  In the case under consideration, this is shown at �~26.60
 for signal 

wavelength 	s~540nm; at this phase matching angle, a much narrower range of signal 

(and idler) frequencies can be amplified simultaneously (shown with �	s).   

 

2.2.1.  Numerical estimation of the OPA bandwidth away from the degeneracy point 

An estimate of the bandwidth of amplification at the degeneracy and away from it can be 

made.  For the case of amplification at a wavelength away from the degeneracy point, e.g. 

at 540 nm (Fig. 2), the main parameter that we need to find is the group velocity 

mismatch between the signal and idler, since the first-order parameter is much larger than 

the contribution from all other consecutive orders of dispersion (see below).  From 

SNLO7, we find ≈−
)1471(

1
)540(

1
nmnm is νν

 150 fs/mm.  Using Eqn. (15), for a crystal 
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length lc=1 mm, we obtain �
�s �220 cm-1, or �	s�6.4 nm at 	s�540 nm.  The latter value 

is a typical value of bandwidths of pulses from conventional collinear optical parametric 

amplifiers1.  As we will see in the next sections, the bandwidth of OPA can be extended 

substantially from a few hundreds of wavenumbers to several thousand cm-1 in certain 

conditions.   

2.2.2.  Comparison of the first- and second-order dispersion terms (numerical example) 

The following example compares the contributions of the first-order term into the phase 

mismatch with the contribution of the second-order term at 	s�540 nm.  For the signal-

idler pair, 540 nm – 1471 nm, we find from the literature that gs=GVDBBO(540 

nm)�133.02 fs2/mm and gi=GVDBBO(1471 nm)�3.4413 fs2/mm (Appendix 4).  By 

plugging in the bandwidth for the signal pulses that was just found, we get the following 

values for the first- and second-order terms, respectively: 
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Thus we have shown that the first-order dispersion makes the largest contribution to the 

phase mismatch if the group velocities of signal and idler are not matched.   

 

2.2.3.  Numerical estimation of the OPA bandwidth at the degeneracy point 

To illustrate, we calculate the bandwidth of amplification at the degeneracy point with the 

use of Eqn. (17).  The critical parameter in this case is the group velocity of BBO at 790 

nm.  By using the Sellmeier coefficients for BBO, we find for the beam with o-
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polarization in BBO, GVD(790 nm) = 76.81 fs2/mm (see Appendix 4).8  This yields the 

value of bandwidth (for lc=1 mm): 

)790(25.0
1

2
nmGVDlc

s ⋅
=∆ πω                                                                                    (26) 

 
and �
�degen=��/(2�c) � 2155 cm-1, or �	degen � 135 nm at 	s=	i=790 nm.  This is 

approximately 10x the broadening of pulses compared to the amplification away from 

degeneracy.  Clearly, type-I OPA near the degeneracy point gives much larger bandwidth.  

However, the tunability of this strategy is limited.  

 

2.3.  Special case of extension of bandwidth in type-I OPA: matching of degeneracy 

wavelength and wavelength of zero group-velocity dispersion. 

The phase mismatch, as well as the bandwidth of the OPA process, is defined by the 

various orders of dispersion of the nonlinear optical material.  Rewriting Eqn. (7) in a 

more general form, and including higher orders of magnitude up to fourth, yields: 
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Keeping this equation in mind, let’s consider the following condition for type-I OPA.  At 

the degeneracy point, the odd-order derivatives of the phase mismatch, which are 

essentially defined by the signal-idler group velocity mismatch, always equal zero; in this 

case the bandwidth is defined by the even orders of dispersion.  Now, in the case when 

the degeneracy point coincides with the zero group velocity dispersion wavelength of the 

nonlinear optical material, the second derivative of the phase mismatch also equals zero.  
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Thus, the bandwidth is defined by the fourth order dispersion, which is normally much 

smaller than the second-order term: 
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and, as a result, the bandwidth will be substantially increased.    

 

To illustrate this phenomenon, we performed calculations with SNLO software.  The 

phasematching curves corresponding to Type I OPA in BBO-crystal, whose GVD zero 

point occurs at ~1450 nm9, are calculated at several pump wavelengths (Fig. 3).  One can 

observe that, at a certain pump wavelength (	p=740 nm), the frequency range in which 

the phase matching curve is flat, becomes very broad and extends from ~1200 nm to 

~2000 nm.  As the pump wavelength is varied around �(GVD=0)/2, the degeneracy point 

goes through the GVD=0 point, and the bandwidth of the OPA (defined by the frequency 

range over which the phase matching curve is flat) goes through a maximum. 



 

 79 

 

  
 

Fig. 3.  Phase matching curves for type-I optical parametric amplification 

in BBO crystal at various pump wavelengths around ~750 nm.   

 

This effect has been demonstrated experimentally in BBO OPA, whereby ultra-

broadband (�
�~3000 cm-1) pulses were produced by pumping a white-light seeded BBO 

crystal at ~785 nm, while the phase match angle was slightly detuned from the phase 

matching angle corresponding to a perfect phase matching (Fig. 3).  Compression of 

these pulses to as short as ~8-fs was achieved by carefully adjusting the group delay over 

the entire spectrum.9  The same phenomenon was demonstrated in another recently 

developed crystal bismuth borate (BiB3O6, BiBO)10-15.  For BiBO, similar to BBO, the 

GVD=0 point occurs at 1580 nm, which is even closer to the degeneracy point of 800-nm 

pumped OPA.  When BiBO is pumped with 800 nm pulses, an ultrabroadband spectrum 

is generated with bandwidths up to ~3000 cm-1 (100 THz), spanning from ~1200 nm to 

~2100 nm.11        
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In conclusion, the method of matching the degeneracy point to the GVD=0 wavelength of 

the nonlinear material provides large bandwidths of amplification, and is specifically 

advantageous as it naturally occurs in collinear-geometry OPA.  However, the main 

disadvantage of this method is that the central frequency is bound to be close to the 

GVD=0 wavelength, and thus limits the tunability of output pulses.  In next section, we 

consider the method of non-collinear phase matching which enables large bandwidths of 

amplification and the production of tunable pulses, at the same time.   

 
 
2.4.  Broadening of bandwidth of OPA via group-velocity matching in non-collinear 

geometry; non-collinear optical parametric amplification (NOPA)   

As we discussed in the previous sections, for type-I collinear OPA away from the 

degeneracy point, the bandwidth of amplified pulses is normally limited to a few hundred 

wavenumbers.  This is due to the non-zero group-velocity mismatch between signal and 

idler pulses, which is always present in collinear OPA.  And even though GVM=0 in 

type-I OPA at the degeneracy point, it will produce broadband pulses only in a relatively 

limited frequency range around 	degen=2x	pump.   

 

In order to overcome the group-velocity mismatch over a broad frequency range 

(including frequencies away from the degeneracy point), one can use the fact that 

normally the longer-wavelength idler pulses travel at a higher group-velocity than the 

shorter-wavelength signal pulses. There are, however, limitations to this rule; we will 

consider them in the next Chapter.  Thus, in order to bring the group-velocity mismatch 



 

 81 

factor in Eqn. (15) as close as possible to zero, one can geometrically match the 

projection of the idler wavevector onto the signal wavevector (Fig. 4) 

 

  
Fig. 4.  General scheme for the implementation of group-velocity 

matching between signal and idler pulses in a non-collinear geometry.  

The signal and idler interaction in collinear-OPA (left) leads to a non-zero 

group-velocity mismatch (for example, type-I OPA away from 

degeneracy).  By introducing an appropriate angle between the signal and 

idler, the (slower) signal can be matched with the projection of (faster) 

idler.1    

 

Perhaps the most popular example of non-collinear optical parametric amplification is 

type-I OPA in BBO pumped at ~390-400 nm (second harmonic of Ti:sapphire amplifier 

output).  In 1995, it was shown that the parametric generation from 390 nm pumped 

LiIO3 and BBO crystals has much lower threshold in a non-collinear direction from the 

pump beam than in the on-axis direction.16  It was explained by the fact that in a non-

collinear geometry both phase matching and group velocity matching occur 

simultaneously.16-18    Gale et al. demonstrated ultrashort pulse generation from an ultra-

broadband visible MHz optical parametric oscillator employing non-collinear geometry 
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between the pump and signal pulses at BBO crystal19.  Later, several groups almost at the 

same time, demonstrated non-collinear optical parametric amplification of broadband 

visible pulses tunable in the range ~450 – 750 nm.20-22  In all of these works it was found 

that at the internal signal-pump non-collinear angle of ~3.7o, the amplification bandwidth 

is the broadest spanning the range from ~500 nm to ~750 nm.   

 

The generation of ultrabroadband visible pulses from BBO in NOPA-setup is explained 

by the matching of the group velocity of signal with the projection of the faster-

propagating idler pulses, according to Eqn. (15).  Kobayashi and co-authors derived the 

analytical formula for the angle between signal and pump at which the maximum 

amplification bandwidth should be expected.23,24  By considering the triangle of the 

wave-vectors (Fig. 1) when the group-velocity mismatch in Eqn. (15) is zero, one derives 

the following formula (Appendix 2): 
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Alternatively, one can find the angle between the signal and idler at which the broadest 

amplification will be achieved by plotting the phase matching curves (pump beam phase 

matching angle vs. signal wavelength) at several non-collinear angles (Fig. 5, left).  Then 

one will need to find the signal-pump non-collinear angle at which the frequency range of 

the constant phase matching angle value vs wavelength is the broadest.  Phase matching 

calculations for BBO-NOPA pumped at ~400 nm (Fig. 5) show that the phase matching 
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curve resulting in the broadest bandwidth occurs at the non-collinear angle of ~3.5-3.70 

which is in a very good agreement with the experimental value.25,26   

 

The behavior of phase matching curves is perfectly explained by the signal-idler group 

velocity matching, as shown in Fig. 5 (right).  As one can see, the values of 1/
s and 

1/[
icos(�+�)] are perfectly matched in the frequency range ~525–750 nm.  Another 

important observation from Fig. 5 is that the frequency range where the phase matching 

curve is flat and where there is group-velocity matching occurs is the same.  Such a 

correspondence implies that the description of matching of carrier-wave oscillations of 

various colors (which could be considered as a description of parametric interaction of 

the pulses in “frequency domain”) gives results equal to the description of matching of 

group velocities of interacting pulses (which could be considered as a description in 

“time domain”).   

 

 



 

 84 

  
Fig. 5.  Left: (a) Phase matching curves for 395 nm pumped BBO-OPA at various internal signal-

pump angles; dotted line corresponds to the points where signal-idler group-velocity matching 

occurs.  (b) General geometry of the wave-vectors of signal, idler and pump beams relative to the 

crystal axes x, y and z, together with the non-collinear angles between signal-pump and idler-

pump.21  Reprinted with permission from: Shirakawa, A. and Kobayashi, T., Noncollinearly 

phase-matched femtosecond optical parametric amplification with a 2000 cm-1 bandwidth. Applied 

Physics Letters  72(2), 147-149 (1998).  Copyright 1998, American Institute of Physics. 

Right: (Top) Phase matching curve for 395-nm pumped BBO-NOPA calculated for the signal-

pump noncollinear angle 3.7o (solid line).  Inset: calculated parametric gain for the corresponding 

setup.25,26  Reprinted with permission from: Kobayashi, T. and Shirakawa, A., Tunable visible and 

near-infrared pulse generator in a 5 fs regime. Applied Physics B-Lasers and Optics  70, S239-

S246 (2000).  Copyright 2000, Springer Berlin/Heidelberg.  (Bottom) Reciprocal values of the 

group velocities of the signal (red circles), idler (black circles) and the idler’s group velocity 

projection onto the signal direction (blue triangles), in units of 1/c for the 395-nm pumped BBO-

NOPA at the signal-pump noncollinear angle 3.7o, calculated at Temple with SNLO.7    
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2.5.  Application of NOPA to the generation of ultrashort visible pulses 

In this section, we briefly review the achievements in the area of short-pulse generation 

based on the non-collinear optical parametric amplification of visible pulses.  The first 

reports of short-pulse generation in the visible spectral range via BBO-NOPA were 

published by several groups almost at the same time.20-22   Fig. 6 shows setup of an 

exemplary BBO-NOPA22, pulse spectrum and an autocorrelation.  Later, this concept was 

advanced further by Kobayashi and co-workers who realized that one of potential 

limitations for generating transform limited pulses is the so-called pulse-front mismatch 

between signal and pump beams.25-28  This phenomenon is especially pronounced when 

pumping with ultra-short (~0.1–1 ps) pulses.  The physical length of ~100-fs pulses 

(either signal or pump) is on the order of tens of microns, which is often much less than 

the diameters of the beams (hundreds of microns or even millimeters for high-energy 

amplifiers).29  Relatively large beam cross-sections can cause spatio-temporal distortions 

of the signal pulses in the phase-matching plane.  As a result, the amplified signal beam 

acquires a pulse-front tilt, i.e. a tilt of the front of the electric field envelope maxima with 

respect to the phase fronts (in other words, the fronts of electric field with same phase) 

which are normal to the beam direction of propagation.23,27  The presence of a front in the 

pulses makes them uncompressible to the transform limit.  After matching the pulse-front 

of pump to the signal pulses (by pre-tilting the front of pump pulses), the signal pulses 

could be compressed to ~4.7 fs which is almost the transform-limit duration of 4.4 fs (for 

a bandwidth of 240 nm, or 150 THz, in the 550 – 750 nm wavelength range).26  

Femtosecond-pumped NOPAs have been also shown to generate high-energy pulses after 
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several stages of amplification30,31, and in the latter case, the use of pulse-front matching 

is imperative, especially at the higher-energy NOPA stages.    

 
 

  

Fig. 6.  Output of an ultrabroadband visible BBO-NOPA pumped at ~400 nm: (a), 

amplified signal spectrum;  (b) interfereometric autocorrelation showing sub-8 fs pulse 

duration22.  Reprinted with permission from: Cerullo, G., Nisoli, M., Stagira, S., and De 

Silvestri, S., Sub-8-fs pulses from an ultrabroadband optical parametric amplifier in the 

visible. Optics Letters  23(16), 1283-1285 (1998).  Copyright 1998, Optical Society of 

America. 

 
Baltuska and Kobayashi could further compress the visible pulses by extending the 

bandwidth of amplification by spatially dispersing pump pulses and by employing a 

compression system with adaptive group-delay dispersion control.6   

 

A non-collinear geometry has been also successfully applied to chirped-pulse optical 

parametric amplifiers.32-40  In this case, the broadband seed pulses are normally derived 

from a femtosecond oscillator, and high-energy pump pulses are generated by an 

electronically synchronized laser based on Nd-doped YLF- or YAG-crystals.  To avoid 
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amplification of spontaneous emission by nanosecond-long pump pulses, the seed pulses 

are largely pre-chirped to pulse-durations close to that of the pump pulse (typically 

hundreds of picoseconds) and compressed after the amplification stage.41,42  Interestingly, 

since in this case the physical length of ns-pulses (30 cm) is much longer than the 

diameters of interacting beams (few mm), the amplified signal pulses preserve their 

spatial profile after amplification in NOPA35, and there is no need for pulse-front 

matching. 

 

The work that we just reviewed here has been done at relatively low pulse repetition rates, 

typically close or equal to 1 kHz.  Nevertheless, there have been also significant 

developments in the application of visible non-collinear OPA to generation of ultrashort 

pulses at much higher repetition rates (>100 kHz).43-48  A particular complication of 

OPAs operating at high repetition rates is that the pulse energy of driving lasers (typically 

few microjoules) is much lower than for low repetition rate systems (typically fraction of, 

and up to several millijoule per pulse).  The latter requires careful adjustment of focusing 

conditions for the pump and seed beams at the nonlinear crystal43.  On the other hand, 

since focusing is much tighter than for the low repetition rate femtosecond NOPA 

systems, the pulse-front mismatch is not as strongly pronounced in the high repetition 

rate NOPAs. 

 

Conclusions. 

We have considered the dependence of the bandwidth of optical parametric processes on 

various parameters.  We have shown that one of the most important, and limiting, 
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parameters for broadband pulse generation is the mismatch between group velocities of 

signal and idler pulses within the nonlinear optical material.  In order to achieve 

broadband amplification, one needs to suppress the group-velocity mismatch between 

signal and idler pulses.  Group-velocity matching naturally occurs for type-I OPA at the 

degeneracy point. However, the central frequency of amplified pulses is limited.  In order 

to achieve broadband pulse generation at wavelengths away from degeneracy, group-

velocity matching of signal and idler pulses can be achieved in a non-collinear geometry.  

The concept of visible NOPA based on BBO has been realized in various experimental 

configurations, and has lead to generation of visible pulses as short as ~4 fs.     

 

However, the use of 400-nm pumped BBO-NOPA to produce ultrabroadband ultrashort 

pulses in the near- and especially mid-IR spectral ranges is limited.  In the next Chapter, 

we discuss how the NOPA technology can be extended into the longer-wavelength range 

and demonstrate our achievements in this area.   
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CHAPTER 3.  GENERATION OF ULTRABROADBAND NEAR-IR 

PULSES VIA NOPA AT TEMPLE UNIVERSITY 

 

Abstract: 

We discuss the limitations of BBO-NOPA toward generation of ultra-broadband near-IR 

pulses (~1.0 – 1.6 �m).  It is shown that for successful non-collinear signal-idler group-

velocity matching, the wavelength at which group velocity dispersion equals zero has to 

be at wavelengths longer than the signal tuning range.  We were the first research group 

to show that this condition is fulfilled in potassium-titanyl phosphate, a widely used 

nonlinear material which was not recognized for ultra-broadband IR generation.  We 

experimentally demonstrate generation of ultrabroadband pulses (bandwidth up to ~2500 

cm-1) extending from ~1050 to ~ 1400 nm.  We do this by extending the NOPA concept, 

allowing one of the beams to be slightly divergent, enabling simultaneous phase 

matching over a range of non-collinear angles.  In addition, we experimentally 

demonstrate ultrabroadband amplification of pulses extending from ~1050 to ~ 1600 nm 

in such nonlinear optical materials as lithium niobate and potassium niobate.  We 

compress the ultra-broadband near-IR pulses further to ~25 fs by applying the technique 

of pulse-front matching.  Finally, we extend, for the first time to our knowledge, the near-

IR NOPA technique to high pulse repetition rates.   
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3.1.  Extension of the NOPA concept into the near-IR wavelength region 

Since its inception in the mid-1990’s, the method of non-collinear optical parametric 

amplification has proven to be a very powerful tool for the generation of ultra-short 

intense pulses in the visible spectral range1, 2 .  As was discussed in Chapter 2, the basic 

approach behind enlarging the bandwidth of amplification of 400-nm pumped BBO-OPA 

is to induce an appropriate non-collinear angle between broadband seed pulses and the 

pump (�int ~3.70), such that the group velocities of signal and idler get matched over a 

broad spectral range. 

 

There is, however, also interest in the generation of ultra-broadband ultrashort near- and 

mid-IR pulses (please see Section 1.1 for a broader discussion of the motivations).  The 

BBO-OPA pumped at 400-nm has been shown to generate ultra-broadband idler pulses in 

the near-IR range, with generated pulse widths as short as 8.4 fs at ~1100 nm1-3  However, 

there is a major limitation to generating the broadband idler pulses in the near-IR via 400-

nm pumped BBO-NOPA.  In order for the signal to be amplified in a broad frequency 

range, the idler wavevectors must phase match the corresponding signal wavevectors 

simultaneously1-4 (Fig. 1).  This effect makes various idler wavevectors emerge from the 

nonlinear crystal in different directions, i.e, the idler acquires angular dispersion, which 

eventually leads to uncompressibility of idler pulses.  Kobayashi’s group has been able to 

remove the angular dispersion by using a system that collimates the near-IR idler colors 

and focuses them onto a grating with a cylindrical mirror1,2.  However such setup is 

complicated for a routine use.  An improved setup for correction of angular dispersion 
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has been proposed more recently4, consisting of a telescope and a dispersion grating.  

Still, it requires careful designing for a complete suppression of the angular dispersion.    

 

 

Fig. 1.  Explanation of the angular dispersion in the idler pulses 

generated in non-collinear OPA.  Simultaneous phase matching 

of different colors within the broadband signal seed (shown by 

wave vectors ksignal of different lengths) necessitates that the 

corresponding wavevectors of idler (dashed arrows) go in 

different [predefined] directions.3, 4, 6     

 

In order to drive the amplification of signal and idler in the near-to-mid-IR frequency 

range, one needs to pump the OPA at longer wavelengths.  In this case, the near-IR part 

of the white-light continuum plays the role of signal and thus can be amplified directly, 

even though the intensity of the continuum falls off exponentially toward longer 

wavelengths.5-7  Nevertheless, several stages of amplification can be used.  A particular 

advantage of such an approach is that the fundamental output of Ti:sapphire laser is used 

directly as pump, and thus there is no loss of efficiency due to doubling of the front-end 

laser, contrary to the blue-pumped BBO-OPA.   Optical parametric amplifiers based on 



 96 

BBO and pumped by the fundamental of Ti:sapphire ultrafast lasers have become a 

popular method for the generation of high-energy pulses tunable in the ~1.1 – 2.6 �m 

range.8   A particular reason for the popularity of such a scheme is that it provides routes 

to all-solid-state generation of laser radiation in a very broad spectral range from ~200 

nm (via harmonic generation, sum-frequency mixing11-14 , or four-wave mixing9) to ~15 

�m (by difference-frequency generation between signal and idler in nonlinear materials 

allowing phase-matching at longer wavelengths, e.g. AgGaS2
5,10-14)  However, the 

amplification in a collinear geometry limits the bandwidth of amplified pulses to ~300 

cm-1 (due to group-velocity mismatch between signal and idler), thus limiting the shortest 

achievable pulse durations to ~50 fs.   

 

It should be noted that even if the 800-nm pumped BBO-OPA is used in a non-collinear 

geometry, a NOPA will not produce pulses as broad as it does for the visible 400-nm 

pumped BBO-NOPA.  Cerullo and colleagues explained this limitation of BBO crystal in 

the near-IR range by recalling that the group-velocity dispersion (GVD) of BBO equals 

zero at ~1400 nm, so that the GV of idler can be less than the GV of signal, thus making 

it impossible to match the group velocities of the signal and the idler projection in a very 

broad spectral range. 15   

 

For consideration of this effect in more detail, let’s refer to Fig. 2, which displays the 

inverse group velocity of o-polarized beam in BBO (see Appendix 4 for details on 

calculations).  The shaded areas show the signal and idler tunability ranges for the 400-

nm and 800-nm pumped BBO-OPA, respectively.  For the visible spectral range, and for 
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the shorter-wavelength range of the near-IR, the group velocity monotonically increases 

with wavelength.  This means that for the 400-nm pumped BBO-OPA, the signal, for the 

most tunability range of signal and idler, travels slower than the idler.  Thus, at a certain 

non-collinear angle between signal and idler, (�+�), the signal-idler group-velocity 

mismatch (GVM) 

 
si

GVM
νβαν
1

)cos(
1 −

+
=                                             (1)  

will vanish, and the bandwidth of amplification will substantially increase16-18 (see 

Chapter 2).      

 

However, at ~1.42 µm, the group velocity dependence vs. wavelength for BBO has zero 

derivative.  This is the wavelength at which group-velocity dispersion of BBO is zero, 

since GVD is defined as19: 

�
�
�

�

�
�
�

�

∂
∂⋅

∂
∂=

�
�
�

�

�
�
�

�

∂
∂=

)(
1

)(
1

grgr

GVD
νλω

λ
νω

.                                   (2) 

At �>1.42 um, �gr decreases with wavelength (Fig. 2).  This means that for the 800-nm 

pumped BBO-OPA, the signal pulse is faster than the idler pulse for the most tunability 

range.  Thus, we will not be able to remove the signal-idler group-velocity mismatch 

(Eqn. 1) in this case (except at the degeneracy wavelength for type-I OPA).  
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Fig. 2.  Group velocity of o-polarized pulses propagating in BBO crystal 

calculated based on Sellmeier coefficients from the literature20  The green 

and red shaded areas show the frequency ranges of signal (�s) and idler (�i), 

respectively, for the case of ~400-nm pumped OPA.  Blue and grey shaded 

areas show the frequency ranges for signal and idler, respectively, for the 

case of 800-nm pumped OPA.  Large arrows indicate degeneracy 

wavelengths for the corresponding cases. 

 

To make such an explanation even more obvious, we further calculate the group velocity 

mismatch for signal and idler pulses for the 395-nm pumped and 800-nm pumped BBO-

OPA (Fig. 3).  For the blue-pumped OPA, the value of signal-idler GVM is positive for 

the most frequency range of signal (and idler).  Thus, at a certain non-collinear angle 

between the beams, it is possible to equate the slower moving signal with the projection 

of the faster-moving idler (Fig. 3, blue).   
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Fig. 3.  Signal-idler group velocity mismatch for type-I OPA in 

BBO pumped at 395 nm (blue) and at 800 nm (red), calculated with 

the help of SNLO21. 

 

However, for a BBO-OPA pumped with the Ti:sapphire fundamental, the signal-idler 

GVM is negative for the entire signal frequency range, except at the degeneracy point 

(Fig. 3, red).  Thus, contrary to the blue-pumped NOPA, it is not possible to reduce 

signal-idler GVM =
si νβαν

1
)cos(

1 −
+

  to zero when pumping at 800-nm.   

 

Another serious short-coming of BBO for the generation of IR radiation is its 

transmission which has a long-wavelength cut-off at ~2.6 �m.10     This makes it 

impossible to generate pulses directly from BBO-OPA at longer wavelengths (>2.6 �m), 

where the fundamental vibrations of various chemical bonds occur.  In addition, for a 

800-nm pumped OPA, the 2.6-�m cut-off limits the shortest obtainable wavelengths for 

signal pulses to ~1150 nm.   
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These limitations make it necessary to search for other nonlinear materials in order to use 

the principles of NOPA broadband generation in the near- and mid-IR.  A particular 

requirement for such nonlinear crystals is that GVD=0 occur at longer wavelengths so 

that the group-velocity matching between near-IR signal and mid-IR idler could be 

achieved.   Cerullo and co-workers showed a set of nonlinear crystals with properties 

favorable for application of the NOPA in the near-IR15; examples include lithium 

tantalate LiTaO3, lithium niobate LiNbO3 and similar structures (Fig. 4).  These materials 

have GVD=0 at ~1.9 – 2 �m15, and thus the signal pulses in the ~1.0 – 1.6 um range 

propagate slower than the idler pulses.  This makes it possible to achieve signal-idler 

group-velocity matching, similar to blue-pumped BBO-NOPA in the visible (Fig. 3, blue).     

 

The Cerullo group demonstrated the generation of pulses as broad as ~3000 cm-1 centered 

at ~1300 nm15, and in a more recent work, pulse durations ~8.5 fs from a near-IR NOPA 

based on periodically-poled stoichiometric lithium tantalate22   However, a particular 

complication of such a setup is that the periodically-poled crystal has to be engineered 

carefully.  Dwayne Miller’s group demonstrated a non-collinear chirped-pulse OPA in 

potassium-titanyl arsenate KTiOAsO4, resulting in the generation of pulses at 1.56 �m 

with energies of ~500 �J23,24 ; however, the bandwidths achieved in their setup were 

limited by the narrowband seed to only ~250 cm-1, thus limiting the shortest pulse 

duration to ~70 fs.    
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Fig. 4.  Group velocity mismatch (1/�s – 1/�i) for 785-nm pumped type-I 

OPA in BBO (solid line), lithium iodate LIO3 (dashed line), MgO-

doped lithium niobate (dash-dotted line), periodically-poled 

stoichiometric lithium tantalate (dotted line).  Reprinted with permission 

from: Cirmi, G., Brida, D., Manzoni, C., Marangoni, M., De Silvestri, 

S., and Cerullo, G., Few-optical-cycle pulses in the near-infrared from a 

noncollinear optical parametric amplifier. Optics Letters  32(16), 2396-

2398 (2007).  Copyright 2007, Optical Society of America. 

 

We were the first to realize that the principles of NOPA can be extended into the near-IR 

in bulk potassium-titanyl phosphate (KTiOPO4, KTP)25-27, a nonlinear optical material 

widely used for generation of mid-IR pulses28, which, however, was not recognized 

previously for ultra-broadband IR generation.   In the next sections, we describe our 
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achievements in the field of ultra-broadband near-IR generation via non-collinear optical 

parametric amplification.  We discuss the details of the several realizations of near-IR 

NOPA that we have achieved in our lab at Temple University, namely:  

(i) near-IR NOPA in bulk KTP;  

(ii) near-IR NOPA in potassium niobate and lithium niobate crystals;   

(iii) extension of near-IR NOPA to a much higher pulse repetition rate (in 

collaboration with the group of Prof. Peter Vöhringer, University of Bonn, 

Germany).   

 
3.2.  Non-collinear optical parametric amplification in the near-IR region in 

potassium-titanyl phosphate (Temple University) 

This Section is partially based on the data and results published in the following papers: 

• Isaienko, O. and Borguet, E., Generation of ultra-broadband pulses in the near-IR by non-collinear 

optical parametric amplification in potassium titanyl phosphate. Optics Express  16(6), 3949-3954 

(2008).  © 2008 Optical Society of America 

• Isaienko, O. and Borguet, E., Pulse-front matching of ultrabroadband near-infrared noncollinear 

optical parametric amplified pulses. J. Opt. Soc. Am. B  26(5), 965-972 (2009). © 2009 Optical 

Society of America 

Potassium-titanyl phosphate has several advantages that are favorable for the extension of 

NOPA principles into the near-IR: (i) a relatively high damage threshold28 , (ii) together 

with a relatively high deff
28,29; a wide transparency range (0.35 – 4 �m); (iv) since its first 

growth in 197630, bulk KTP has become a readily available nonlinear material for which 

various growing procedures have been developed allowing large apertures and high 

damage thresholds31.   
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3.2.1.  Calculations of ultra-broadband phase matching in potassium-titanyl phosphate 

In order to find the conditions under which broadband phase matching can be achieved in 

KTP, we followed the general principles of non-collinear OPA17,18,32-35.  In particular, the 

bandwidth of amplified signal (idler) is inversely proportional to the group-velocity 

mismatch (GVM) between the signal and idler pulses (if the second- and higher order 

dispersion can be neglected): ��s= –��i ∝ |1/(1/�s-1/�i)|.  An appropriate signal-pump 

non-collinear geometry can equalize the signal group velocity and the projection of the 

group velocity of the faster idler onto the signal direction.  Additionally, in order for this 

scheme to be achievable in a certain wavelength region, the nonlinear optical material has 

to possess a normal (positive) dispersion15.  For KTP, in particular, zero group-velocity 

dispersion (GVD) occurs at ~1.8 �m36, so that in the ~1.0 – 1.6 �m wavelength range 

KTP has positive dispersion and signal-idler group-velocity matching, in principle, may 

be achieved. 



 104 

 

 

Fig. 5.  Phase matching curves for OPA in KTP (xz-plane, type II, e-signal + o-

idler=o-pump) at different non-collinear angles between 800-nm pump and 

seed25.  Inset: internal geometry of the three interacting beams with respect to 

the crystal axes: z – optical axis; �, � – signal-pump and idler-pump non-

collinear angles, respectively; � – phase matching angle between pump and 

optical axis.25  Reprinted with permission from: Isaienko, O. and Borguet, E., 

Generation of ultra-broadband pulses in the near-IR by non-collinear optical 

parametric amplification in potassium titanyl phosphate. Optics Express  16(6), 

3949-3954 (2008).  Copyright 2008, Optical Society of America 

  

The phase matching curves for non-collinear type-II interaction (o-pump � o-idler +       

e-signal) in the xz-plane of a KTP crystal pumped at 800 nm29, at different fixed signal-

pump non-collinear angles (Fig. 5) were calculated using the SNLO software package21.  

This particular parametric interaction scheme has a large nonlinear coefficient |deff| (2.5 – 

3 pm/V) and broad tuning range (1.0 – 4.0 �m) to allow efficient broadband amplification 

29.  The geometry of interacting beams inside the crystal and the corresponding internal 
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angles are defined in the inset of Fig. 5.  Fig. 6 shows GVM �si=[1/(	icos(�+�)) – 1/	s] 

between signal and idler projection onto the signal direction, calculated at different 

values of �. 

 

 

Fig. 6.  Signal-idler group velocity mismatch for type-II 800-nm pumped KTP-

NOPA calculated with help of SNLO.21,25  Reprinted with permission from: 

Isaienko, O. and Borguet, E., Generation of ultra-broadband pulses in the 

near-IR by non-collinear optical parametric amplification in potassium titanyl 

phosphate. Optics Express  16(6), 3949-3954 (2008).  Copyright 2008, Optical 

Society of America 

 

Although there is no single phase matching curve with broad flat region (as exists for 

BBO in the visible2), at �
4-5o it is possible to phase match a set of curves corresponding 

to different seed-pump non-collinear angles (Fig. 5).  This behavior suggests the 

possibility to amplify a large bandwidth of signal frequencies if the signal seed beam is 

not collimated but rather diverges in the crystal. 
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3.2.2.  Ultrafast 800-nm Ti:sapphire regenerative amplifier system 

Before we describe the experimental setup of our near-IR NOPA, we will briefly mention 

the construction of the laser system that produces ultra-short 800-nm pulses to pump the 

near-IR NOPA setup, as well as to serve as the visible pulse for sum-frequency 

spectroscopy of interfaces (Chapters 5,6)   .  The source of the pump beam is an Alpha-

1000 BMI-Coherent regenerative amplifier seeded by a Coherent Mira-900 Ti-sapphire 

oscillator29 operating in fs-mode (Fig. 7).  The setup of the laser system is based on the 

concept of chirped-pulse amplification (CPA)19.   The invention of CPA in 198637 

revolutionized the technology of generation of high-energy ultrashort pulses.  The 

combination of CPA with the excellent properties of the Ti:sapphire gain medium in the 

early 1990’s has created the basis for today’s instrumentation for generating stable 

intense ultrashort pulses suitable for a variety of scientific applications38.   

 

Fig. 7.  Schematic layout of the Coherent-BMI Alpha-1000 front-end laser system 

pumping the non-collinear optical parametric amplifier.   
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At Temple University, the ultrashort femtosecond pulses at 800-nm are generated from a 

Coherent Mira-900 self-mode locked oscillator pumped by a 5 W 532-nm continuous-

wave Verdi laser (Coherent).  In the current setup, the pulses from the oscillator are 

tunable in the range ~760 – 840 nm, and have durations ~100-200 fs.  The pulse energy is, 

however, relatively low (~10 nJ/pulse), and is especially insufficient to drive optical 

parametric processes: for a 1 W beam from an oscillator with a repetition rate of 76 MHz 

(pulse energy ~13 nJ) and pulse duration ~120 fs, the typical attainable peak intensities 

(for a beam focused to ~50 micron spot) lie in the range of ~5 GW/cm2, while OPG/OPA 

processes require normally tens, or even hundreds17of GW/cm2 .  For this reason, and 

others, pulses from the oscillator are amplified in a Coherent-BMI �-1000 Ti:sapphire 

regenerative amplifier (regen) to ~1–1.2 mJ/pulse.  In order not to damage the optics in 

the regen, the femtosecond pulses undergo stretching to ~100-200 ps in a grating-based 

stretcher38 before amplification, in accordance with the CPA principle37.  The pump laser 

for the regenerative amplifier is a BMI-Thales Nd-YLF Q-switched laser electronically 

synchronized with the 76-MHz pulse train from the Mira oscillator.  The regen reduces 

the repetition rate of 800-nm pulses to 1 kHz.  Eventually, the amplified 800-nm beam is 

re-compressed, with ~63% efficiency, in a grating-based compressor39 to produce pulses 

with ~650-700 �J/pulse energy and ~150 fs duration.   
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Fig. 8.  Outputs of the Mira oscillator and Alpha-1000 regenerative amplifier.  (a) 

Spectrum of pulses from mode-locked Mira-900 oscillator.  (b) autocorrelation of Mira 

pusles.  (c) spectrum of pulses from regen after compressor and (d) regen pulse 

autocorrelation.  Spectra were measured with a BWTEK mini CCD spectrometer.  

Autocorrelations were measured on a 1-mm thick BBO crystal.  In all graphs, red dots 

represent experimental data, and blue dashed lines correspond to Gaussian fits.  Full-

widths at half-maximum are shown for each plot.   

 

Sample outputs from the Mira oscillator and the regen are shown in Fig. 8.   As the 

comparison of spectra from the oscillator and the regenerative amplifier suggests, the 

regen closely preserves the bandwidth of amplified spectra, although there is a ~1-nm 

shift of the central frequency.  The pulsewidth of pulses from Mira is ~114 fs (assuming a 

a) b) 

c) d) 
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Gaussian pulse shape; transform limit is 108.5 fs), and the width of pulses from regen is 

~147 fs (assuming a Gaussian pulse shape; transform limit is 112 fs).  The compression 

of 800-nm pulses after amplification is not complete and may be caused by slight 

misalignments in the regen compressor, or mismatches between the stretcher and 

compressor.  Nevertheless, 1.3xTL is close to the transform limit, and such a pulse width 

(~150 fs) is short enough for efficient generation of ultra-broadband near-IR continuum 

via self-phase modulation6.  In addition, with the pulse energies in the range of ~100 uJ, 

pulse peak intensities on the order of hundreds of GW/cm2 can be potentially generated, 

which is more than enough to drive optical parametric processes in nonlinear optical 

materials17.   

   

3.2.3.  Preliminary studies of the near-IR KTP-based NOPA (Temple University) 

Initially, we tested the non-collinear OPA in KTP-crystal by slightly modifying our 

homemade collinear optical parametric amplifier (similar to what is described in, e.g., 28), 

based on generation of WL-continuum in a 2-mm thick sapphire plate followed by two-

stage amplification in two KTP-crystals in collinear geometry  (Fig. 9).  Our only 

modification to the existing double-stage collinear OPA was to put the pump beam at the 

second KTP-crystal in a non-collinear geometry with parameters close to those for which 

theoretical calculations predict broadband phase matching.  The KTP-crystals are 2-mm 

thick, cut at theta=42o, phi=0o for phase matching in xz-plane.  At the first KTP-crystal, 

the WL-seed and pump were at normal incidence, i.e., at collinear geometry with �
42o, 

generating signal photons 1150-1200 nm.  At the second KTP-crystal, however, the pump 

internal phase matching angle was set to �
49o (Fig. 9), the angle at which the broadest 



 110 

bandwidth could be generated, and the external signal-pump non-collinear angle was ~7o 

(Fig. 9), corresponding to �internal
4o.  Such geometry is expected to provide the 

conditions for the broadest possible amplified spectrum (Fig. 5).  Spectra of amplified 

signal pulses were recorded by acquiring second-harmonic generation (SHG) spectra in 

reflection off the surface of a 2-mm polycrystalline ZnSe-crystal (P-ZnSe)40 with a CCD-

spectrometer.  This material ensures high-efficiency conversion and has insignificant 

phase-matching restrictions on the converted bandwidth. 

 

 
Fig. 9.  Scheme of the initial setup to test non-collinear OPA in KTP.  S – 2mm 

sapphire plate; DM – BK-7 based dichroic mirror; L – BK7 lenses; Si – 0.3mm 

thick silicon plates; P-ZnSe – 2-mm thick polycrystalline ZnSe crystal.   

 

SHG-spectra of the amplified signal pulses after the 2nd KTP-crystal are shown in Fig. 

10(b) at different relative time delays between the pre-amplified seed and pump pulses.  

For comparison, SHG-spectra of signal when the pre-amplified signal and pump interact 

in KTP-2 in collinear geometry are shown in Fig. 10(b).   
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Fig. 10.  Spectra of signal after KTP-2 at different relative time delays between pre-

amplified seed and pump pulses in collinear geometry at KTP-2 (�=42o).   SHG spectra 

of signal after KTP-2 at different relative time delays between pre-amplified seed and 

pump pulses at KTP-2, in non-collinear geometry at KTP-2 (setup shown in Fig. 9). 

 

Several observations can be drawn from the data shown in Fig. 10.  First of all, the non-

collinear geometry allows for broadband phase-matching, whereas the collinear OPA 

produces pulses in much narrower wavelength band.  Second, even though the pre-

amplified signal produced from KTP-1 is relatively narrowband and centered at ~1100 

nm, non-collinear geometry allowed efficient amplification even of wavelengths 

extending beyond the pre-amplified seed spectrum.  Third, the tuning of the signal 

wavelengths from ~1100-nm to ~1400-nm requires shifting the preamp-pump delay 

within ~300-400 fs range.  The GVD of sapphire (where the WL-seed is generated) and 

BK7 glass (material of dichroic mirror and lenses used to collimate the seed and focus it 

into KTP-2) is relatively low in ~1200-1300 nm wavelength range, on the order of ~5-10 

fs2/mm41,42. Passing the pulses with bandwidth of ��~300 nm and centered around 

~1250-nm (corresponding to ��=2�c.��/�0
2
 0.35 fs-1 at �0=1250 nm) through ~10 mm 

a) b) 
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total of the sapphire plate, dichroic mirror and lenses would introduce a group delay (GD) 

of only ~ (5 fs2/mm) x (10 mm) x 0.35 fs-1 
 18-20 fs  (Appendices 3-4).  

 

Such a long cross-correlation can only be explained by the effects of passing the WL-

seed through the two 0.3-mm Si-plates and 2-mm KTP-1 crystal.  From the literature, the 

GVD’s of silicon and KTP were estimated to be ~1200 fs2/mm43 and 120 fs2/mm36  at 

~1250 nm, respectively.  Thus, the total group delay dispersion by these elements is ~960 

fs2, introducing a GD of ~336 fs.  Adding ~20-fs GD of sapphire+lenses+DM, one gets 

~400-fs cross-correlation with ~180-fs pump pulses, in good agreement with the data in 

Fig. 10(b). 

 

Additionally, tuning of the signal SHG-spectra allowed us to exclude any 1- or 2-photon 

fluorescence from ZnSe.  The lower intensity of the signal spectra in 1100-1200 nm 

region may be the result of absorption by Si-plate filter44. 

 

After demonstrating the possibility of NOPA in KTP, we decided to test whether 

amplification in full-bandwidth mode is possible by stretching the pump pulses and 

reducing the dispersion in the near-IR continuum seed pulses.     

 

3.2.4.  Ultrabroadband KTP near-IR NOPA (Temple University) 

The experimental setup for ultra-broadband KTP-NOPA (Fig. 2) uses 260 �J ~150 fs 

800-nm pulses at repetition rate of 1 kHz that are split by a combination of a half-wave 

plate (HW1) and polarizer-beam-splitter (PBS) in two parts.  ~5 �J is focused with a 100-
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mm lens (L1, BK7) into a 2-mm thick sapphire plate (S) for WL-seed generation.  The 

WL-beam is collimated with a 45-mm lens (L2, BK7) and focused into the KTP crystal 

with a 250-mm lens (L3, BK7).  The remaining pump beam (~250 �J) is first sent into a 

system of half-wave plates and prisms for pulse stretching in order to compensate for 

possible chirp in WL-seed and to reduce the pump peak intensity to below the damage 

threshold of KTP45.   

   
 

 

Fig. 11.  Experimental setup: HWP, half-wave plate; PBS, polarizer-beamsplitter; DS, delay 

stage; SF18, equilateral prisms; S, 2-mm sapphire plate; L, BK7 lenses; FS, 69.06o-apex angle 

fused silica prisms; F, long-pass filter for blocking �<1000 nm; AC, autocorrelator.  Also 

shown is the zx-plane of KTP.  Double arrows and circled dots represent polarization in the 

plane of and perpendicular to the drawing, respectively.25 Reprinted with permission from: 

Isaienko, O. and Borguet, E., Generation of ultra-broadband pulses in the near-IR by non-

collinear optical parametric amplification in potassium titanyl phosphate. Optics Express  

16(6), 3949-3954 (2008).  Copyright 2008, Optical Society of America 

 

In order to stretch the pump pulses, we used two equilateral SF18 prisms (face size 25 

mm) oriented at Brewster’s angle with respect to the pump beam.  The adjacent faces of 

the two prisms are parallel to each other.  The half-wave plate (HW2) makes the pump 
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beam p-polarized at the prism surfaces, and another half-wave plate (HW3) rotates the 

pump polarization to ordinary for parametric amplification in the KTP-crystal.  The 

insertion of the prisms and distance between them were adjusted to optimize the stretched 

pulse duration.  The pump pulse width was measured by picking the beam before the 

stretcher system and after it with a home-built autocorrelator with a 0.5-mm BBO crystal.  

Autocorrelation measurements of the pump pulsewidth before and after the HW2–SF18–

SF18–HW3 system showed that the two SF18 prisms provide enough GVD to stretch 

~12-nm broad 800 nm pulses (this was the bandwidth of 800nm pulses used when the 

near-IR KTP-NOPA was first implemented) from ~180 fs to >500 fs41 (Appendix 4).  

After stretching, the pump beam is focused into the KTP crystal with a 300-mm lens (L4, 

BK7).     

   

Fig. 12.  Autocorrelations of 800-nm pump pulses before (a) and after (b) stretching in a pair of 

equilateral SF18 prisms (red dots), shown together with Gaussian fits (black solid lines).  

Corresponding full-widths at half-maximum (FWHM) are indicated, together with pulse-widths 

(��) assuming a Gaussian pulse shape.  The regen compressor had been adjusted for optimal 

white light generation by 800 nm pulses from the sapphire plate (Fig. 11), explaining why the 

autocorrelation before the KTP crystal (a) was longer than transform-limited.    

 

The power of the pump right before the KTP is ~150 mW (we relate the ~40% losses to 

reflections at surfaces of the optics), and the focal point is adjusted to be ~4 cm behind 

a) b) 
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the crystal.  The estimated pump pulse intensity is ~270 GW/cm2, below the reported 

damage threshold of ~400 GW/cm2 28.  The 2-mm thick KTP crystal is cut at �=42o, =0o 

(initially it was cut for a collinear OPA).  The external angles of incidence for pump and 

seed beams at the KTP-crystal surface are 12o and 18.8o, respectively.  We calculated the 

internal phase matching angles (θ) for pump and seed beams to be 48.8o and 52.6o, 

respectively, and �~4.0o.  The amplified signal is collimated with a 150-mm lens (L5, 

BK7) and compressed in a fused-silica prism pair compressor with ~24 cm inter-prism 

separation.   

 

The amplified signal pulses were characterized by recording second-harmonic generation 

(SHG) spectra off the surface of a 2-mm thick polycrystalline ZnSe-crystal (P-ZnSe)40  

with a CCD-camera.  P-ZnSe has shown high-efficiency doubling in the ~1000 – 1600 

nm wavelength region40 and has insignificant phase-matching restrictions on the 

converted bandwidth.  A similar spread of visible wavelengths was generated by 

doubling the signal pulses in the 0.5-mm thick BBO (gradually rotated around its axis as 

phase matching for all wavelengths present in the ultrabroadband pulse was not 

simultaneously possible).  This excludes 1- or 2-photon fluorescence from ZnSe as the 

source of the observed spectra.  The SHG-spectra were processed as follows: the 

background was subtracted, square root of intensity was taken (with assumption that at 

each wavelength the intensity of SHG is proportional to the square of fundamental), and 

the wavelength scale was doubled. 
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Fig. 13.  a) Typical spectrum of the full-bandwidth NIR-signal derived from SHG-spectrum 

off P-ZnSe-surface (see text). We relate the feature at ~1600 nm to imperfect filtering of 800-

nm seed component.  b) Autocorrelation of signal on 30-�m-BBO crystal (FWHM 54.5 fs, 

sech2-pulsewidth ~ 35.2 fs).  Inset: Intensity time-profile of the Fourier transformed 

spectrum.25  Reprinted with permission from: Isaienko, O. and Borguet, E., Generation of 

ultra-broadband pulses in the near-IR by non-collinear optical parametric amplification in 

potassium titanyl phosphate. Optics Express  16(6), 3949-3954 (2008).  Copyright 2008, 

Optical Society of America 

 

A typical spectrum (Fig. 13(a)) of the NIR-signal of the NOPA shows a FWHM ~ 400 

nm (~2600 cm-1 or ~78 THz).  The output power of the NIR-signal is ~3-4 mW in full-

bandwidth operation, corresponding to >2% power conversion efficiency.  The 

autocorrelation of the signal beam in a 30-�m BBO crystal (Fig. 13(b)) is ~55 fs 

corresponding to a pulsewidth of 35 fs assuming a sech2-pulse shape, while the spectrum 

supports ~7.1 fs transform-limit pulses as demonstrated by Fourier transform of the 

spectrum (inset in Fig. 13(b)).  As a first approximation, the spectrum can be modeled as 

a rectangular pulse (corresponding to sinc2-shape in time domain), suggesting that the 

shortest experimentally achievable pulse durations would be ~10 fs.  A more 

sophisticated approximation would be to model the pulse as resulting from a trapezoid 

like electric field, reproducing both the curved wings and flat top of the spectrum in Fig. 

a) b) 
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13(a).  The corresponding pulse width is ~8 fs.  This latter approximation is consistent 

with the direct Fourier transform, without assumptions on the pulse shape, yielding ~7 fs 

pulsewidth.  

 

3.2.5.  Discussion of the results for near-IR KTP-NOPA 

In order to explain our results, we considered the divergence of the seed beam at the          

KTP-crystal.  After collimation with lens L2, the seed beam has ~7 mm diameter, 

providing a full-angle divergence of ~1.6o (when focused with a 250-mm lens) 

corresponding to the internal full-angle divergence of ~0.86o, so that �
4.0o±0.43o, or �
 

[3.5o...4.4o].  The calculated phase matching curves at � =3.5o, 4.0o, and 4.4o are shown in 

Fig. 14.  Also shown is the pump phase matching angle �=48.8o (the internal full-angle 

divergence of the pump, <0.35o, is neglected, in comparison with the divergence of the 

seed beam).  As one can see, the boundaries of wavelength region where the signal seed 

is phase matched are determined by intersections of the �=48.8o line with the �=3.5o 

curve.  From Fig. 14, it follows that the signal is expected to be amplified simultaneously 

within ~1050-1400 nm range, which is consistent with experimental results (Fig. 13(a)), 

although there is some discrepancy between these values of alpha and those for which 

GVM=0 is achieved (Fig. 6).   

 

The fact that compression of signal pulses closer to transform limit could not be reached, 

cannot be explained just by insufficient compensation of the third and higher order 

dispersions.  Such a long autocorrelation is a result of angular dispersion of the signal, 

which was not compensated for in the current setup.  One of the causes for the angular 



 118 

dispersion is the divergence of the WL-seed at the crystal (~0.86o) which may cause 

amplification of different wavelength components at different exit angles (Fig. 4).    

Another reason, which may be even more detrimental, is the pulse-front tilting of the 

signal during non-collinear interaction with the pump pulses1,2,18,46.  According to ref. 2, 

the internal pulse-front tilt angle of the signal is expected to be �int = � 
3.5-4.0o, resulting 

in a large external tilt angle �ext 
 6.4 – 7.3o upon the exit from the KTP-crystal (relation 

tan(�int) = tan� = (	s/c).tan(�ext) was used; 	s=c/1.8196 for ~1300-nm centered e-signal).  

The signal angular dispersion caused by the pulse-front tilt can be removed by tilting the 

pump pulses by a proper angle2, as we will show below.  Compensation of effects 

introduced by the divergence of the seed beam, however, may require more complicated 

approaches (e.g. use of micromachined mirrors45).   

 

 
Fig. 14.  Phase matching curves for non-collinear OPA in KTP (xz-plane, type II, e-

signal + o-idler = o-pump) at signal-pump non-collinear angles 3.5o, 4.0o and 4.43o. 

The dashed line represents the direction of the pump beam in the KTP crystal 

(�=48.8o).25  Reprinted with permission from: Isaienko, O. and Borguet, E., 

Generation of ultra-broadband pulses in the near-IR by non-collinear optical 

parametric amplification in potassium titanyl phosphate. Optics Express  16(6), 

3949-3954 (2008).  Copyright 2008, Optical Society of America 



 119 

3.3.  Non-collinear optical parametric amplification of the near-IR pulses in 

potassium niobate and lithium niobate (Temple University) 

This Section is partially based on the data and results published in the following paper: 

Isaienko, O. and Borguet, E., Ultra-Broadband near-IR Non-Collinear Optical Parametric Amplification in 

Potassium Niobate and Lithium Niobate, in Conference on Lasers and Electro-Optics/International 

Quantum Electronics Conference. 2009, Optical Society of America. p. CFC7. © 2009 Optical Society of 

America 

In the previous section, we described how we extended the NOPA concept into the near-

IR wavelength region.  However, the method of near-IR NOPA can be applied to other 

nonlinear materials.  Lithium niobate (LiNbO3, LNB) and potassium niobate (KNbO3, 

KNB) are especially attractive materials for several reasons, including relatively high 

nonlinearity coefficients (d22=2.46 pm/V and d31= -4.64 pm/V for LNB; d33= -12 

pm/V47,48). In addition, lithium niobate crystal is a readily available nonlinear material 

with a well-developed growth procedure.  LNB and KNB have been used as efficient 

nonlinear crystals for generation of fs-pulses in the ~2-4 �m wavelength region28,47.  The 

possibility of non-collinear phase matching in MgO-doped LNB has been studied49, 

however the bandwidth of the amplified IR pulses was limited by the narrowband seed.  

The potential of these crystals for ultra-broadband generation in non-collinear OPA, 

when seeded with continuum, has not been fully explored, even though attempts have 

been mentioned in the literature50. We will demonstrate the generation of ultra-broadband 

near-IR pulses from 800-nm pumped NOPA based on bulk KNB and congruent LNB (c-

LNB) crystals.  The pulses cover the 1100-1600 nm wavelength region with bandwidths 

>2900 cm-1, corresponding to a transform-limit ~9 fs, as phase matching calculations 

predict.   
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3.3.1.  Phase matching in KNbO3 and congruent LiNbO3   

The dispersive properties of c-LNB and KNB allow group velocity matching between the 

near-IR signal and the faster mid-IR idler pulses in a non-collinear geometry when 

pumped at or around 800 nm, thus increasing the bandwidth of OPA process15.  In 

particular, the group-velocity dispersion of these materials equals zero at 1.92 �m15 for 

LNB and ~1.98 �m for KNB51.  Thus, we expect group-velocity matching between the 

near-IR signal and the mid-IR idler in these materials15.  

 

For KNB, the most efficient phase matching with 800-nm pump occurs in the ZX-plane 

(= 0o, � can vary).  Here, the optical axes XYZ of this mm2-symmetry biaxial crystal 

are assigned to the crystallographic axes, abc, in the following order: X, Y, Z, � c, a, 

b52,53.  Another assignment of optical axes is also generally used for potassium niobate, 

namely Y,X,Z � (-a), b,c28,47.  Unfortunately, we could not find a generally-agreed 

assignment for this crystal in the literature (the two assignments can be even used by the 

same authors at different times, compare phase matching curves in ref. 52 and 47)  

Nevertheless, all phase matching calculations should be consistent as long as the 

assignment of axes is used consistently.54 Thus, we decided to use the assignment that is 

implemented in the SNLO software21, namely X, Y, Z, � c, a, b. 

 

For congruent LNB (c-LNB), a uniaxial crystal, the selection of phase matching plane is 

straightforward (contrary to KNB).  The most efficient type-I phase matching occurs in 

the (-Y, Z)-plane (= –90o, � can be varied)48,55.   
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Fig. 15.  Phase matching curves for type I optical parametric amplification in potassium niobate (left) 

and congruent lithium niobate (right) pumped at 800 nm, at corresponding internal signal-pump non-

collinear angles �.  Upper schemes: corresponding non-collinear geometry of pump and signal showing 

the non-collinear angle � and beam orientations with respect to the crystal axes; double arrows show the 

directions of polarization for signal and pump.21  Reprinted with permission from Isaienko, O. and 

Borguet, E., Ultra-Broadband near-IR Non-Collinear Optical Parametric Amplification in Potassium 

Niobate and Lithium Niobate, in Conference on Lasers and Electro-Optics/International Quantum 

Electronics Conference. 2009, Optical Society of America. p. CFC7.  Copyright 2009, Optical Society 

of America 

 

Phase matching curves (Fig. 15) for the two crystals, calculated for type-I OPA (800-nm 

pump, o-signal + o-idler = e-pump), with the help of the SNLO software package21 show 

that a certain signal-pump non-collinear angle exists at which phasematching curves 

possess almost zero slope over a broad wavelength range (i.e., the phase matching angle � 

varying only within ~0.3o).  Thus simultaneous amplification of near-IR white-light (WL) 
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continuum in the ~1100-1600 nm wavelength region is expected from a NOPA based on 

these crystals.  

 

3.3.2.  Experimental realization of near-IR NOPA based on bulk LiNbO3 and KNbO3 

The experimental setup for the realization of an ultra-broadband near-IR NOPA based on 

KNB or c-LNB crystal is very similar to that for KTP-NOPA (Fig. 16), with the 

difference of the external, and correspondingly, internal signal-pump non-collinear angles.  

The source of 800-nm pulses (~150-fs, 1 kHz, 200-500 �J) is the oscillator/regenerative 

amplifier system (Alpha-1000, BMI-Coherent), described earlier.  The KNB crystal 

(2.46-mm thick, VLOC) is cut for phase matching in ZX-(BC-) plane at �=38o, and the c-

LNB crystal (2-mm thick, CASIX) is cut for phase matching in (-YZ)-plane at �=48o.  A 

small portion of the 800-nm pulse energy (~5 �J) is used to generate WL continuum 

pulses from a 2-mm thick sapphire plate.  Before the nonlinear crystal, the pump pulses 

are passed through two SF18-prisms in order to stretch them from ~150-fs to ~400-500 fs 

for better temporal overlap with the WL seed pulses 25.  The energy of the pump pulses at 

the nonlinear crystals is ~35 �J, and the peak intensity is ~150 GW/cm2, below the 

reported damage thresholds.28   The external non-collinear angle between the signal seed 

and pump pulses was ~5o for KNB-NOPA and ~4o for c-LNB-NOPA, corresponding to 

internal non-collinear angles of ~2.4-2.5o for KNB and ~1.9-2.0o for c-LNB, respectively.  

The internal phase matching angle for the pump pulses was �~38.5o for KNB and ~49.0o 

for c-LNB (Fig. 15).   The amplified signal pulses were collimated with a spherical 

mirror and sent to either a spectrometer or a compressor/autocorrelator system.  Spectral 

characterization of the signal pulses was carried out by measuring the second-harmonic 
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(SH) spectra off the surface of a 2-mm thick polycrystalline ZnSe crystal25,40 with a CCD 

spectrograph, by doubling the wavelength axis and extracting the square root of SH 

intensity.  Compression of the near-IR signal pulses was carried out in a fused-silica 

Brewster-cut prism pair, similar to the compression of pulses from KTP-NOPA25. 

 

 

Fig. 16.  Experimental setup for near-IR NOPA based on KNB or c-LNB: BS, 

beamsplitter; DS, delay stage; F, long-pass filter; FM, flip-mirror; HWP, half-

wave plate; L, lenses; NLC, nonlinear optical crystal (KNB or c-LNB); P-

ZnSe, polycrystalline ZnSe crystal; S, 2-mm sapphire plate; SF18, equilateral 

prisms; SM, spherical mirrors; WL, white-light continuum.  Double arrows 

and dotted circles represent polarization of the beams in and normal to the 

plane of the drawing, respectively.   

 

Spectra of the near-IR signal pulses from both KNB-NOPA and c-LNB-NOPA are shown 

in.  Both NOPA’s provide ultra-broadband near-IR pulses covering ~1000–1600 nm 

wavelength region (Fig. 17(a)) with a bandwidth >2900 cm-1, or ~87 THz, corresponding 

to a transform limit ~8–10 fs, even broader than from periodically-poled crystals56,57.  

The energy of amplified signal pulses from the KNB-NOPA is typically ~3-3.5 �J, and 



 124 

~1-1.5 �J from the c-LNB-NOPA (corresponding to photon conversion efficiencies of 

~13.5% and ~5.3%, respectively).  These conversion efficiencies, as well as the relative 

spectral intensities are in agreement with the calculated values of effective nonlinear 

coefficients (~(-4.2) pm/V for c-LNB and ~6 pm/V for KNB)21.   

 

  

Fig. 17.  Characterization of the ultra-broadband near-IR pulses from the NOPA based on c-LNB and KNB 

crystals: (a) Spectra of near-IR pulses from KNB-NOPA (dashed blue line) and c-LNB-NOPA (solid red 

line) derived from SH-spectra measured at same integration times of the CCD camera from the 

polycrystalline ZnSe.  (b) Autocorrelation of amplified signal pulses from c-LNB-NOPA measured on a 

300-�m BBO crystal (red dots) together with a sech2-fit yielding ~38.3 fs pulsewidth.  Reprinted with 

permission from Isaienko, O. and Borguet, E., Ultra-Broadband near-IR Non-Collinear Optical Parametric 

Amplification in Potassium Niobate and Lithium Niobate, in Conference on Lasers and Electro-

Optics/International Quantum Electronics Conference. 2009, Optical Society of America. p. CFC7.  

Copyright 2009, Optical Society of America 

 

Compression of the ultra-broadband near-IR pulses provided ~38-fs pulsewidth (Fig. 

17(b)).  Such long pulse durations (~3.8xTL) can be attributed to uncompensated pulse-

front tilting (PFT) of signal pulses in non-collinear geometry, similar to the output of the 

ultra-broadband KTP-NOPA (sub-section 3.2.4)25,26.  In the next section, we briefly 

describe the phenomenon of PFT and how we compensate for it.   

a) b) 
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3.4.  Further compression of ultra-broadband near-IR pulses via pulse-front 

matching (Temple University) 

This section is partially based on the data and results published in the following paper: 

Isaienko, O. and Borguet, E., Pulse-front matching of ultrabroadband near-infrared noncollinear optical 

parametric amplified pulses. J. Opt. Soc. Am. B  26(5), 965-972 (2009). © 2009 Optical Society of 

America 

Pulse-front mismatch, which occurs in femtosecond-pumped non-collinear OPAs, is a 

spatio-temporal phenomenon that affects the quality of the amplified signal beam, and 

eventually its compressibility26.  the mismatch between the beam diameters (hundreds of 

microns) and the physical length of femtosecond pulses (tens of microns) induces tilting 

of the pulse-front of the amplified signal beam, which in turn leads to angular dispersion 

(via spatio-temporal coupling) and uncompressibility of the pulses18,58-60. 

 

The method of pulse-front matching (PFM) removes the mismatch of the fronts of beams 

by tilting the front of the pump pulse to match the front of the signal seed beam (Fig. 18).  

The method was applied by the Kobayashi group to correct the pulse-front tilt of the 

visible pulses from the blue-pumped BBO-NOPA1-3,18.  Later, it was shown to work 

effectively for the high-energy NOPA of the visible pulses with short-pulse pumping61,62.  
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Fig. 18.  Left:  Occurrence of pulse front tilt of amplified signal pulses in non-collinear 

optical parametric amplification with ultra-short pulses, leading to angular dispersion.   

Right:  The scheme of pulse-front matched NOPA; the pump pulse front is pre-tilted to 

match the pulse front of the signal pulses.26    

 

We applied the method of PFM to the near-IR NOPA based on KTP crystal.  By 

measuring the spectra of the amplified near-IR signal across the beam cross-section, we 

showed that we can suppress the angular dispersion of the amplified signal significantly 

over the entire spectral bandwidth26 (Fig. 19(a)).  As a result, pulse front matching 

allowed us to compress the near-IR pulses from KTP-NOPA further to ~25 fs (Fig. 19(b)).   



 127 

 

 

 

Fig. 19.  Output of the pulse-front matched KTP-NOPA.  (a) Center-of-mass 

wavelengths of the signal pulses vs. the exit angle for the non-PFM (open circles) and 

PFM (triangles) signal outputs;  dashed line corresponds to the calculated angular 

dispersion of the signal pulses arising from non-collinear geometry between the seed 

and non-tilted pump pulses for internal non-collinear angle �int=�int =4.0o, Eqns. (2,3) 

were used.  The solid line is a guide to the eye.   (b) Autocorrelation of compressed 

signal pulses on a 300-�m thick BBO-crystal (triangles) and sech2-fit (dotted curve).  

Inset: A typical SH-spectrum of the amplified signal pulses from the PFM-NOPA.26 

Reprinted with permission from: Isaienko, O. and Borguet, E., Pulse-front matching 

of ultrabroadband near-infrared noncollinear optical parametric amplified pulses. J. 

Opt. Soc. Am. B  26(5), 965-972 (2009). Copyright 2009, Optical Society of America. 

 

a) 

b) 
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We also have applied the method of PFM to correct the angular dispersion of the near-IR 

signal pulses from the double-stage LNB-KNB-NOPA (Fig. 20). In this case, the 

spectrum is narrower (���~2200 cm-1) compared to the bandwidths generated from the 

single-stage NOPA’s (Fig. 17(a))  The relative narrowing can be explained by the partial 

chirping that the near-IR pulses undergo in the lithium niobate crystal and other optics 

before arriving at the second NOPA-stage in KNB.   

 

 
Fig. 20.  Schematic of the two-crystal NOPA based on successive amplification in LNB and KNB, with 

pulse-front matching implemented at the both crystals.  Pulse fronts of the signal and pump beams are 

shown.  

 

 
 

Fig. 21.  Spectrum of near-IR pulses generated from the two-stage LNB-KNB-NOPA with PFM (left) and 

autocorrelation of these pulses (right) on a 30 �m thick BBO crystal (empty circles), together with sech2 

(red dotted line) and Lorentzian (solid blue line) fits.    
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The compression of the amplified signal leads to pulse durations <22 fs, which is <2xTL  

(compare to ~3.8xTL for non-pulse front matched LNB-NOPA, Fig. 17(b)).  We also 

note that the autocorrelation of the signal pulses after the KNB crystal is fit to a 

Lorentzian (��Lorentz~16 fs) much better than to a sech2-function (��sech2~21 fs) (Fig. 21).  

Such a behavior can be explained by the exponential-like shape of the near-IR pulse 

spectrum at the edges.   

 

3.5.  Extension of the near-IR NOPA concept to higher pulse repetition rates (in 

collaboration with Peter Vöhringer, University of Bonn, Germany) 

This Section is partially based on the data and results published in the following paper: 

Isaienko, O., Borguet, E., and Vohringer, P., High-repetition-rate near-infrared noncollinear 

ultrabroadband optical parametric amplification in KTiOPO4. Optics Letters  35(22), 3832-3834 (2010).  

© 2010 Optical Society of America 

This part of the project was done during my visit to the group of Prof. Peter Vöhringer, 

University of Bonn, Germany, while supported by a fellowship from the German 

Academic Exchange Service (DAAD).  Briefly, the broadband IR laser sources, including 

those developed in our laboratory at Temple University, operate at the relatively low 

repetition rate of 1 kHz (one thousand optical pulses each second).  However, for many 

applications, higher repetition rates are desired as they enable faster data acquisition 

combined with superior signal-to-noise ratios.  In collaboration with the Vöhringer group, 

we were able to demonstrate that the principles behind broadband IR generation 

developed earlier at Temple University25, can be realized at a much higher repetition rate 

of 250 kHz7.   
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A particular challenge of this project was to find proper conditions for the efficient 

generation of broadband near-IR continuum, since for high-repetition rates, the energy 

per pulse available is relatively low (few �J per pulse).  The latter makes the focusing 

conditions of 800-nm beam very crucial for achieving considerable conversion 

efficiencies and good spatial beam profiles.  In the process we performed one of the first 

investigations of the broadband near-IR continuum generation at a high repetition rate at 

wavelengths longer than ~1200 nm (Fig. 22), and found that, similar to kilohertz 

repetition rates6, the efficiency of the continuum generation goes through a maximum at a 

certain optimal focal length of the lens focusing 800-nm beam into sapphire.     

 

The non-collinear optical parametric amplification was achieved in KTP at various 

signal-pump non-collinear angles.  Similar to the KTP-NOPA operating at 1 kHz, the 

ultra-broadband pulses are generated from the 250-kHz KTP-NOPA in the ~1050 – 1600 

nm wavelength range.  The bandwidths in the latter case are somewhat narrower, mostly 

due to the absence of the divergence in the seed beam, as well as lower peak pulse 

intensities than those achieved in the 1 kHz system, leading eventually to gain narrowing.  

Nevertheless, tuning of the ultra-broadband near-IR pulses could be achieved by rotating 

the KTP crystal and adjusting the angle between the pump beam and the crystal’s optical 

axis (Fig. 23).  The signal beam power values measured at various crystal angles (Fig. 23, 

upper graph) suggest ~10% pump-to-signal conversion efficiencies7 at the maximum of 

the tuning curve.   
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Fig. 22.  Near-IR portion of the WLC obtained with different focal length lenses for 

imaging pump beam into a 2-mm sapphire plate7. The onset of digital noise at longer 

wavelengths reflects the limited dynamic range of the FTIR spectrometer.  All spectra 

have been corrected for the detector sensitivity, the RG-1000 filter transmission and 

the finite frequency resolution of the FTIR spectrometer.  Reprinted with permission 

from: High-repetition-rate near-infrared noncollinear ultrabroadband optical 

parametric amplification in KTiOPO4. Optics Letters  35(22), 3832-3834 (2010).  

Copyright 2010, Optical Society of America. 

 

A few interesting observations can be made about the spectra from the 250-kHz NOPA.  

First of all, even though the spectral density of the near-IR continuum falls off 

exponentially towards 1600 nm and longer wavelengths, we are still able to amplify 

signal spectra at �>1500 nm.  This may be due to lowering of the threshold of the 

parametric process at these wavelengths as a consequence of signal-idler group-velocity 

matching.  A similar effect was observed in the case of non-collinear (off-axial) OPG in 

the visible spectral range in blue-pumped BBO63,64 (see discussion in Section 2.4).   

Second, at a certain phase matching angle, amplification of signal wavelengths even 
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beyond the degeneracy point is observed (�>1600 nm).  Interestingly, such amplification 

of idler wavelengths on-axially in the signal seed beam is more typical of type-I OPA, 

where signal and idler become indistinguishable around the degeneracy point.  However, 

we observe it in type-II KTP-NOPA.  The reason for this is not clear.  However, such an 

observation suggests a possibility of on-axial amplification of mid-IR frequencies in 

KTP-NOPA, if they are present in the seed beam.  Third, we can achieve such 

bandwidths around the degeneracy point that we can observe simultaneously the 

absorption features corresponding to water vapor overtones (~1400 nm, or 7200 – 7400 

cm-1 65) and [stretch+bend] combination modes (~1850 nm, or 5200 – 5400 cm-1 65).  This 

suggests that the high repetition rate near-IR NOPA can be used for ultra-broadband 

atmospheric sensing.   

 
Fig. 23.  Normalized spectra of amplified signal pulses at various phase matching angles 

of the pump beam after KTP crystal (internal non-collinear angle ~3.0o)7.  The fine 

structures around 1400 nm and 1850 nm (indicated with thick arrows) are due to the 

water vapor overtone and combination band absorptions respectively.  Upper graph: 

signal beam power versus corresponding center-of-mass wavelengths.   
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Finally, we note that we could compress the 1000-cm-1 broad near-IR pulses to ~23 fs7.  

We believe this is one of the first near-IR NOPA’s investigated at a high (>100 kHz) 

pulse repetition rate.   

 

Conclusions: 

We have discussed the main limitations of BBO crystal towards applications of the ultra-

broadband non-collinear phase matching in the near-IR.  We showed that for non-

collinear OPA to be applied successfully to generate ultra-broadband pulses over the 

entire signal tuning range, the zero value of group velocity dispersion of the nonlinear 

crystal has to occur at a wavelength longer than the signal spectral range.  We showed 

that potassium titanyl phosphate, a widely used nonlinear optical material, has optical 

properties favorable for non-collinear OPA of the near-IR pulses when pumped at 800 

nm.  We described the experimental realization of the near-IR NOPA in bulk KTP, and 

showed generation of pulses with bandwidths >2500 cm-1.   

 

In addition to KTP, we have been able to experimentally demonstrate efficient NOPA of 

ultra-broadband near-IR pulses in bulk lithium-niobate and potassium niobate crystals.  

These crystals enabled generation of pulses as broad as ~3000 cm-1 in the near-IR range. 

 

We also briefly discussed the application of pulse-front matching technique to further 

pulse compression of the non-collinearly amplified signal pulses, resulting in generation 

of pulses with ~20-25 fs durations.  In addition, we described the extension of the near-IR 
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NOPA technology into high pulse repetition rate regime (250 kHz), done in collaboration 

with the group of Prof. Vöhringer.   

 

In the next Chapter, we will describe how the non-collinear OPA of the near-IR signal 

pulses allows us to generate ultra-broadband IR idler pulses in the range 2 – 3.5 um, 

which we eventually apply to the spectroscopy of mineral/water interfaces.   
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CHAPTER 4.  ULTRA-BROADBAND MID-IR (1.8 – 4 �m) PULSES 

VIA NON-COLLINEAR OPTICAL PARAMETRIC 

AMPLIFICATION (TEMPLE UNIVERSITY) 

 

 
 
Abstract: 

The principle of energy conservation for the process of optical parametric amplification 

necessitates that the bandwidths of idler and signal pulses be equal.  This principle allows 

us to generate ultra-broadband mid-infrared idler pulses in the frequency range ~2900-

6000 cm-1 (1.8 – 3.3 �m) from a 800 nm pumped non-collinear OPA for which 

broadband phasematching in the near-IR signal arm is allowed.  We describe several 

implementations of this approach carried out in our laboratory at Temple University, 

using various nonlinear optical materials such as potassium-titanyl phosphate, potassium 

niobate and lithium niobate.   
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4.1  Generation of broadband IR pulses by optical parametric amplification 
 
The generation of tunable infrared pulses via optical parametric generation/amplification 

has become a very popular method for various applications including ultrafast 

spectroscopies (Chapter 1).  In particular, the use of 800 nm pulses from Ti:sapphire 

ultrafast lasers as pump beam in OPA setups creates the possibility to directly generate IR 

idler pulses tunable in the ~3 – 6 �m region from nonlinear crystals that are phase 

matchable in the mid-IR region (e.g. KTiOPO4, KNbO3, LiIO3, …), by down-converting 

the frequency of 800 nm photons1.  In this case, the mid-IR idler pulses are generated 

during optical parametric amplification of near-IR pulses (~1.0 – 1.5 �m) pumped with 

800-nm pulses; the energy conservation principle leads to the requirement that the 

bandwidths of the signal and idler be the same (Fig. 1).  The latter can be shown by 

differentiating the energy conservation equation 

�p = �s + �i                                                              (1) 

with the assumption that pump is monochromatic (��p�0).  Such operation leads to a 

relation ��i = –��s, or |��i|= |��s|.     

 

Typically, the bandwidths of IR pulses from collinear OPA’s (such as commercial OPA’s 

based on 800-nm pumped BBO crystal) are limited to a several hundred wavenumbers.  

The main reason for such limitation is the group-velocity mismatch between signal and 

idler pulses (Chapter 2).  The limitation of the maximum bandwidth, in turn, limits the 

shortest achievable pulsewidths to ~50 fs1,2 
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Fig. 1.  Energy diagram for optical parametric generation/ 

amplification.  While �s0 and �i0 denote the central frequencies of 

the signal and idler respectively, �s1 and �i1 denote frequencies of a 

pair of complementary photons.  For each signal photon amplified 

within the allowed phase matching bandwidth, a complementary 

idler photon has to be generated, thus the bandwidth of idler has to 

be equal to that of signal. 

 

Recent advances in ultra-broadband optical parametric amplification in the near-IR with 

pump at 800 nm3-6 have led to production of much broader idler pulses in the mid-IR7.  

The basic idea behind the approach is that the broadband idler will be generated 

whenever conditions for the amplification of broadband signal at the complementary 

wavelength are achieved.  According to the relation between the bandwidth of OPA and 

the group velocities of beams in the crystal (Chapter 2), the ultra-broadband amplification 

of signal is achieved when the group-velocities of signal and idler pulses are matched in 

the nonlinear crystal1,8-12.   

 
Dispersive properties of certain nonlinear crystals, such as potassium niobate, lithium 

nobate, potassium-titanyl phosphate, lithium iodate etc., create favorable conditions for 
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generation of broadband idler pulses in the ~3-5 um range.3,4,7  These materials have zero 

group-velocity dispersion occurring at wavelengths close to ~1.8 – 2 um.  Thus, when 

pumped at 800 nm, there will be pairs of signal+idler wavelengths at which the group 

velocity of signal matches that of idler (similar to BBO, see Fig. 2 in Chapter 3).  For 

materials such as potassium niobate, lithium niobate, potassium-titanyl phosphate, etc., 

this situation occurs at signal wavelengths ~1000 – 1100 nm (for the case of collinear 

OPA).  These signal wavelengths correspond to the idler frequencies at ~2500-4000 cm-1 

in a 800-nm pumped OPA7.    Since the group-velocity matching results in the increase of 

signal amplification bandwidth, the idler pulses generated will be automatically 

broadband due to the energy conservation rule (Fig. 1, Eqn. 1).   

 

Using this method, the Cerullo group has generated ~1000 cm-1 broad IR pulses tunable 

from ~3 to 5 �m in lithium iodate, LiIO3
7.  The same group later achieved generation of 

even broader mid-IR pulses by using a specially designed fan-out periodically poled 

stoichiometric lithium tantalate (PP-SLT) crystal13.  The fan-out periodical poling enables 

fine tuning of the poling period when the crystal is translated normal to the beam 

direction; thus phase matching conditions can be finely tuned by adjusting the poling 

period, in addition to the “usual” angle tuning.  Pulses stretching from 2.7 �m to >4 �m 

(spectral coverage >1200 cm-1) could be achieved, and compression to ~25 fs was shown.   

These pulses seem to be the shortest pulses generated in the mid-IR range (~3.5 �m) via 

OPA to date.  In addition, compared to the use of four-wave mixing (Chapter 1, Section 

1.2.3), the generation of ultra-broadband IR via parametric amplification is much more 

efficient:  the Cerullo group used ~130 �J/pulse total output of the Ti:sapphire laser to 
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drive both stages of their broadband OPA to produce ~2 �J of mid-IR; while in order to 

generate ~1.5 �J of the mid-IR pulses by a third-order nonlinear interaction of 800 nm 

and 400 nm pulses in air, Fuji and Suzuki14 had to utilize the entire 1.8 mJ/pulse energy 

of their 800-nm front-end laser. 

 

There are several additional details that need to be considered for efficient broadband 

idler generation.  These include the following: 

 

1) In order to generate sufficient amounts of infrared idler light (pulse energies in the 

range of microjoules), at least two stages of OPA are required.  In such a configuration, 

the near-IR signal amplified in the first stage (typically, from white-light continuum) 

serves as signal seed in the second stage of amplification, in order to boost efficiencies of 

generated idler energies. 

 

2) The near-IR seed at the second (power-boost) OPA stage has to be broadband, in order 

for the idler to be broadband too.  We illustrate the importance of this statement with the 

following examples.  Tokmakoff and co-workers used a two-stage OPA in KNB at ~1.1 

�m of the signal wavelength, when pumped at 800 nm2.  This signal wavelength 

corresponds to ~3 �m for the idler pulse.  Both of the stages in the setup were in a 

collinear geometry, thus the pre-amplified signal pulses at the second stage had a 

bandwidth limited by the signal-idler group-velocity mismatch in the first KNB crystal.  

Thus, the amplified mid-IR idler pulses from the second stage had bandwidth ~400 cm-1.  

A similar cause for a relatively limited bandwidth of idler pulses (compared to the 
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bandwidth that is potentially allowed by phase matching) can be ascribed to the two-pass 

OPA setup in the work of Cussat-Blanc et al15.   However, when the near-IR signal pulses 

that seed the second (boost) OPA stage are amplified in the first stage in non-collinear 

geometry3,7, the idler from the second stage has bandwidths of ~1000 cm-1 7.   

 

We have achieved generation of ultra-broadband IR pulses at Temple University from 

various configurations of a double-stage non-collinear OPA.  In contrast to the 

experimental setup of the broadband OPA in the Cerullo group that employs a fan-out 

periodically poled SLT, we employ nonlinear crystals in their bulk (i.e. monocrystalline) 

forms.  As we discussed in Chapter 3, we have experimentally demonstrated that 

materials such as bulk potassium-titanyl phosphate (KTP), potassium niobate (KNB), 

lithium niobate (LNB) also provide conditions for broadband phase matching in IR4,16,17.  

Such crystals are much less expensive than periodically-poled crystals, whose production 

requires special engineering   In addition, phase matching predictions for periodically-

poled materials in some cases are not confirmed in experimental OPA setups18, while 

phase matching calculations for monocrystalline materials are more straightforward 

(since there is no dependence on the poling period). 

  

We demonstrate ultra-broadband IR generation via 800-nm pumped NOPA from several 

configurations of near- and mid-IR NOPA built at Temple University.  These include: 

(i) Two-stage KTP NOPA with divergent seed beams. 

(ii) Two-stage KTP NOPA with non-divergent seed beam. 

(iii) Two-stage NOPA based on LNB-KNB. 
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We describe the generation of ultra-broadband IR pulses in these setups and their 

characterization in more detail in further sections. 

 

4.2  Ultra-broadband IR pulses from a double-stage KTP NOPA with divergent seed 

beam (Temple University) 

This Section is partially based on the data and results published in the following paper: 

Isaienko, O. and Borguet, E., Ultra-Broadband Infrared Pulses from a Potassium-Titanyl Phosphate 

Optical Parametric Amplifier for VIS-IR-SFG Spectroscopy, in Ultrafast Phenomena XVI, P. Corkum, et 

al., Editors. 2009, Springer Berlin Heidelberg. p. 777-779 

 

Potassium titanyl phosphate allows for ultra-broadband phase matching in the near-IR 

from a white-light seeded NOPA pumped at 800 nm4 (Chapter 3.2).  In turn, such phase 

matching should allow for broadband IR idler generation automatically.  Making the 

near-IR seed beam divergent at the KTP crystal provides even broader phase matching.  

The approach of using a divergent seed in a potassium-titanyl phosphate crystal to 

generate broadband mid-IR pulses at ~2.4 �m was proposed as early as in 1994 by 

Kobayashi and Takeuchi19.  However, the seed and pump beams were interacting in the 

setup in collinear geometry which still limited phase matching bandwidth; the potential of 

KTP for ultra-broadband mid-IR generation was not fully explored.   

 

We demonstrate the generation of ultra-broadband mid-IR idler pulses by extending our 

approach of KTP-NOPA with the divergent near-IR seed4 to a two-stage amplifier16.   
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4.2.1 Experimental setup of the two-stage KTP-NOPA. 

The two-stage non-collinear optical parametric amplifier for generation of broadband 

near- and mid-IR pulses (Fig. 2) was constructed following the principles discussed 

above.  Because we did not have access to an appropriate spectrograph for the infrared 

pulses, we characterized the IR pulses by upconverting them with 800 nm pulses into the 

visible via sum-frequency generation.  When an efficient nonlinear material, such as 

polycrystalline ZnSe (P-ZnSe), is placed into the SFG setup, we get a convenient way of 

obtaining spectra of IR pulses.  An additional advantage of ZnSe in the polycrystalline 

form is that the phase-matching conditions are relaxed, and the bandwidths of processes 

of frequency conversion (i.e. SHG or SFG) are not limited.  Thus, P-ZnSe turned out to 

be a versatile nonlinear material to characterize spectrally both the signal and the idler 

pulses (Fig. 2).  

 

The 800 nm beam from the Alpha-1000 regenerative amplifier (described in more detail 

in Chapter 3, section 3.2.2) was split into four parts:  

1) ~5 mW (5 �J / pulse) to generate white-light continuum 

2) ~100 mW to pump the first KTP-NOPA stage 

3) ~200 mW to pump the second KTP-NOPA stage 

4) ~20 mW to serve as the upconverting pulse in the sum-frequency setup. 

 

The white-light (WL) continuum seed pulses were generated by focusing ~5 �J of 800 

nm into the 2-mm sapphire plate.  The seed beam was nearly collimated with a 25-mm 

spherical mirror (collimation with a lens would introduce an additional dispersion into the 
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near-IR beam) and was sent into the first KTP crystal.  In order to stretch the pump pulses 

(for improved temporal overlap with WL continuum pulses), two equilateral SF18 prisms 

(face size 2.5 cm) were used at an appropriate geometry to stretch the pump pulses going 

to both amplification stages, similar to the one-crystal KTP-NOPA4.  Reflections of the 

800 nm beam at the surfaces of the SF18 prisms were determined to be the major cause 

of loss of the total power of the 800-nm beam before the two KTP crystals (100+200 mW, 

compared to the initial beam power of ~500 mW).  At KTP-1, the internal phase 

matching angle for the pump was set at ~48-49o, the internal non-collinear signal-pump 

angle was adjusted to ~3.5-4.0o; the angular divergence of the WL-seed was created by 

slightly displacing the spherical mirror collecting the WL from the sapphire plate.  The 

near-IR white light continuum was amplified in the first KTP crystal, and the amplified 

ultra-broadband near-IR signal pulses (pre-amplified, or “pre-amp seed”) were sent to the 

second NOPA stage for further amplification and idler generation.  The collimation of the 

pre-amplified seed was done with a 200-mm spherical mirror, in order to avoid an 

additional dispersion on the near-IR pulses.   

 

The geometry of the pre-amp seed and pump at KTP-2, as well as the orientation of the 

second KTP crystal were as close as possible to that of the WL-seed and pump at KTP-1.  

Since the signal and idler beams were exiting the KTP-2 crystal at different angles, these 

beams were collimated separately for their characterization.   

 

The amplified signal could be collimated with a ~150-mm focal length BK7 lens (2 inch 

diameter).  Collimation of idler pulses was, however, less straightforward.  The idler 
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beam exits the crystal at a certain angle to the pump beam.  The visualization of the 

infrared idler beam is challenging, especially at lower amplification values.  We used a  

 

Fig. 2.  Optical setup for generation of broadband infrared pulses from the two-KTP NOPA16 and 

(inside the dashed contour) acquisition of the broadband SFG-spectra: KTP - 2-mm thick crystals 

(�=42o, �=0o); P-ZnSe – 2-mm thick polycrystalline ZnSe crystal; S – 2-mm thick sapphire plate; 

PBS – polarizer-beam splitter; HW – half-wave plates; SF18 – equilateral prisms; BS – BK7 

beam splitter; DL – delay line; CaF2 – 50-mm lens; all other optics -  BK7-based lenses,  flat and 

spherical mirrors.  Orientation of the z- and x-axes is shown.  SFG – idler-800nm sum-frequency 

generation from reference or samples (see text).  SHG – second-harmonic generation from the 

signal pulses.  Inset: side-view of the beam geometry in the sum-frequency setup.  Reprinted 

with permission from: Isaienko, O. and Borguet, E., Ultra-Broadband Infrared Pulses from a 

Potassium-Titanyl Phosphate Optical Parametric Amplifier for VIS-IR-SFG Spectroscopy, in 

Ultrafast Phenomena XVI, P. Corkum, et al., Editors. 2009, Springer Berlin Heidelberg. p. 777-

779.  Copyright 2009, Springer Berlin/Heidelberg.   

 

liquid crystal sheet (Edmund Optics) which changes its color from light green to dark 

blue when heat is applied.  These sheets allowed us to track the infrared beam, which 
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appeared as a dark spot on the sheet.  However, an even more serious problem with 

collimating the idler beam arises from the fact that idler has an angular dispersion due to 

non-collinear geometry at KTP-2 (see discussion in Chapter 3.1).  In order to capture and 

collimate as many diverging colors as possible, we used a 50-mm focal length (1 inch 

diameter) calcium-fluoride lens.  The lens material was chosen based on the high 

transmission of CaF2 in the IR region (>90% at �~0.3 – 6 �m).  

 

The spectra of the pre-amp seed and amplified signal were acquired by measuring their 

SHG-spectra in reflection off a P-ZnSe crystal (Fig. 2), similar to the one-crystal KTP-

NOPA4.  Idler beam was sent to the SFG-setup, and was focused at the P-ZnSe surface 

with another 50-mm (10 mm diameter) CaF2 lens.  Focusing with a short focal length lens 

was chosen to ensure that the visible upconverting beam spatially overlaps with all the 

colors present in spatially-chirped IR beam.  The second-harmonic spectra of signal, as 

well as sum-frequency spectra of idler were collected with a BWTEK CCD spectrometer; 

later on, we also characterized the SFG-spectra of idler with a CVI spectrograph and 

thermo-electrically cooled Andor CCD (that was used for SFG spectroscopy of 

interfaces).  Temporal characterization of the idler pulses was done by measuring their 

cross-correlation with the 800-nm probe pulses, and will be discussed separately in 

section 4.5 below.     

 

4.2.1 Spectral characterization of the two-stage KTP-NOPA. 

A spectrum of the pre-amp seed after KTP-1 is shown as a dashed line in Fig. 3, along 

with spectra of the signal after OPA in KTP-2 at different relative time delays between 
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the pre-amp seed and the pump pulses.  The pre-amplfied seed pulses are broad, covering 

the range from ~1100 to 1400 nm, which is slightly narrower than what was measured for 

signal from the single-stage KTP-NOPA4 (Chapter 3.2).  Although the pump pulses were 

stretched (from ~180 fs to >500 fs4, Chapter 3), it was not enough to compensate for the 

chirp of pre-amp pulses.  This conclusion becomes obvious as there is no pump-pre amp 

seed delay at which the entire spectrum of the pre-amplified signal is amplified.   Tuning 

of the signal SHG-spectra via the seed-pump delay excluded 1- or 2-photon fluorescence 

from ZnSe as the origin of the detected spectrum in Fig 3 (see section 3.2.3).   

 

 

Fig. 3.  SHG-spectra of the pre-amp seed (dashed line) and amplified signal pulses at 

different pump – pre-amp seed relative delays at KTP-2 (thick lines)16.  Reprinted with 

permission from: Isaienko, O. and Borguet, E., Ultra-Broadband Infrared Pulses from a 

Potassium-Titanyl Phosphate Optical Parametric Amplifier for VIS-IR-SFG Spectroscopy, in 

Ultrafast Phenomena XVI, P. Corkum, et al., Editors. 2009, Springer Berlin Heidelberg. p. 777-

779.  Copyright 2009, Springer Berlin/Heidelberg.   
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Idler spectra were derived from idler+800 nm SFG on P-ZnSe (Fig. 4).  The entire 

bandwidth of the pre-amp seed pulses could not be amplified at once, due to inability 

temporally overlap the chirped seed with the stretched pump at second KTP NOPA stage.   

As a result the idler spectra were obtained narrower than one would expect based on the 

pre-amplified seed spectrum.  To generate idler frequencies at higher wavenumbers 

(>5000 cm-1), we slightly adjusted the pump phase-matching angle � within ~1–2o.  The 

energy of the near-IR pre-amp seed pulse was measured ~2-3 �J, and that of the signal 

and idler pulses from KTP-2 was on the order of 11-14 �J and 4-5 �J, respectively, at the 

optimum performance, indicating ~3-4% energy conversion efficiency.   
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Fig. 4.  Spectra of the idler pulses from the second KTP crystal of the two-

stage NOPA with divergent seed obtained by adjusting the phase matching 

angle of the KTP crystals, as well as the delay between the pre-amplified 

signal seed and pump pulses at the second KTP-NOPA stage16.  Reprinted 

with permission from: Isaienko, O. and Borguet, E., Ultra-Broadband 

Infrared Pulses from a Potassium-Titanyl Phosphate Optical Parametric 

Amplifier for VIS-IR-SFG Spectroscopy, in Ultrafast Phenomena XVI, P. 

Corkum, et al., Editors. 2009, Springer Berlin Heidelberg. p. 777-779.  

Copyright 2009, Springer Berlin/Heidelberg.   

 

Since the spectra of signal and idler pulses were measured indirectly, we also performed 

additional tests justifying the use of nonlinear methods for spectral characterization of 

infrared beams.  We plot a signal spectrum on the frequency axis which is shown 

complementary to the idler frequency axis such that ��s=��p–��i (��p=12500 cm-1 for 800 nm 
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pump pulse), together with the idler spectrum measured at the same time (Fig. 5).  

Overall, the measured spectral coverage of the idler pulses is in good agreement with the 

expected frequency range of idler photons based on the signal spectrum and the energy 

conservation rule (Eqn.  1).  There is, however, a certain narrowing in the idler pulses at 

the higher frequency range.  This can be explained by the angular dispersion of the idler 

pulses, due to which the frequencies at both edges of the idler beam could not be 

efficiently collected in our setup simultaneously.   

 

 
Fig. 5.  Correspondence between the spectral ranges of the 

amplified signal and idler pulses.   

 

 

We performed another experiment which verified that we are observing sum-frequency 

of the IR idler.  As we measured SFG of idler pulses on P-ZnSe in a particular setting of 

the NOPA, we also measured SFG of idler pulses passing through either a very thin 

sample of parafilm, or an empty quartz cuvette (Fig. 6).  Parafilm has very sharp and 

intense absorption lines in the infrared (~2871 and 2917 cm-1, with the higher frequency 
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more intense) corresponding to vibrational absorptions of C–H stretches of the methylene 

groups, while quartz has silanol groups in the bulk of the material which give rise to an 

absorption peak at ~3672 cm-1 (see Chapter 5 for spectrum) which, compared to the 

entire probing region covering >1000 cm-1, is relatively narrow (���s�100 cm-1).  Insertion 

of these materials into the IR beam path introduces relatively sharp decrease in intensity 

of the IR spectrum at the corresponding frequencies due to absorbance of IR in the 

materials (Fig. 6, dotted lines).  Please note that these measurements were done in a 

slightly different modification of the two-stage KTP-NOPA (in particular, seed was not 

diverging, see below), thus the idler spectra appear somewhat narrower than for the 

divergent seeding (Fig. 4 and Fig. 5).    
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Fig. 6.  Normalized spectra of idler pulses from two-stage KTP-

NOPA.  Solid lines correspond to spectra directly from the NOPA, 

while dotted lines correspond to spectra of idler pulses after 

passing though either a thin parafilm sample, or an empty quartz 

cuvette.  The locations of dips are in agreement with the 

characteristic vibrational absorptions of these materials.  The 

relatively broad dip observed for insertion of parafilm is due to a 

limited resolution of the SFG-spectrometer used at the moment of 

measurement.  The frequency position of the dips may be slightly 

offset due to imperfect calibration of the CCD wavelength scale. 
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4.3.  Double-stage NOPA based on lithium-niobate and potassium-niobate (Temple 

University) 

Crystals such as LiNbO3 and KNbO3 , similar to KTP, are suitable for ultrabroadband 

phase matching in the near-IR17 (Chapter 3.3) .  We demonstrated generation of 

ultrabroadband mid-IR idler pulses from these materials in a double-stage NOPA, similar 

to the KTP-NOPA16.  We were able to implement several configurations with these 

crystals (e.g. with divergent seed at the nonlinear crystals, temporal stretching of the 

pump beams etc.).   Here, however, we will consider characterization of one of the latest 

implementations that has been used since ~April 2010 for sum-frequency spectroscopy of 

surfaces.  This configuration enabled us to maintain a good spatial profile of the IR idler 

beam, yielding a high signal-to-noise ratio in the sum-frequency spectroscopy of 

silica/water interface.  This is presumably due to a much better focusing ability of the 

broadband IR idler beam generated in such a way.   

 

4.3.1 Experimental setup and spectral characterization. 

The optical layout of the latest configuration of the LNB-KNB-NOPA (Fig. 7) is similar 

to that for the two-stage KTP-NOPA (Fig. 2).  The major differences from the original 

setup are: 

(i) near-IR seed beam is focused at both crystals simply with lenses, and the 

focusing is relatively loose (i.e. there is no additional introduction of an 

angular divergence above what is introduced by the focusing lenses); 

(ii) the ratio of the 800 nm beams going to various parts of the setup is different 

from that in the double-KTP NOPA.  In particular, the 800-nm beam power 
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directed to the SFG-setup is much larger.  This is because we use an 

interferometric narrowband filter to narrow down the 800 nm probe pulses for 

SFG spectroscopy (this filter typically reduces the power of the 800-nm beam 

by >90%;   

(iii) the external noncollinear angles between the signal and pump beams are less, 

because the internal noncollinear angles required for ultra-broadband non-

collinear phase matching are ~4.6o for LNB and ~5o for KNB, respectively 

(Chapter 3, Fig. 15).   

 

 

Fig. 7.  Optical setup of the LNB-KNB-based double-stage NOPA (shaded area 

inside of the dashed contour): HWP, half-wave plates; PBS, polarizer-beamsplitter; 

LPF, long-pass filters; SPF, short-pass filter; CCD, charge-coupled device camera 

with a grating spectrometer.20 
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Similar to the two-stage KTP-NOPA, the infrared idler beam generated from the 

potassium-niobate crystal was characterized spectrally by sum-frequency generation.  

However, in this case, as the seed beam was not as divergent as in the case of KTP-

NOPA, the amplification was observed narrower (which was the cost of maintaining a 

relatively good spatial profile of idler pulses for spectroscopy).  Nevertheless, we were 

able to tune the idler pulses over the entire 3000 – 6000 cm-1 frequency range.  Tuning 

was achieved by rotating the potassium niobate crystal over a total external angle of ~1-

2o, corresponding to ~1o change of the internal phase-matching angle, which indicates 

that KNB provided a high angular acceptance.   Also, adjustment of temporal delays 

between the signal and pump pulses at both crystals was required (especially pronounced 

for generation of lower-frequency idler spectra), which indicates that the near-IR seed 

underwent temporal stretching.  For each setting of the NOPA at which the idler spectra 

were acquired, the idler beam power was measured in parallel.  On an additional note, 

generation of idler down to ~2200-2500 cm-1 (>4 �m) is, in principle, expected from 

potassium niobate7,15; we believe the main reason that we were not able to tune the idler 

further into the IR than ~2800 cm-1 was the increased angular divergence of idler at 

longer wavelengths (Chapter 3, Fig. 1), which lead to inability to collect the longer 

wavelength colors with our present setup.   
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Fig. 8.  Broadband idler spectra from the second stage of the LNB-

KNB-NOPA shown in Fig. 7, together with the measured idler beam 

power values at various center-of-mass frequencies (empty squares)20. 

 

The broadband idler pulses generated from the second potassium-niobate NOPA stage 

(Fig. 8) could be tuned over the wide frequency range ~2800 – 5800 cm-1.  In principle, 

the spectrum centered at ~3400 cm-1 covers >1000 cm-1 (FWHM~700 cm-1).  Such a 

broad spectrum should support transform-limited pulse durations ~25-30 fs (for example, 

a Gaussian pulse with such a bandwidth has a transform-limit duration ~20 fs).  However, 

as we discuss in the temporal characterization sub-section, compression of idler pulses 

from the NOPA is not a trivial task.   

 

As can be noticed from Fig. 8, the spectra at lower frequencies (~3000 – 4000 cm-1) are 

narrower (FWHM~600-700 cm-1) than the allowed phase matching bandwidth of KNB 

(~1000 cm-1 for collinear OPA in KNB at �idler~4000 nm, see Fig. 15 in Chapter 3).  The 

idler narrowing was the result of a larger chirp of the near-IR pulses at the corresponding 
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wavelengths ~1050 – 1250 nm.  The effect of the chirp of white-light practically 

diminished for idler generation at higher frequencies (~4000 – 6000 cm-1), corresponding 

to the signal wavelengths ~1300 – 1500 nm, at which the group velocity dispersion of 

sapphire and fused silica is practically zero.  This explains why much broader idler 

spectra could be generated covering ~4300–5500 cm-1 (FWHM) than near 3400 cm-1 (Fig. 

8).  In principle, the suppression of the effect of chirp in the near-IR pre-amplified signal 

pulses could be carried out by either stretching the pump pulses, or by pre-compressing 

the amplified seed pulses.  As was mentioned before, the use of SF18 prisms was omitted 

to avoid any spatial effects induced into the pump pulses that could potentially lead to 

distortions in the generated mid-IR idler beam.  In addition, the use of the pair of SF18 

prisms results in a significant loss of 800-nm beam power, even though the beams are 

p=polarized4.  In principle, the use of surface-coated bulk pieces of high-dispersion 

glasses, such as SF10, SF14, or SF18, has the potential to effectively stretch the 800-nm 

pulses without loss of pulse energy.  Nevertheless, the bandwidth of the 3000 nm 

centered IR pulses was sufficient for the sum-frequency spectroscopy of aqueous 

interfaces (Chapter 5).  Please note also that the spectra generated from this configuration 

of NOPA (e.g. Fig. 8) are much smoother than the broadband idler from the two-stage 

KTP-NOPA with divergent seed (e.g. Fig. 2).   

 

4.4.  Broadband IR generation from KTP with non-divergent seed (Temple 

University) 

We have also tested the performance of the NOPA towards broadband IR generation with 

non-divergent seed in KTP crystals.  In the particular case investigated, the experimental  
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Fig. 9.  Broadband idler spectra from the two-KTP NOPA, together with the 

measured idler beam power values at various center-of-mass frequencies 

(empty squares). (N.B. Not all spectra shown) 

 

setup was the same as that for LNB-KNB-based NOPA, and even the external signal-

pump noncollinear angles were the same.  The only change was that half-wave plate 

HWP-2 was moved from the path of WL continuum generation beam into the pump beam 

arm in order to fulfill the phase matching conditions at the KTP crystals, namely: o-

pump=e-signal + o-idler, which corresponds to vertically-polarized pump and 

horizontally polarized signal for the horizontally-oriented XZ phasematching plane 

(Chapter 3, Figs. 5 and 11). 

 
 
A set of idler spectra obtained in the same way as for the LNB-KNB-NOPA is shown in 

Fig. 9, together with the corresponding idler beam power values.  The idler spectra are 

the broadest at ~3000 nm, which is explained by the behavior of phase-matching curves 

for our KTP-NOPA (Section 3, Fig. 5): at the internal non-collinear angle ~2-3o, the 
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region with the largest phase matching bandwidth is around 1100 nm.  This signal 

wavelength corresponds to idler wavelength 2900 nm, or 3400 cm-1.  For longer 

wavelengths, group-velocity matching is not achieved, and so amplified spectra are 

narrower.  Nevertheless, phase matching curves for KTP-NOPA suggest that broadband 

idler amplification at higher wavenumbers (e.g. 4000 – 5000 cm-1) can be achieved if the 

signal-pump non-collinear angle is increased.   

 

We have performed some initial sum-frequency generation spectroscopy of silica/water 

interfaces with the KTP-based NOPA.  However, since April 2010, we switched to the 

LNB-KNB-based NOPA.  The main reason was that the LNB-KNB-NOPA provided us 

with higher infrared beam energies, together with broader amplification bandwidths.  Still, 

KTP may be more advantageous in terms of its relatively higher damage threshold.   

 

4.5.  Temporal characterization of IR pulses from the two-stage NOPA 

One of the goals of generating broader pulses is to compress them to shorter durations. 

The ultrabroadband IR pulses from our non-collinear OPA should be compressible to 

durations on the order of ~25 fs.  Unfortunately, the non-collinear geometry of interacting 

signal and pump beams produces an amplified idler beam with an angular dispersion 

(Chapter 3, Fig. 1).  The presence of a spatial chirp in the beam makes it incompressible. 

In addition, the angular dispersion of the idler beam makes it challenging to 

homogeneously focus to a small spot on the sample surface.   
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As discussed in Chapter 3.1, the correction of angular dispersion has been previously 

applied to the broadband near-IR idler pulses from 400-nm pumped BBO-NOPA11,12,21,22.   

As we initially intended to use the ultra-broadband IR pulses for sum-frequency 

spectroscopy, we decided to use the pulses directly without correcting the spatial profile 

of the IR idler to maximize the available pulse energy, which would be essential for SFG 

where low intensity signals are typical.   

 

Still, it is important to know the temporal characteristics of the IR pulse, as well as how it 

behaves while arriving at the probed interface.  A particular concern for the broadband IR 

generation (as for broadband generation in other spectral ranges, e.g. visible, in general) 

is the dispersion due to the various optical materials through which the IR pulses pass.  It 

so happens that materials such as calcium fluoride, silica, and the nonlinear materials that 

we use in our OPA, have negative group velocity dispersion in the �>2000 nm region.  

Thus, the IR pulses typically arrive at the probed surface in the SFG setup with a negative 

dispersion.  The negative dispersion can be removed by making the IR pulses pass 

through a certain thickness of material that has a positive dispersion in the mid-IR2.  

Examples of such materials include silicon and germanium, and they have been used 

previously to compress negatively-chirped IR pulses2,13. 

 

We characterized the IR pulses temporally by measuring the time-resolved SFG with 

~130 fs 800-nm pulses from a thin sample of GaAs which has a high nonlinearity and 

generates the signal mostly from the surface where the two pulses overlap.  The reason 

for not using P-ZnSe crystal in this case is that zinc selenide has a very high value of 
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group-velocity dispersion at 800 nm, on the order of ~1200 fs2/mm (calculated based on 

the Sellmeier coefficients from the literature23, Appendix 4); due to this fact, the entire 

bandwidth of the IR pulses could be upconverted at a single value of the IR-800 nm pulse 

delay even when the femtosecond 800 nm beam was used at the SFG-setup (Fig. 4 and 

Fig. 5), as the ZnSe stretches the femtosecond 800nm pulse.   

 

 

Fig. 10.  Upper graph:  Spectra of broadband idler pulses from the 

LNB-KNB-NOPA at two different central wavelengths.  

Lower graph:  Corresponding group delays measured via time-

resolved SGF off the surface of a GaAs crystal, as a function of the 

center-of-mass idler frequency.  Inset: geometry of the beams at the 

GaAs surface; the IR-visible pulse delay �� is indicated.   
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The IR pulses exhibit a significant temporal chirp at the GaAs sample surface (Fig. 10).  

The chirp is expressed in the arrival of different frequencies within the IR pulse at 

different delays from the visible pulse.  The sign of the dependence of the group delay �	 

on the frequency suggests that the IR pulses are negatively chirped.  In other words, the 

shorter wavelengths (higher frequencies) arrive at the sample at earlier delays.  The chirp 

in the IR pulses leads to the cross-correlation width ~500-600 fs with the 130-fs 800 nm 

pulses.  Such chirping may be due to several factors:  

1) negative dispersion of the KNB crystal, collimating and focusing CaF2 lenses;  

2) the angular dispersion of the IR beam, which leads to temporal stretching of the pulse 

at the focus, similar to temporal stretching of the tilted pulses at the focal plane24;  

3) combination of the final diameters of the IR and visible beams and the non-zero angle 

between them, inducing additional broadening of the cross-correlation response25.   

 

In principle, the pulses should be compressible, provided that any spatial distortions are 

removed from the idler beam.  The most recent experiments, indicated that there is 

compression of IR pulses already occurring even without the correction of the angular 

dispersion, by simple insertion of several mm of silicon.  The temporal compression of 

the broadband IR pulses will be pursued in further projects.  Irregardless of the chirp in 

the IR pulses, we were able to acquire sum-frequency spectra from the silica/water 

interfaces by narrowing the spectrum of the visible pulses, and consequently stretching 

them temporally (Chapter 5).  Thus the ultra-broadband spectroscopy of the aqueous 

interfaces was performed with the idler beam directly generated from the NOPA, without 



 168 

correcting the angular dispersion.  The narrowing of the visible pulses improved the 

temporal overlap between the stretched IR and temporally-broadened (~700-fs26,27) 

visible pulses, while at the same time improving the spectral resolution (Chapter 5).   

 

 

Conclusion: 

We have described how the method of non-collinear phasematching can be applied to 

generation of ultrabroadband (�
�>1000 cm-1) mid-IR pulses in the frequency range 3000 

– 6000 cm-1.  We demonstrated the implementation of this approach in several optical 

materials such as KTP, LNB and KNB.   

 

 

We conclude the description of the generation of ultra-broadband IR pulses.  In the next 

Chapter, we describe how we apply to ultrabroadband IR pulses generated from our 

newly built NOPA to the spectroscopy of mineral/water interfaces.  We will consider the 

details of our sum-frequency setup, and demonstrate several technological advancements 

that we are introducing into the field of SFG spectroscopy of mineral/water interfaces. 
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CHAPTER 5.  ULTRA-BROADBAND VIBRATIONAL SUM-

FREQUENCY SURFACE SPECTROMETER BASED ON A NON-

COLLINEAR OPTICAL PARAMETRIC AMPLIFIER (TEMPLE 

UNIVERSITY) 

 
 
 
Abstract: 

We introduce the basics of nonlinear optical spectroscopic techniques.  As second-order 

nonlinear processes (e.g. second-harmonic generation, sum-frequency generation) 

forbidden in centro-symmetric media, the nonlinear signal is bound to occur only at the 

interfaces between two isotropic media such as water and amorphous silica.  The theory 

of the efficiency of sum-frequency generation from such interfaces is considered.  The 

theoretical considerations are followed by the detailed description of our ultra-broadband 

sum-frequency setup for mineral/water interfaces.  Spectra acquired from the hydrophilic 

and hydrophobic silica/water interfaces are provided and compared to the literature data.  

Finally, we describe acquisition of spectra of water molecules at silica over the entire 

spectral range ~2900 – 3800 cm-1 in a “single shot” (i.e. in a single acquisition of the 

CCD-spectrometer, without tuning the IR pulses).   
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5.1. Sum-frequency generation as a surface-specific vibrational spectroscopy 

technique 

Interfaces play a crucial role in the exchange of energy and matter in various physical, 

chemical and biological systems.  Examples of surfaces occurring in various natural 

systems include water/lipid interface at the cell wall1-3; contact between silicon and 

silicon dioxide4-7 (where accumulation of charges occurs); atmospheric surfaces8,9; the 

interface between two non-mixing liquids10; interface between water and its vapor 11-15.   

 

Surface science significantly advanced with the introduction of the second-order non-

linear optical methods as the surface-sensitive probes in the 1980’s16-22.  We already 

introduced second-order nonlinear optical phenomena, such as second-harmonic 

generation (SHG), sum-frequency generation (SFG), difference-frequency generation 

(DFG). in Chapter 1.  These phenomena are forbidden, in the dipole-moment 

approximation (explained below), in media with inversion symmetry.  The latter property, 

for example, forbids second-harmonic generation from occurring in the bulk of isotropic 

solids (e.g. glass) or liquids (e.g. water).  However, at the interface between two isotropic 

media the inversion symmetry is lost (at least in the direction normal to the interface), 

thus the nonlinear signal is bound to originate only from the interfacial region.  This 

property has made second-harmonic and sum-frequency probes indispensable tools for 

the characterization of various surfaces.   

 

One of the biggest advantage of NLO interface-specific spectroscopic methods over other 

surface techniques, such as attenuated total internal reflection FTIR spectroscopy, is that 
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the NLO signal is not sensitive to the overwhelming number of molecules in the bulk 

phases which are in contact with the interface (provided that the probing laser beams can 

be delivered to the interface to be probed).  Thus, ATR-FTIR spectroscopy, whose probe 

depth is defined as ~ 3
1 - 2

1 ��  of the probing wavelength (the penetration depth of the 

evanescent waves of the probing electric fields) is sensitive not only to the few layers of 

molecules at the interface, but also to thousands of layers within ~1-2 microns from the 

interface (for IR vibrations at �~3000 nm)23. 

   

On the other hand, the NLO spectroscopic methods are sensitive only to those molecules 

which are located at the very contact between the two media where the inversion 

symmetry is absent, or to those molecules that are oriented by the surface.  The thickness 

of such interfacial layer can be as thin as a single molecular layer24.  Such surface-

specificity is of great advantage, especially when one of the phases in contact is liquid 

water.  Thus there is no need toplace samples into evacuated atmosphere, for example, 

which is a typical requirement for techniques such as X-ray scattering spectroscopy9 or 

FTIR studies of adsorption of various gases on solid surfaces.    

 

NLO methods allow one to study the interfaces in their natural state, in situ, at 

atmospheric pressure; what’s even more important is that studies of buried interfaces are 

enabled by NLO methods, provided that the probing laser pulses can penetrate without 

considerable losses through at least one of the phases in contact.  Such condition is 

fulfilled in many cases, especially when the laser beams in the visible and IR ranges are 

employed to probe surface-specific vibraional spectra.  In contrast, for example, the X-



 174 

ray spectroscopy of liquid-liquid interfaces requires use of synchrotron facilities to 

provide appreciable beam energies due to material absorption in the X-ray region.  In 

addition, nonlinear optical methods are typically non-damaging, since appreciable signals 

can be generated without significant heat deposition.  This is in contrast to X-ray 

scattering techniques where heat damage is typically inavertible25.  Such a feature of 

nonlinear optical methods is of particular importance when biophysical interfaces, such 

as those between water and lipids, are studied.     

 

Second harmonic generation spectroscopy can be carried out in either off-resonant or 

resonantly-enhanced mode.  In the former case, the change of SH-response at a certain 

wavelengths (corresponding to the doubled frequency of the fundamental field) is probed 

as a function of various parameters, e.g. charging at the probed interface, that eventually 

change the effective �(2) of the surface.  If we refer to Fig. 1 a), in the case of off-resonant 

SHG, the energy levels �1 and �2 are virtual levels away from electronic or vibrational 

transitions.  For the resonantly-enhanced SH-spectroscopy, the laser frequency is 

typically tuned through the region of frequencies of interest.  The SHG signal is enhanced 

when either �0 or 2�0 is in resonance with absorption levels of the molecules at the 

interface, or a material resonance one of the interfacial media 15,26,27.     
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a) 
 

  

 

 

 

 

Fig. 1.  Energy diagrams and beam geometries for second-harmonic and sum-

frequency surface spectroscopies.  Energy diagram (a) and beam arrangement (c) for 

SHG spectroscopy of interface between media 1 and 2.   Similarly, energy diagram (b) 

and the beam geometry (d) for SFG spectroscopy are shown.  The region where the 

inversion symmetry is broken at the contact between media 1 and 2 is shown in (d). 

 
 

Sum-frequency generation spectroscopy employs two laser beams overlapped at the 

contact between the two surfaces (Fig. 1, b, d).  Typically, one of the frequencies is in the 

visible frequency range and is kept constant (�vis in Fig. 1, c), while the other laser beam 

is tuned through the region of frequencies of interest (�probe in Fig. 1).  A typical 

configuration, and the one that we employ in our experiments, is when the probe beam 

�probe is in the infrared region (e.g., ~3000 – 4000 cm-1).  When �probe is in resonance 

with vibrational transitions of interfacial molecular species (�0 � �1 in Fig. 1, d), the SFG 

signal (typically in the visible frequency range) is greatly enhanced.   Another possible 

b) 

d) c) 
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configuration of SFG spectroscopy is when the probe beam lies in the visible frequency 

range28.  In this case, the SFG signal is enhanced when �SFG coincides with electronic 

resonances of the interfacial species28. 

 

Vibrational SFG spectroscopy has become a powerful technique for the characterization 

of various surfaces.  The information obtained from vibrational features of various 

chemical groups, such as hydroxyls (O–H), amides N–H, carbonyls C=O, etc., provides 

information on the environment and characteristics of the interactions at the interface, 

similar to the vibrational spectroscopy of vibrations in the bulk with FTIR and Raman 

spectroscopies.  Among many others, sum-frequency vibrational spectroscopy has been 

applied to the studies of the following types of interfaces and interfacial processes: 

-air/water interface 11-13,29,30;  

-mineral-water interfaces (see below); 

-interfaces between immiscible liquids 10,31;    

-preferential adsorption of ions at the surfaces32-34; 

-buried polymer surfaces35; 

-catalytic surfaces and processes 36-38 

-corrosion processes 39. 

 

A particular interest has been to study interfaces between aqueous phases and various 

minerals such as silica40,41, alumina42-44, calcium fluoride45,46, rutile47.  Interfacial 

processes such as charging and metal ion adsorption/desorption define the behavior and 

role of these and other minerals in various geochemical phenomena.  
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Silica is the most common mineral in the earth’s crust, and the silica/water interface is 

one of the most ubiquitous.  At this interface, a variety of chemical species can be present 

depending on the conditions (e.g. pH of bulk water) (Fig. 2).  These include neutral 

surface bound hydroxyl groups – silanols (SiOH), deprotonated negatively charged 

hydroxyls (SiO-), and protonated positively-charged hydroxyls (SiO2
+).  Among our 

interests are:   

1) studies of the higher-frequency vibrational modes of water molecules at the surface of 

silica; 

2) interactions of the surface silanols with the phases in contact, e.g. water or air.   

 

 

Fig. 2.  Schematic representation of various species 

that can be present at the silica/water interface.  

 

Since the pioneering sum-frequency spectroscopy work by the Shen group48, the 

silica/water interface has been a subject of numerous nonlinear optical studies 40,41,49-54  

Additionally, sum-frequency spectroscopy has provided very important information on 

modified surfaces, such as hydrophobic silica55,56.  Additionally, sum-frequency 
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spectroscopy has been applied to study the adsorption of water and various 

atmospherically-relevant organic molecules from air onto bare silica surfaces57,58 

 
We have performed studies of adsorption of water on silica surface from the vapor phase.  

Our sum-frequency investigation of this process has provided us with additional data on 

the orientation of water molecules as the surface hydrates.  Our data has reproduced the 

earlier observations for silica/air surface with SFG-technique57,58, in particular, that even 

at relative humidites as high as 97%, the water molecules tend to adsorb in 

separate ”patches“, without hydrogen-bonding with the surface silanol groups.  What was 

not recognized, however, in the previous SFG-studies of the silica/air interface was the 

sensitivity of sum-frequency signal to the orientations of the probed oscillators.  Our 

analysis of the sum-frequency spectra suggests that at lower relative humidity (~20%), 

water adsorbs into less hydrogen-bonded states (with frequencies ~3500-3600 cm-1) with 

the orientation of hydrogen atoms in the opposite direction to the surface silanols (toward 

silica).  At high humidity, the adsorption of additional water molecules proceeds into 

lower-frequency, stronger hydrogen bonded states (~3300 cm-1), while the signal from 

less-hydrogen bonded water molecules remains almost unchanged.  The stronger 

hydrogen bonded molecules tend to preferentially orient their dipole moments in the 

same direction as the surface silanols (away from silica).  These studies are described in 

Chapter 6.   

 

We were able to reproduce the spectra from amorphous silica-water interface, namely the 

spectral structure around 3100-3500 cm-1, corresponds to hydrogen-bonded OH 

oscillators that have been the main focus of the sum-frequency vibrational spectra from 
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various aqueous interfaces.  More importantly, our sum-frequency setup has enabled us to 

detect the presence of a low-intensity spectroscopic feature at ~3700 cm-1 in the 

vibrational sum-frequency spectra of the OH stretches at silica/water.  Its persistence in 

the spectra from deuterium-diluted HOD water suggests that it is not due to asymmetric 

stretches of asymmetrically hydrogen-bonded water molecules as was suggested before48.  

Additional experiments (variation of pH of the aqueous solution; addition of salt) suggest 

that this mode corresponds to weakly hydrogen-bonded water molecules in very close 

proximity to surface.  The analysis of phases of various oscillators from the 

experimentally measured SF-spectra suggests that these molecules have a preferential 

dipole orientation (from oxygen to hydrogen atoms) toward the bulk water.  This study is 

described in Chapter 7.   

 

We have also been able to perform the first, to our knowledge, sum-frequency 

spectroscopic measurements of high-frequency vibrational transitions, e.g. combination 

and overtone modes of interfacial water molecules at silica surfaces.  This extension of 

sum-frequency spectroscopy has the potential to provide information on the 

anharmonicities of the interfacial hydroxyls.  In particular, we have observed SFG-

spectra of water (H2O) molecule [stretch+bending] combination mode at ~5000–5200 

cm-1.  Additionally, we were able to measure SFG spectrum of OD-stretch overtone that 

occurs around 5000 cm-1.  These results are presented and discussed in more detail in 

Chapter 8.  
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Additionally, we are motivated in extending the technical capabilities of the existing 

methods of sum-frequency spectrum characterization of mineral/aqueous interfaces.  

Since the vibrational frequency of various types of hydroxyls is sensitive to hydrogen 

bonding, the vibrational spectra of OH stretches can extend over several hundred 

wavenumbers.  This feature of water molecules leads to typically long SFG-spectrum 

acquisition times (~30 min), especially when a narrowband laser source is used to tune 

over the wide spectral region.  Since the introduction of the concept of broadband IR – 

narrowband visible SFG spectroscopy by Richter and colleagues59, the term “broadband 

SFG” itself referred to spectra obtained over the bandwidth of ~200 cm-1 .  While this is 

typically enough to cover the entire C-H stretch region for various long-alkyl chain 

surface-ordered systems60, it is much narrower than the typical hydrogen-bonded OH 

stretch region.  This limitation was se by the relatively limited bandwidth of available IR 

optical parametric amplifiers.  Very recently, the groups of Yan and Tahara have shown 

the multiplex acquisition of sum-frequency spectra of water molecules from air/water 

interfaces61,62.  However, in the case of the Yan group, the spectral acquisition of 

air/water interface was reported to be about 15 min, which becomes comparable with the 

scanning times with narrowband laser systems.  The air/water spectra obtained in the 

Tahara lab62 were reported to be acquired within a few minutes.  However, they contain 

significant noise due to the relatively narrow IR pulses from the collinearly-pumped OPA.   

 

We have been able to extend the concept of the broadband SFG acquisition to bandwidths 

of ~1000 cm-1 (for the case of the OH stretches); one of the key elements in our setup is 

the ultra-broadband IR non-collinear OPA (NOPA) that is described in Chapter 4.  We 
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demonstrate in the current Chapter the spectral acquisition of the OH stretches of water 

molecules at hydrophilic and hydrophobic silica surfaces simultaneously over the 

frequency range ~2900 – 3700 cm-1 in a single acquisition of the CCD detector (“single 

shot”).  Optimization of the detection sensitivity, combined with the total-internal 

reflection geometry SFG, allow us to perform such spectral acquisitions in only 1 minute 

or less.  We will show an example of application of our broadband spectrometer to track 

the kinetics of the water stretch response at the hydrophobic silica surface after exposure 

of the hydrophobic silica to organic solvents.  We believe our newly developed 

spectroscopic device can be applied to studies of various kinetic phenomena at other 

mineral/water interfaces (CaF2, alumina etc.). 

 

 

In this Chapter, we consider the surface sensitivity of second-order NLO spectroscopies, 

the effective nonlinearity of the interface and how it is dependent on various parameters 

of a sum-frequency spectroscopic experiment (i.e. the geometry of the beams at the 

interface, their polarizations etc.).  The theoretical discussion is followed by the 

description of our ultra-broadband SFG setup and the technological advantages that it 

provides, in particular, a high signal to noise ratio that enables measurements of low-

intensity vibrational modes.  In addition, the ultra-broadband IR pulses from our NOPA 

enable faster acquisition of SFG-spectra over the entire ~3000 – 4000 cm-1 frequency 

range without the need to tune the IR pulses.  Several examples of applications of the 

ultra-broadband SFG spectrometer will be provided. 
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5.2.  Surface sensitivity of SFG spectroscopy 

As already discussed in Chapter 1, second-order (more generally, even-order) NLO 

phenomena are forbidden in media possessing inversion symmetry.  The inversion 

operation rotates the vectors in the following way, for the case of second-harmonic 

generation (Chapter 1): PNL(x)= –PNL(-x), and E(x)= –E(-x) (Fig. 3).  As a consequence, 

the following expression is derived: 

�
(2).E(x).E(x) = –�(2).E(x).E(x),                                        (1) 

This is only possible when �(2)=0.  We can show this property of  media with inversion 

symmetry for other 2nd-order nonlinear phenomena, e.g. SFG, in a similar way.   

 

At the same time, the third-order nonlinearity of such media does not have to be 

necessarily equal to zero.  This is demonstrated with the example of third-harmonic 

generation.  In this case, the inversion operation acts on the nonlinear polarization and the 

driving electric field vectors the same way: PNL(x)= –PNL(-x), and E(x)= –E(-x).  

However, the nonlinear polarization is now cubic in terms of the driving electric field: 

PNL(x)= �(3).E(x).E(x) .E(x).                                                (2) 
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Fig. 3.  The action of the inversion operation on the vectors of the 

driving electric field )(ωE  and the nonlinear polarization NLP .   

 

This leads to the following connection between the nonlinear polarizations before and 

after the inversion operation: 

�
(3).E(x).E(x) .E(x)  =  –�(3).{–E(–x)}. {–E(–x)} . {–E(–x)},                     (3) 

which yields the following identity:   �(3)  =  �(3).   This means that the third-order 

nonlinearity can be non-zero in media with symmetry inversion.  In our experiments, the 

third-order response typically appears as intense coherent anti-Stokes Raman scattering 

(CARS) of the vis and IR pulses, or as the third harmonic of the IR beam.  Normally, 

these occur at a different frequency (e.g. ~400-500 nm for the CARS of the 800 nm and 

IR pulses 2�VIS-�IR) than the sum-frequency signal (~550 – 650 nm for SFG between 800 

nm VIS beam and ~5500 – 3000 cm-1 IR beam).  These signals typically can be separated 
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from the much weaker sum-frequency by the use of proper high-optical density 

interference filters. 

 

 

5.3.  Theory of IR-visible SFG spectroscopy  

5.3.1.  External-reflection and total-internal reflection geometries of the sum-frequency 

spectroscopy  

Typically, the IR and visible beam co-propagate in one of the contacting media and are 

combined at the probed surface (Fig. 4), while the sum-frequency signal is detected in 

reflection.  There are typically two types of polarizations for the beams used in 

experiments: either within the incidence plane (p-polarization), or normal to the incidence 

plane (s-polarization).  In principle, there are 2x2x2=8 possible combinations of linear 

polarization for the three beams.  However, for the case of contact between two media 

with inversion symmetry, only four polarization combinations can give non-zero signal in 

SFG spectra (see below). 

 

Two common configurations for the acquisition of sum-frequency spectra are (Fig. 5): 

1) SFG in external reflection geometry and 

2) SFG in total internal reflection (TIR) geometry. 
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Fig. 4.  Polarizations of the three beams in the SFG spectroscopy experiment.  

x,y,z axes are shown for the coordinate system that is conventionally assigned 

with respect to the interface and beams30,63  Dashed line indicates the normal to 

the probed interface.  (s and p denote polarizations of the beams normal to and in 

the plane of incidence, respectively.) 

 
The external reflection geometry (Fig. 5) occurs when the visible, IR and SF-beams 

refract from medium 1 into medium 2 (Fig. 5).  This occurs when the angles of incidence 

for the VIS and IR beams, measured from the normal to the surface, are less than the 

critical angle �c of the probed interface, defined from Snell’s law as  

1

2sin
n
n

c =θ     for n2<n1                                       (4) 

An example of the SF-setup in the external reflection geometry is a fused silica plate in 

contact with water.  Even though the index of refraction of silica is higher than that of 
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water in the most frequency range of transparency, due to refraction of the beams in the 

silica plate, the angles of incidence at the very silica/water contact will always be less 

than the critical angles.   

 

  

Fig. 5.  External reflection (left) and total-internal reflection (TIR, right) geometries 

of sum-frequency spectroscopy.  Dashed line indicates the normal to the surface.  x 

and z indicate the coordinate axes (y-axis is normal to the plane of the drawing, and 

travels away from the reader).   

 

The TIR-geometry SFG occurs when the angles of incidence of the VIS and IR beams are 

larger than the respective critical angles (Fig. 5, right).  In this case, all beams, including 

the generated SF-signal, are totally reflected from the probed interface.   

 

Typically, the external geometry provides much lower SF-signals than total internal 

reflection geometry.  Thus, relatively energetic laser beams are normally used with the 

external-reflection SFG (on the order of a few hundred �J/pulse30).  A particular 

advantage of SFG in external reflection geometry is that it’s much less sensitive to the 
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angles of incidence than TIR-SFG (for the latter, a precise adjustment of the incidence 

angles is desired, see below).  Additionally, for many surfaces, only the external-

reflection geometry can be implemented, such as for vapor/liquid water when the beams 

enter from the side of air30 (which is practically the only possible configuration for this 

interface).  The reason for collecting the SF-signal in reflection is that the SF-beam 

generated in transmission contains a much larger contribution from the bulk of medium 2 

due to the increased coherence length between the three interacting beams64.   

 

A typical configuration that makes use of TIR is when one of the phases in contact is 

shaped as a prism (for example, fused-silica hemicylinder)65.  With the prism, one can 

avoid the refraction of the VIS and IR beams as they approach the probed interface, and 

thus the beams can be brought at the surface between media 1 and 2 at angles larger than 

the critical angles.  We use TIR in our SF-spectroscopy measurements, since the pulse 

energies from our ultra-broadband NOPA are in the range of a few microjoules (Chapter 

4).  The TIR reflection geometry provides much higher sum-frequency signal magnitude 

compared to the external reflection geometry due to the enhancement of the so-called 

Fresnel factors (see below; Appendix 6).  This property of sum-frequency spectroscopy 

on the TIR geometry allows us to obtain significant signal levels even with the relatively 

low pulse energies.   In the next sub-section, we discuss various factors that influence the 

efficiency of SF-signal; this discussion is then followed by description of our 

experimental setup. 
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5.3.2.  Effective second-order nonlinearity of the interface in vibrational SFG spectra   

The intensity of sum-frequency signal is determined, among other parameters, by the 

effective nonlinearity of the interface �(2)
eff and the intensities of the input beams I(�IR) 

and I(�VIS)63: 

)()(
)()()(

sec8
)(

2)2(

111
3

223

VISIReff

SFGVISIR

SFGSFG
SFG II

nnnc
I ωωχ

ωωω
βωπω = .               (5) 

 
Here, n1(�x) is the index of refraction of beam at the corresponding frequency �x in 

medium 1, �SFG is the angle of reflection for the SF-beam (Fig. 5), c is the speed of light.   

 

Similar to the effective nonlinear coefficient deff for the nonlinear processes in 

birefringent nonlinear crystals (Chapter 1), the value of �(2)
eff is defined by the various 

components of the �(2) tensor.   Due to the symmetry properties of the interfaces at the 

contact between two centrosymmetric media, only the following components of the �(2)-

tensor survive for liquid, non chiral interfaces 30,63: 

�
(2)

xxz=�(2)
yyz , 

�
(2)

xzx=�(2)
yzy , 

�
(2)

zxx=�(2)
zyy , and                                                    (6) 

�
(2)

zzz 

These non-zero components define the following four linear polarization combinations 

that can yield non-zero SF-signal: SSP (the first letter stands for polarization of SF-beam, 

second – for the vis beam, and the third – for the IR beam); SPS; PSS and PPP30,63.  The 



 189 

non-zero components of the �(2)-tensor define the corresponding second-order 

susceptibilities for each polarization combination, according to the following 

expressions30,63:  

yyzIRIRzzVISyySFGyySSPeff LLL χθωωωχ sin)()()(,
)2( = ,                      (7) 

yzyVISIRyyVISzzSFGyySPSeff LLL χθωωωχ sin)()()(,
)2( = ,                      (8) 

zyySFGIRyyVISyySFGzzPSSeff LLL χθωωωχ sin)()()(,
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Here, �i are the incidence angles for the corresponding beams (i=VIS, or IR, Fig. 5), 

while the parameters Lxx(�i), Lyy(�i), Lzz(�i) are the Fresnel factors for each of the 

interacting beams.  For the SFG-wave, “angle of incidence” is essentially the angle of 

reflection �SFG=�SFG, since there is no incident SFG beam from medium 1 (Fig. 5).  In 

turn, the angle �SFG is determined by phase matching between VIS, IR and SF-waves66:  
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Practically, the IR beam follows the k-vector of the visible beam: the modulus of the vis 

beam k-vector is much larger than that of the IR beam, and the direction of the visible 

beam predominantly defines the direction of the SF-wave vector. 
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The Fresnel coefficients constitute the efficiency of coupling of electric fields from 

medium 1 to medium 2 and the interfacial layer between them66, and are given by the 

following expressions: 

iiii

ii
ixx nn

n
L

θωγω
γωω

cos)(cos)(
cos)(2

)(
21

1

+
= ,                                   (12) 

iiii

ii
iyy nn

n
L

γωθω
θωω

cos)(cos)(
cos)(2

)(
21

1

+
= ,                                  (13) 

2

1

21

2

)(
)(

cos)(cos)(
cos)(2

)( ��
�

�
��
�

�

+
=

iM

i

iiii

ii
izz n

n
nn

n
L

ω
ω

θωγω
θωω .                       (14) 

In Eqns. 12-14, �i is the angle of incidence of the wave at frequency �i; n1(�i) and n2(�i) 

are the indices of refraction of media 1 and 2 for the corresponding waves; �i is the angle 

of refraction of the corresponding wave in medium 2 (n2(�i)sin�i=n1(�i)sin�i); nM(�i)  is 

the index of refraction of the interfacial intermediate layer at the boundary between 

media 1 and 2 (Fig. 5).  The latter value is usually difficult to measure63, and in principle, 

it can be equated to the bulk index of refraction of either medium in contact (i.e. silica or 

water in our case), or a medium value of n1 and n2
63.  As Shen and co-workers discussed 

previously63, such choices did not yield physically reasonable results for the orientation 

of amphiphilic molecules at water surface.  To estimate the index of refraction of the 

intermediate layer nM, the following relation was suggested and successfully applied63:  
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In our case, however, the use of Eqn. 15 provided unreasonably high values of nM (e.g. 

~1.6 at ~630nm, Appendix 6).  For the numerical estimations carried out in the current 

work, nM(�i) was approximated to |n2(�i)| (the modulus value is written for the general 
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case, to include the fact that the index of refraction of water is complex in the IR, see 

below).  

 

For the case of external reflection geometry, the Fresnel factors are real, unless some of 

indices of refraction are complex.  For the case of TIR-SFG, Fresnel factors may become 

complex numbers (see below).  In addition, the index of refraction of one of materials 

may be a complex value, as is the case of water in the ~3000 – 4000 cm-1 frequency 

range.  The presence of an imaginary part of the index of refraction essentially reflects 

presence of resonance transitions (absorption) in the given frequency range.   

 

Since we use total-internal reflection geometry for our SF-spectroscopy experiments, let 

us now focus on the mathematical details of the description of the effective nonlinearity 

for TIR.  In particular, the simplification of the 2nd-order nonlinear susceptibility �(2)
ppp at 

the critical angle incidence, as well as the frequency dependence of the Fresnel factors 

are discussed below.  The enhancement of the sum-frequency response is described in 

more detail in Appendix 6.   

 

 
5.3.3.  Total-internal reflection SFG at the critical angle incidence 

A special case of the TIR SF-experiment is when the incidence angles are close to the 

corresponding critical angles.  We are using this geometry, and thus its particularities in 

terms of the efficiency of nonlinear response will be discussed.  The ppp-polarization in 

TIR geometry is expected to give higher signals than other polarizations, such as ssp.  

However, the effective nonlinear susceptibility for the ppp-polarization has contributions 
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from four independent components of the nonlinear tensor �(2) (Eqn. 10), and typically it 

would be very complicated to separate them from each other when numerically 

processing an experimental measurement.  For this reason, ssp and sps polarization 

combinations are the most used, since they have contribution from a single component of 

nonlinear susceptibility (e.g. �(2)
yyz for ssp, Eqn. 7).  Nevertheless, there are certain 

simplifications of the response in ppp polarization that we can take advantage of.  

Namely, for the case of the incidence angles close to the respective critical values, �VIS	 

�IR	90o, thus cos�VIS	 cos�SFG	0 (cos�IR may be a complex value, see below), and in turn 

coefficients Lxx(�i) become close to zero (Eqn.  12).  In these particular conditions, the 

SF-signal in ppp-combination is simplified to66: 

 

zzzIRVISSFGIRzzVISzzSFGzzPPPeff LLL χθθθωωωχ sinsinsin)()()(,
)2( ≈ .             (16) 

 

As a result, the response in SF-spectra is expected to probe mostly vibrations normal to 

the interface: 

)()()()( , IRzVISzzzzSFG
ppp

zNLSFG
ppp

NL EEPP ωωχωω ⋅⋅∝≡ ,                 (17) 
 
which is similar to SF-spectra obtained in ssp polarization combinations: 
 

)()()()( , IRyVISyyyzSFG
ssp

yNLSFG
ssp

NL EEPP ωωχωω ⋅⋅∝≡ .                 (18) 
 
Thus, close to critical angles, we should expect the SF-spectra obtained in ppp be 

comparable to spectra obtained in ssp (unless there are particular selection rules for the 

various polarization combinations for vibrations of different symmetries30).  As we will 

demonstrate later (Chapter 7), our spectra obtained from silica/water in ppp closely 

resemble those obtained from the same interface by other authors in ssp geometry.   
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5.3.4.  Frequency dependence of Fresnel factors 

The indices of refraction of various materials change with the frequency of light.  In the 

particular case of sum-frequency spectroscopy, it is important to realize that the 

dispersion of optical materials makes the Fresnel factors frequency-dependent (Eqn. 12-

14).  In principle, the indices of refraction of silica and water at around the visible 

frequencies ~500-900 nm change in the same manner (monotonic decrease with 

wavelength), which is due to the fact that there are no resonant transitions in these 

materials in this frequency range.  The same is true for IR-grade fused silica, which is 

bulk OH free, at the mid-IR frequencies of OH stretches (~3000-4000 cm-1) and the 

vibrational transitions in the near-IR, such as combination bands and overtones (~4900 – 

7000 cm-1 for H2O).   

 

Water, however, has an absorption in the 3000 – 4000 cm-1 range.  Hence, the water 

index of refraction at these frequencies becomes a complex number65.  This feature leads 

to frequency dependence of Fresnel factors for the IR beam at aqueous interfaces, and 

can potentially lead to the additional frequency-dependent variations of the SFG-response.  

As was pointed out by other investigators65,67, this dependence has very pronounced 

effect on SFG spectra for the case when the IR beam is near the critical angle incidence.  

Let us investigate this effect more closely.  

 

From Eqns. 13 and 14, we get the following expressions for the Fresnel factors for the 

SFG, VIS and IR beams that contribute the most in the ppp-polarization respectively 

(assuming that the VIS and SFG beams are at the critical angle; the IR angle is varied):  
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Here, )('2 IRn ω  and )(''2 IRn ω  are the real and imaginary parts of bulk water’s index of 

refraction, respectively.  In addition, the angle of the IR beam refraction �IR is a complex 

value too, and is defined in general as65: 
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The values of the real and imaginary parts of the water index of refraction (Fig. 6) can be 

obtained by fitting the data from the literature65,68.    

 

Fig. 6.  The real (red) and imaginary (blue) parts of the bulk 

water index of refraction based on the fits of the experimental 

data68. 
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Using the indices of refraction for silica and water in Eqns. 22 and 19-21, and assuming 

|nM(�i)|�|n2(�i)| (as discussed above), we can calculate the values of the Fresnel factors 

for the SFG and IR beams as functions of the IR frequency (Fig. 7).  The Fresnel factor of 

the SFG beam (Fig. 7, bold black dotted line) stays practically constant over the entire 

OH-stretch frequency range, since the indices of refraction of silica and water change in 

the same manner at wavelengths ~600-650 nm.  However, the magnitude-square value of 

the Fresnel factor for the IR beam (Fig. 7, color spectra) has a noticeable frequency and 

angular dependence, and the largest extent of variation is observed at the IR incidence 

angles around the critical angle of incidence ~63-65o (silica/water interface for the ~3300 

cm-1 frequency).    

 

 

Fig. 7.  Modulus square values of the Fresnel factors for the SFG and IR beams 

calculated based on Eqns. 19-22 for the case of incidence close to the critical angles.   

 

The calculations suggest that the frequency dependence of the IR Fresnel factor can be 

minimized for IR incident angles larger than the critical angle of the interface (compare 
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curves in Fig. 7 at �IR=62.5o and �IR=75o).  In our SFG setup, the visible beam is incident 

at the angle very close to the critical value (~67o at 800nm), while the IR beam is incident 

at ~75o.  Such a geometry provides an improvement of signal due to the critical angle 

incidence of the visible beam (Appendix 6), while the IR beam is away from the critical 

incidence, thus reducing the frequency dependence of its Fresnel factor.  This 

arrangement of the IR and VIS beam geometries was suggested previously65,67 as the 

most appropriate for SFG in total-internal reflection when one of media has absorption.  

For an additional comparison, we also calculated the Fresnel factor for the IR beam 

incidence that was used in the SFG-spectroscopy work of the Uosaki and colleagues67 

(�IR=50o, black thin dotted line in Fig. 7).  This incidence angle was suggested to 

suppress the frequency dependence of the IR Fresnel factor67.  However, our calculation 

suggests that there is a strong variation of |Lzz(�IR)|2 around ~3600 cm-1 for this incident 

angle.  Perhaps, this range was not of interest in the mentioned work, as the most-studied 

frequency modes of the water hydroxyl stretches with the sum-frequency spectroscopy 

have been the hydrogen-bonded OH stretches at ~3100 – 3500 cm-1.  However, in our 

case it is important that the Fresnel factor be constant over as broad as possible frequency 

range for the purpose of employing the ultra-broadband IR-vis SFG spectroscopy of 

aqueous interfaces.  In addition, any Fresnel factor variations around ~3600-3700 cm-1 

should to be minimal since one of the modes of our interest is the peak at ~3700 cm-1 that 

we have observed in the SFG spectra from silica/water with our broadband SFG-setup.  

This mode is discussed in Chapter 7.. 
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5.3.5.  Dependence of the interfacial second-order susceptibility on frequency.  

Vibrational resonances. 

The power of the surface-specific SF-vibrational spectroscopy consists in its ability to 

detect vibrations of molecular species within a very thin interfacial layer between 

centrosymmetric media.  The enhancement of the second-order susceptibility of the 

interfacial layer comes from the following dependence of components of the �(2) tensor 

on the frequency � of the probe IR beam29,30,41,42,63: 

2
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χχ                                (23)      

In Eqn. 23: 

mnk stand for the possible coordinate combinations (x,y,z) for the non-zero components 

of the �(2) tensor; 

�
(2)

NR is the nonresonant susceptibility of the material (typically caused by instantaneous 

nonlinear response of excited electrons within the materials in contact);  

Bj – amplitude of jth vibrational mode;  


j – natural linewidth of jth vibrational mode;  

�j – phase of the jth mode 

�j – central frequency of jth vibrational mode. 

 

Please note that Eqn. 23 defines frequency-dependence of the nonlinear susceptibility for 

the case of discrete, well-defined resonances, that is for narrow vibrational transitions.  In 

other words, Eqn. 23 describes SFG response of homogeneously-broadened oscillators.  

In a case, when inhomogeneous broadening is present, as in the case of hydrogen-bonded 
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networks of OH oscillators in liquid water, the response of each oscillator is a 

convolution with the non-homogeneously broadened function41: 

( ) 2

2

2
0)2()2( exp

1)exp(
� �

	


	
�
�

	

	
�
�

�
�

�

�

�
�

�

� −
−

�
�

�

�

�
�

�

�
⋅

Γ+−
⋅Γ

+=
j j

jj

jjj

jjj
jNRmnk

j
i

iB
d

ω δ
ωω

δωω
ϕ

ωχχ ,         (24) 

where �j is the non-homogeneous line-width of a jth oscillator, and �j0 is the center of 

frequency distribution of populations for the jth oscillator.   

 

Several notes should be made.   

1)  The oscillators may interfere constructively or destructively with each other.  Thus the 

apparent peaks in SFG spectra (which typically measure |�(2)
eff|2) may appear at 

frequencies different from the central frequencies of oscillators; or, the features 

corresponding to various oscillators may not appear at all due to destructive interference.  

These phenomena are defined by the relative phase difference, �, between the resonant 

and nonresonant contributions, as well as among the oscillators themselves that appears 

in the formulas for SFG-intensity (Eqns. 23-24).   

 

The value of the phase is related to the orientation of the vibrating species with respect to 

the interface62.  The phase can be found by fitting the homodyne-measured spectra |�(2)
eff|2  

(as is implemented in our current data analysis, see below in Chapters 6 and 7).  More 

importantly, the phases of the oscillators can be found directly from an experimental 

measurement employing heterodyne detection of the real and imaginary parts of �(2)
eff  by 

interfering the sum-frequency signal from the probed interface with a reference sum-

frequency32,49,62.  The latter technique, so-called phase sensitive SFG spectroscopy, has 
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been increasingly popular in the SFG-community, since it can provide the information on 

mutual orientation of various oscillators unambiguously1,12,32,49,62.  In Chapter 7, we 

compare our fits to the experimentally obtained data from the phase-sensitive SFG 

measurements, and we will show that our data are in good agreement with the previous 

observations.  The important implication of the phase parameters for our investigation is 

that the mutual phase differences for different oscillators help us suggest an orientational 

model for the non-hydrogen bonded OH groups of water molecules at the silica surface 

that we observe at ~3700 cm-1. 

 

2)  For rigorous data processing, one needs to treat OH oscillators as inhomogeneously-

broadened.  Thus, in principle, Eqn. 24 for fitting SFG data has to be applied.  However, 

as we demonstrate in the data analysis of the spectra of the water OH stretches at charged 

silica surfaces, we can successfully fit our SFG with a simpler formula in Eqn. 23.  

 

3)  Some authors associate the phase parameter exp(i�) with the nonresonant response 

30,60, while others assign separate phases to the separate oscillators42,56,69.  From the 

physical point of view, the phase differences between various oscillators can be either 0 

(oscillators oriented in the same direction) or � (oscillators oriented in the opposite 

directions).  The 180o-phase difference corresponds to the opposite signs of the oscillator 

strength coefficients Bj when the phase is assigned only to the nonresonant signal.  Thus, 

from the general point of view, there should not be any reason why the one or the other 

method cannot be used for fitting the |�(2)
eff|2 spectra.   
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4)  The nonlinear amplitude Bj for each of the oscillators in the expression for the 

components, �(2)
mnk , of the 2nd-order nonlinear �(2) tensor (Eqn. 23) is composed of the 

parameters defining the IR and Raman responses of the oscillator70: 
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where jmn Q∂∂ )1(α  and jk Q∂∂µ  are the derivatives of the first polarizability tensor 

and dipole moment, respectively, with respect to the normal mode coordinate Qj
70.  

Equation 25 suggests that for a particular vibrational mode to be active in SFG spectra, 

this mode has to be both IR and Raman active.  Thus, centrosymmetric molecules are not 

visible in SFG, because for such molecule symmetry, the exclusion selection rule dictates 

that the modes that are IR active are Raman inactive and vice versa.  We use this fact in 

the analysis of the sum-frequency spectra of the weak combination bands of water 

molecules at the silica surface (Chapter 8). 

 

We have covered the most important theoretical points including SFG-spectroscopy of 

aqueous interfaces in total internal reflection and dependence of the surface nonlinearity 

on the frequency (in particular, close to the vibrarional resonances). In the next section, 

we describe our ultra-broadband SFG setup built at Temple University. 
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5.4.  Experimental setup for ultra-broadband SFG spectroscopy of silica/water 

interfaces at Temple University 

5.4.1.  Beam geometry and the sample placement 

The ultra-broadband IR pulses for the spectroscopy of silica/water interfaces were 

generated from our non-collinear optical parametric amplifier described in detail in 

Chapter 4 (refer to Fig. 7).  The visible pulses at 800 nm were obtained by splitting off a 

part of the Alpha-1000 regenerative amplifier.  The visible pulses were delayed and 

synchronized with the IR pulses at the sample interface by means of a mechanical 

translation stage.  The broadband IR beam was focused at the sample surface tightly with 

a f=50 mm CaF2 lens of a relatively small diameter of ~10 mm (Fig. 8) so that the two 

beams could be focused at the surface independently.  The VIS beam was focused at the 

probed surface loosely with a 200-mm BK7 lens.  The tight focusing of the IR was 

required for two reasons: 

 

1) the IR pulse energy is relatively low (~1-3 �J); in order to create appreciable peak 

intensities, the such low-energy pulses have to be focused to a very tight spot, 

since the peak intensity is inversely proportional to the beam diameter at the 

sample surface; 

2) since the IR beam is generated as idler from a NOPA, it has an angular dispersion; 

thus it is desirable to tightly focus the beam so that the various colors within the 

broadband IR pulse spectrum can be spatially overlapped with the larger-spot size 

visible beam.   
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The incidence angle of VIS beam was set very close to the critical angle incidence.  For 

the silica/water interface, the critical angles are ~66o for 800 nm, ~66o for SFG over the 

range ~618-645 nm, and change from ~63.5o to ~65o for the IR beam over the range 

~3100-3700 cm-1 (if calculated by the real part of the index of refraction).  Practically, the 

incidence angle of the IR beam was almost impossible to adjust to a very precise value 

(since the IR beam power was low, it was very challenging to track it at the prism by the 

present means).  Thus, the incidence of the 800 nm beam was set to be just above the 

critical angle (by observing the reflection of 800 nm from silica/water surface).  The 

value �VIS~67o was obtained by measuring the height of the reflection of the beam.  The 

IR beam path was defined by the diameter of the focusing CaF2 lens which is ~10 mm: 

the upper edge of the lens was set just below the visible.  As a result, the IR beam 

incidence angle was estimated to be ~75o by using a protractor and tracing the beam 

passage through the focusing lens toward the prism surface.  This beam geometry enables 

an improvement in the signal levels due to the total-internal reflection of the vis and sum-

frequency beams, while the off-critical incidence of the IR beam suppressed the Fresnel 

factor dependence on the frequency due to the water absorption65,67. 

 

The prism samples (sample prisms and the gold-coated reference prism) were placed onto 

a Teflon sample folder which was originally designed as a flow-through cell.  The 

water/silica interface was created by placing the prism on top of water or aqueous 

samples inside the cell .  The Teflon holder sat on a XYZ translation stage (Fig. 8).   
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Fig. 8.  Left: schematic of the beam geometry in our SFG-spectroscopy setup. 

Right: photograph of the actual SFG setup with the gold-coated (reference) fused-

silica prism sitting on a Teflon holder in the center of the picture.  The Teflon 

sample holder is placed on a XYZ-translation stage.  The small lens on the left 

from the prism is the CaF2 prism focusing the IR beam; the large lens on the right 

of the prism serves to collect and collimate the SF-beam.  The blue sheets in the 

lower left corner are liquid crystal sheets used to observe the mid-IR beam.   

 

The placement of the prism with respect to the focused IR beam was crucial.  First, the 

XYZ stage was adjusted such that the IR beam was roughly incident in the center of the 

flat face of the prism.  Next, the vertical position of the sample holder was adjusted to 

match the height of the flat surface of the prism, that would be in contact with the liquid 

or vapor, with the focal point of the IR beam.  The focused IR beam was observed with a 

small piece of the liquid crystal sheet located in place of the flat surface of the prism.   
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The spatial overlap between the VIS and IR beams was found by using the same liquid-

crystal sheet.  With a gold-coated (reference, Au-coated) prism inserted, the optics after 

the sample were aligned to send the visible beam into the input of an Ocean Optics 

optical fiber.  Here, the principle that the SFG-beam should travel close to the visible 

beam is used (see discussion for Eqn. 11 above).  The collimation of the SFG-beam was 

done with a 2-inch diameter 70-mm lens.  The SFG beam was filtered out with three 750-

nm short-pass filters which completely suppressed the otherwise overwhelming signal of 

the ubiquitous 800-nm pulses.  The SFG beam was focused into the fiber input with a 50-

mm lens.  The fiber sent the SF-signal to the Andor spectrograph+CCD integrated 

detection system via a fiber-adapter (spectrograph: model “Shamrock” based on a 500 nm 

blazed grating, 600 grooves/mm; CCD: low-noise thermo-electrically cooled detector, 

model iDus DU401A-BV, maximum sensitivity ~80-90% at ~550-600 nm).  The earlier 

experiments were done with a CVI spectrograph (DK series, 300 grooves/mm) + Andor 

CCD system (thermo-electrically cooled, model DU 420-OE) generously lent by 

Professor Robert Stanley.  However, the results described here were mostly performed 

with the mentioned-above Andor integrated system (except where it is noted). 

 

In the following subsection, we describe fused silica sample preparation, followed by the 

technical details of acquisition of SFG spectra of water molecules with the ultra-

broadband IR pulses by scanning the VIS-IR pulse delay.  
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 5.4.2.  Silica sample preparation 

IR-grade fused silica (IRFS) prisms (height 1 inch, radius 0.5 inch, Fig. 8) were bought 

from ISP Optics.  Below we describe the cleaning and preparation of the neat silica, as 

well as preparation procedures for the hydrophobic silica prism and the Au-IRFS 

reference prism. 

 

Neat (hydrophilic) silica/water interface: 

1) The IRFS prism was placed in ~40 ml of freshly mixed “piranha” cleaning solution 

which is 1 vol. conc. H2O2 : 3 vol. conc. H2SO4  (CAUTION: “piranha” is a very 

reactive and corrosive mixture!  It must be handled with a great care; use of protective 

equipment such as gloves, eye goggles and labcoat is mandatory.)  The “Piranha” 

mixture is used in our lab routinely to remove any organic contaminations from various 

silica samples, as well as to clean the glassware in general.  (CAUTION: mixtures of 

“piranha” with large amounts of organic substances can be very dangerous; the majority 

of the organic substance should first be removed from glassware by rinsing with volatile 

solvents.)  When freshly prepared, the “piranha” solution heats up alone due to hydration 

of the conc. sulfuric acid, which gives a boost to its cleaning capabilities.  The high 

temperature of piranha did not impact fused silica mechanically, as the latter has a very 

low thermo-expansion coefficient.  (Please note that not all materials can be cleaned with 

“piranha”; for example, calcium fluoride has a large thermo-expansion coefficient and 

thus had to be cleaned by another method.)  In addition, “piranha” opens the surface 

siloxane bridges Si-O-Si and introduces surface-bound silanol groups (SiOH), as our SFG 

measurements showed for silica/air interface (see sum-frequency spectra from silica/air 
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surface, Chapter 6).   In earlier experiments, the prism was simply placed into the fresh 

“piranha” for ~30 min until the piranha would cool off.  In later measurements, the prism 

placed into fresh “piranha” was additionally heated on a hot plate at ~80 oC for ~1hr.  

Such preparation was reproductively successful in the introduction of surface SiOH 

groups, similar to the SC1 cleaning (1vol. conc. NH4OH : 1vol. conc. H2O2 : 4 vol. H2O, 

heated at 80 oC), as our later SFG measurements showed (Chapter 6).   

 

2) After cleaning in “piranha”, the IRFS prism was rinsed thoroughly with deionized 

water (obtained from ion-exchanger Thermoscientific Barnstead Easypure II equipped 

with a UV lamp; final water resistivity ~18 MOhm.cm).   

 

3) After rinsing, the IRFS prism was either allowed to dry in ambient air, or directly 

transferred onto the cleaned Teflon sample holder filled with either neat water or 

corresponding aqueous solutions (e.g. various pH, or various salt solutions).   

 

Hydrophobidized silica: 

The water molecules in contact with the neat silica surface can hydrogen bond to the 

surface-bound silanol groups.  Due to this interaction, the neat surface of silica is 

considered as hydrophilic (although our data presented in Chapter 7 suggest a partial 

hydrophobic character of silica).  During hydrophobization of silica, its surface is covered 

with a dense layer of molecules such as long-chain alkyl groups, so that the water 

hydroxyls can no longer hydrogen bond with the surface.  As a result, on a macroscopic 

scale, water does not wet such a surface; on a microscopic scale, non-hydrogen bonded 
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(isolated, “free”) hydroxyls appear in the interfacial water layer32,55,71.  The study of 

water molecules at hydrophobic interfaces is important for understanding of mechanisms 

of hydrogen bonding in aqueous media, since its absence or presence is reflected in the 

vibrational features of water hydroxyls.    

 

The hydrophobic silica sample was prepared by coating a silica prism with a monolayer 

of octadecylsilane.  The latter was obtained by reacting the surface silanols with 

molecules of octadecyltrochlorosilane (OTS; Gelest)32 (Scheme 1.  NB: the scheme is not 

balanced). 

 

Scheme 1.  Formation of a hydrophobic OTS-monolayer on silica surface 

 

The OTS-monolayer is believed to be comprised of a two-dimensional network of OTS-

molecules that are bridged via oxygen atoms (Scheme 1).  However, bridging between 

OTS molecules is possible without each OTS molecule being bound to the surface, thus a 

multilayer structure is possible for OTS-coated silica surfaces.  In principle, if dilute 

solutions of OTS are used, the creation of monolayer should be favored  Other factors 

were critical56, for example it was preferred to prepare the OTS-monolayer in conditions 

of the low ambient humidity.  The procedure that we used in our laboratory to create 

OTS-coated silica is the following: 
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1) A fused silica prism was first prepared by cleaning in “piranha” (as described 

above for the preparation of neat silica/water interface) and drying in a dry 

nitrogen flow; 

2) in parallel with prism cleaning, a 100 ml Teflon beaker, a Teflon-coated stirrer 

bar and a Teflon tweezer were cleaned with “piranha”.  After cleaning, they were 

rinsed with deionized water and dried with dry nitrogen; 

3) 0.1% vol. solution of OTS was prepared by dissolving ~40 �l of the liquid 

alkyltrichlorosilane in a mixture of 30 ml hexane + 10 ml chloroform.  

4) The dry clean fused silica prism was placed into the OTS solution in the Teflon 

beaker, which was placed onto a magnetic stirring plate.  All handling of the 

prism and the stirrer bar was done with Teflon tweezers.  The OTS solution with 

the prism was stirred at an appropriate rate for ~30 min at room temperature (the 

beaker with the prism was simply covered by an aluminum foil to avoid any dust 

particles from getting into the solution).   

5) Note that if a glass beaker was to be used instead of the Teflon beaker for OTS 

coating procedure, it had to first be coated with a separately prepared 0.1% vol. 

solution of OTS, prior to the coating procedure of the actual OTS prism. 

6) After stirring, the solution was drained, and the prism was rinsed two times with 

chloroform and one time with methanol.  Finally, the OTS-prism was let dry in air 

(any leftover visible methanol eventually evaporated from the silica surface). 

7) From time to time, between different days of spectral measurements, the OTS 

prism was rinsed with the solvents used at the last step of preparation.  As we 
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show later, the rinsing affected significantly the spectral response from the 

water/OTS interface (sub-section 5.6.1). 

 

Au-IRFS reference prism: 

For the preparation of the gold-coated fused silica prism, a neat silica prism was first 

prepared by “piranha”-cleaning and drying in air, according to the procedure described 

above.  The coating with gold was performed by evaporation onto the flat surface of the 

prism which was placed above a tungsten boat containing gold wire; the process was 

done in a vacuum evaporator.  The mass of gold m needed for creation of a certain 

thickness of the metal layer t was calculated with the following formula: 

)2( 2Rtm πρ ⋅⋅=                                                        (26) 

where R is the distance from the tungsten boat to the prism, and �=19.3 g/cm3 is the 

density of gold.  In the vacuum evaporator used at Temple, R=17 cm, thus the amount of 

gold that we used to deposit ~100 nm thick golden layer was m~0.35 g.   

 

5.4.3.  IR pulse characterization on Au-coated prism.   

To characterize the spectra of the IR pulses at the probed interface, we used the gold-

coated infrared-grade fused silica prism (Au-FS, or Au-IRFS), which was manufactured 

with the same geometrical parameters as the prisms that served as fused silica samples.  

Gold has a high 2nd order nonlinearity due to its large free electron density, thus we 

should expect large SF signals which should facilitate the IR pulse characterization, as 

well as alignment of the setup.  In addition, gold does not have resonances in the IR 

around 2000 – 3000 nm, thus SFG reference spectra from Au-IRFS directly reflect the 



 210 

spectral shape of the IR pulses (i.e. frequency-dependence of intensity with the pulse 

spectrum), which gives us the ability to normalize raw SFG spectra to the reference SFG 

spectra from gold to take into account variation of the intensity within the broadband IR 

pulses (parameter I(�IR) in Eqn. 5).   

 

The IR pulses arrive at the probed interface considerably chirped (Chapter 4, section 4.5).  

The chirp in the IR broadband IR pulses resulted in appearance of different components 

of the ultra-broadband SFG pulse at different IR-VIS pulse delays (see previous 

discussion on Chapter 4, section 4.5).  An additional chirping was caused by the fused 

silica prism.  The latter added ~10 mm of silica path for the IR beam, corresponding to 

group delay dispersion of GVD(silica).L=-533 fs2/mm � 10mm~ -5330 fs2 calculated at 

~3300 cm-1, resulting in a chirp of ��	GVD.(2���)	1000 fsec for pulses with a 

ν~∆ 	1000 cm-1 bandwidth (Appendices 3-4). 

 
Interestingly, the measurements of chirp within the IR pulses with femtosecond 800 nm 

pulses showed that the temporal stretching effect of the fused silica prism did not make a 

significant contribution into the overall chirp in the IR pulses, as compared to the chirp 

measured on a GaAs plate (Fig. 9).  This indicates that other effects, such as the angular 

dispersion of the IR idler beam, make more important contributions into the observed 

temporal chirp of the IR pulses.  Additional proof for such assumption is that the chirp of 

the IR pulses measured on the GaAs plate (Fig. 9, red triangles) is very different from the 

chirp expected from the calculations assuming that the IR pulses pass only through 2-mm 

KNbO3 and 5-mm of CaF2 collimating and focusing lenses (Fig. 9, red solid line).   
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Fig. 9.  Measurement of the chirp in the broadband IR pulses at the 

sample in SFG setup with femtosecond 800 nm pulses.  Red triangles: 

center-of-mass (COM’s) frequencies of the IR pulses measured on a GaAs 

plate in the SGF-setup vs IR-vis pulse delay.  Blue squares: COM’s 

measured on the Au-IRFS prism.  Red solid line: calculated group delay 

for the case of ~3300 cm-1 centered pulses propagated through (2-mm 

KNbO3+5-mm CaF2).  Blue solid line: calculated group delay for the case 

of ~3300 cm-1 centered pulses propagated through (2-mm KNbO3+5-mm 

CaF2+10-mm fused silica).  Red and blue thin lines are guides for the eye. 

 

While a possible method for compression of pulses could be the insertion of an element 

that would provide positive dispersion in the mid-IR (such as silicon or germanium) into 

the path of the IR beam, we decided to move onto SF-experiments with the available 

pulse energies since compression would reduce the beam powers available for SF-

measurements.  A more sophisticated approach could include the correction of the 
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angular dispersion by retracing and collimating the colors within the broadband idler 

beam with the help of a dispersive grating, similar to the near-IR idler from the 400-nm 

pumped BBO-NOPA72-74.  However such an approach would decrease the idler pulse 

energy available for the nonlinear spectroscopy measurements even more considerably.   

 

In order to improve the temporal overlap of the chirped broadband IR pulses and visible 

pulses, and at the same time to improve the resolution of spectral acquisition, the 800 nm 

beam was passed through an interference narrowband filter75,76  (“NB filter” in Fig. 7 of 

Chapter 4).  The filter narrowed the VIS pulse spectrum to ~2 – 2.3 nm (Fig. 10), and 

 

Fig. 10.  Spectra of VIS 800 nm pulses directly from regen (red) and after the 

narrowband filter (blue).  The etalon filter narrows the spectrum of the visible pulses to 

~2.3 nm.   

 

consequently stretched the pulse duration to ~500 fs75 (not measured in the present work).  

The transmitted central frequency, together with the transmitted beam power, was 
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adjusted by rotating the narrowband filter around a vertical axis.  The visible pulse 

energy decreased from ~200-220 to ~15 �J after narrowing in the filter.   

 

After insertion of the narrowband filter, the spectral bandwidth of sum-frequency signal 

that could be observed simultaneously from Au-IRFS reference prism, significantly 

increased due to the improved temporal overlap of the stretched VIS pulses with the 

chirped IR (Fig. 11).  Please note that the power of femtosecond 800 nm pulses had to be 

reduced by inserting several neutral density filters (total O.D.~1.3), otherwise the prism 

would have been damaged with femtosecond pulses of ~200 �J/pulse.   

 

  

Fig. 11.  SFG spectra of the broadband IR pulses from the Au-IRFS prism at various 

vis-IR delays �� measured with (a) femtosecond 800 nm pulses and with (b) 

narrowband 800 nm pulses.   

 

 

5.4.4.  Acquisition of spectra with chirped IR pulse.  Normalization of spectra 

Due to the chirp of the IR pulses at the silica/water surface, we acquired the spectra over 

the entire spectral range by scanning the VIS-IR pulse delay �	 over the entire IR pulse 

duration.  (In certain conditions, we were able to acquire the spectra without even  
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Fig. 12.  Acquisition of sum-frequency spectra from silica/water interfaces by 

scanning the vis-IR delay �	 shown on the example of water at OTS-fused silica 

surface.  (a) ppp SF-spectra from Au-IRFS prism at selected vis-IR delays;  (b) 

ppp-SF-spectra from H2O/OTS-IRFS prism at the same selected values of �� as 

for the Au-IRFS reference prism in a).  (c) and (d) Evolution of the SF-spectra 

from the gold-coated fused silica and H2O/OTS-IRFS prism respectively.   

 

scanning the delay; these measurements are described in section 5.6.)  The SFG spectra 

were acquired from both the Au-IRFS reference prism and fused silica sample prisms at 

the same delays.  As the visible pulse upconverted various parts of the broadband IR 

a) b) 

c) d) 
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spectrum, the vibrational features at corresponding frequencies appeared in the SFG 

spectra at the corresponding delays (Fig. 12).  For the example of SFG-spectra from 

water/hydrophobic silica (Fig. 12), at earlier delays (higher frequencies are upconverted), 

there is a peak at ~3700 cm-1 which corresponds to non-hydrogen bonded water 

molecules.  At long delays (lower frequencies are upconverted) peaks in the region 

~2850-2950 cm-1 are clearly observed.  The latter features correspond to symmetric and 

asymmetric stretches of the terminal CH3 and CH2 groups groups in the monolayer19,60,77  

 

To obtain a normalized SFG spectrum from a particular surface in the entire frequency 

range, the following steps were followed: 

1) spectra from the reference sample were obtained at equally-separated time delays 

(typical step 133 fs, corresponding to 0.02 mm shift of the mechanical delay 

stage); 

2) Spectra from the sampled interface were obtained at the same delays 

3) reference spectra were added together, and the spectra from the probed interface 

were added together 

4) the sum of the sample spectra was divided by the sum of reference spectra; the 

integration times for the reference and sample prisms were accounted by dividing 

each of the sums by the corresponding value of exposure time (Fig. 13); 

5) additionally, an offset was added to the reference spectrum (<1% of the reference 

maximum height) so that the low intensity in the wings of reference spectrum 

would not incur a high signal due to division by zero or small numbers. 
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Fig. 13.  (a) Summation of ppp-sum-frequency spectra from the 

reference gold sample (black dotted line) and water/OTS-IRFS 

interface (red solid line).  (b) SF-spectrum of H2O/OTS-IRFS interface 

normalized by the indicated formula.  The offset here is 200. 

Now that we have discussed the technicalities of SFG spectral acquisition with 

ultrabroadband IR pulses, we continue with discussion of the results of these 

measurements.  After that, we describe how we actually achieve measurements of the OH 

stretches in the entire 3000-3800 cm-1 region without even scanning the interpulse delay, 

i.e., in a “single shot”.  



 217 

5.5.  SFG spectra with ultra-broadband IR pulses from hydrophilic and 

hydrophobic silica surfaces 

 

Our ultrabroadband NOPA-SFG setup allowed us to routinely acquire spectra from the 

silica/water interface in the TIR geometry (Fig. 14).  The spectra from the hydrophilic 

silica/water surface and hydrophobic OTS-silica/water interface show spectral features 

that are in a good agreement with the previously reported spectra.  In particular, we are 

able to reproduce the double-peak structure of the water-silica sum-frequency spectra 

(peaks at ~3150 and ~3450 cm-1) reported previously55,56; in addition, we observe the 

disappearance of the sum-frequency signal upon replacing H2O with D2O (Fig. 14, upper 

right panel, green), which proves that the signal originates from the vibrations of OH-

oscillators at the probed interface.  The robustness of the SF-spectrum acquisition was 

assured by the reproducibility of the water/silica interface spectrum (Appendix 8).  The 

feature at ~3700 cm-1, which we systematically observe in the spectra of the silica/water 

interface, is separately discussed in Chapter 7. 

 

We are also able to reproduce the main features of the sum-frequency spectra of water 

molecules at the hydrophobic interfaces, such as that between water and silica coated 

with OTS-monolayer.  These are namely the broad peak(s) corresponding to hydrogen-

bonded OH-vibrations (~3100 – 3500 cm-1; dominant in the SFG spectra at hydrophilic 

interfaces), and the much narrower, so-called “free-OH” peak (~3700 cm-1) 

corresponding to non-hydrogen bonded OH-oscillators (Fig. 6, bottom left panel). 



 218 

 

 

 

 

 

 

 

 

Fig. 14.   (a): Experimental setup for IR-vibrational SF-spectroscopy of neat silica/aqueous interfaces: 

“FS”, fused silica hemicylinder prism; “aq.”, aqueous medium (e.g. neat water); ��, time delay between 

the IR and 800-nm pulses; green dotted lines denote hydrogen bonds.   

(b): Normalized SFG-spectrum of neat fused silica/neat water (pH~6) interface (blue solid line) in ppp-

polarization, shown together with the reference spectrum of the ultra-broadband IR pulses (dotted grey 

line).  The green solid line is the SFG spectrum from the neat fused silica/D2O interface shown on the 

same scale with the H2O/fused-silica spectrum.  (c): Experimental setup for IR-vibrational SF-

spectroscopy of OTS-coated silica / aqueous interfaces (the notations are similar to those in the upper 

left panel).   (d): Normalized SFG-spectrum of ODS-coated silica / neat water (pH~6) interface (blue 

solid line) in ppp-polarization, together with the reference spectrum of the ultra-broadband IR pulses 

(dotted grey line).     

a) b) 

c) d) 
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Interestingly, even though the relative intensity of our broadband IR pulses is rather low 

at ~2900 cm-1, we are still able to observe the C-H stretches of the methyl groups within 

the OTS-monolayer at ~2860 and ~2930 cm-1 (Fig. 6, bottom right panel).  The peak 

positions for the C – H stretches in the OTS monolayer on silica have been observed in 

SFG spectra19,56,60 at 2878 cm-1 (sym. C-H in CH3), 2964 cm-1 (asym. C-H in CH3), 2942 

cm-1 (Fermi resonance between the CH3 sym. and the overtone of H-C-H bending mode).  

These modes appear in well-ordered OTS-monolayers (vibrations only from the methyl 

groups are detected here, where the centrosymmetry is broken).  In disordered OTS-

monolayers gauche defects in the methylene chains lead to the appearance of the signal 

from CH2 groups in SFG spectra at 2849 and 2917 cm-1 56,60,77.  The difference in 

frequency positions of the C-H peaks in our spectra (~60-70 cm-1) is close to both the 

frequency offset between the Fermi resonance and the sym. C-H stretches in CH3 and the 

offset between the sym. and asym. stretches in CH2, which means that we could be 

detecting either signal from the terminal CH3 or disordered CH2 groups, which is 

displaced from the correct frequencies by the offset of the sum-frequency axis (see 

discussion on the calibration and resolution above).   

 

The apparent frequencies of the C-H stretch peaks may not be at the expected frequencies 

due to a possible interference of the nonlinear responses from C-H and OH stretches, so 

that fitting would be needed to extract the central frequencies from the signal around 

2900 cm-1.  For example, replacement of neat H2O (pH~6) with a pH=2 solution at the 

OTS-silica surface introduced an apparent peak position shift for the C–H stretch signal 

(Fig. 15).  This could be caused by the suppression of interference from the adjacent OH 
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stretch peak at ~3150 cm-1 which is decreased upon replacing neat H2O with pH2 

solution due to presumable neutralization of the silica surface charge (and consequent 

probing of thinner layer of water molecules as a consequence of reduced electric field 

induced SFG).   

 

 

Fig. 15.  Sum-frequency spectra from the interface of OTS-IRFS with neat H2O 

(pH~6, red line) and 10-2 M HCl (pH=2, black line).  Wavenumber scale is 

calibrated (Appendix 7).  The apparent peak position of the C-H stretches shifts 

from ~2950 to ~2970-2975 cm-1 upon replacing neat water with pH=2 solution, 

while the apparent peak position of the free-OH shifts from ~3710 to ~3690 cm-1. 

 

Since the current SFG setup was optimized for the spectroscopy of the broadband 

spectral features of OH, its resolution (>35 cm-1, Appendix 7) was rather poor to study 

such spectrally narrow features as C-H stretches in OTS-monolayers (natural linewidths 

~10 cm-1), and thus the SF-spectroscopy of these modes was not pursued in the great 

detail in the current work.   
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5.6.  Acquisition of sum-frequency spectra of silica/water interfaces “in a single 

shot” 

The acquisition of SFG spectra with our ultrabroadband IR pulses was enabled by 

adjusting the IR-vis delay to compensate for the chirp in the IR pulses.  This approach 

provided a reliable and reproducible method for acquisition of SF-sepctra from 

silica/water interfaces.  The spectra obtained in the method described in the previous sub-

section are in good agreement with the data reported in the literature32,41,56.   

 

Here, we describe how, under certain conditions, we were able also to implement 

acquisition of SFG spectra of OH stretches in the entire spectral range even without 

tuning the IR-vis delay, i.e., in a single spectrum acquisition of the CCD detector (in a 

“single shot”).  By studying SFG spectra of the IR pulses from the Au-IRFS reference 

sample (Fig. 12), we observed that the broadest spectral range covered simultaneously 

occurs at earlier delays (Fig. 12, outlined with the red dotted rectangular).  The spectral 

components that are not upconverted lie in this case in the lower-frequency part of the 

SFG spectrum.   

 

Later on, we realized that it is possible to keep the vis-IR delay at an earlier value so that 

most of the high-frequency end of the IR pulse is upconverted, and at the same time 

adjust the second stage of the broadband IR NOPA (Chapter 4, Fig. 7) in such a way that 

the IR spectrum shifts to lower frequencies (i.e. the lower-frequency edge of the spectrum 

red-shifts).  The adjustment involved mainly tweaking the delay between the signal seed 

and the pump beam at the KNB-NOPA stage (Fig. 7, Chapter 4 ), as well as a slight 
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angle-tuning of the KNB crystal.  Of course, such adjustments had to be carefully 

balanced, since the intensity of the IR pulses would tend to decrease at the high-

frequency end of the IR spectrum.  Finally, the delay between the IR and VIS pulses was 

additionally adjusted slightly to balance the intensities of the SFG signal from the 

reference sample in the wings of the spectrum.   

 

Fig. 16.  Left: raw spectra obtained at a single IR-vis delay from the H2O/OTS-

IRFS interface (“sample”, red) and the gold-coated IRFS (“ref”, black).   

Right:  “single-shot” SFG spectrum of H2O/OTS-IRFS interface (blue) obtained 

by normalizing the “sample” spectrum in the left-hand side graph by the “ref” 

spectrum.  Red dotted line in the background – SFG spectrum from water/OTS 

interface obtained by integrating SF-signal as the delay between IR and visible 

pulses was scanned.  For comparison, typical times are indicated to acquire the 

spectrum with each method.   

 

To test the applicability of such an approach to the acquisition of spectra of water 

molecules, we first acquired a spectrum from a sample interface, for example H2O at 

OTS-fused silica at the single delay.  Then, the spectrum was obtained by scanning the 
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IR-vis delay, as described in the previous sub-section.  The normalization of the spectrum 

obtained in a single shot was done using the reference SFG spectrum obtained from the 

Au-IRFS prism at the same IR-vis delay.  The normalization of the delay-integrated 

spectrum was carried out as described earlier.   The comparison of spectrum obtained in a 

“single shot” to the spectrum obtained by integrating SF-signal at the various vis-IR 

delays showed a very good correspondence of the “single-shot” spectra to the integrated 

SF-spectra (Fig. 16).   

  

Fig. 17.  Left: similar to Fig. 16, raw spectra obtained at a single IR-vis delay from 

the H2O/ bare IRFS interface (“sample”, red) and the gold-coated IRFS (“ref”, 

black).   

Right:  “single-shot” SFG spectrum of H2O/ bare IRFS interface (blue) obtained 

by normalizing the “sample” spectrum in the left-hand side graph by the “ref” 

spectrum.  Red dotted line in the background – SFG spectrum from water/bare 

silica interface obtained by integrating SF-signal as the delay between IR and 

visible pulses was scanned.  For comparison, typical times to acquire the spectrum 

with each method are indicated.   



 224 

Similar to the water at the hydrophobic OTS-fused silica surface, the spectra from water 

at hydrophilic fused silica could be obtained in a “single shot” as well (Fig. 17).  For each 

of the systems, i.e. water at hydrophilic and hydrophobic silica surfaces, the 

correspondence between the spectrum obtained in a single CCD acquisition and the 

spectrum obtained by scanning the IR-vis delay was remarkably good.  One of frequency 

regions where the agreement was not as good, was the C-H stretch region for the water 

spectra at the OTS-coated silica; however, the intensity of the SFG signal which is 

upconverted at this frequency was rather low indicating still not enough of temporal 

overlap between IR and VIS pulses at ~2900 cm-1.  In addition, the absorption of the IR-

grade fused silica sets on at ~2900 cm-1.  Surprisingly, even though the intensity of the IR 

reference spectrum at this intensity was rather low, due to the relatively low noise of the 

CCD detector used here, the C-H stretches still could be detected even in these seemingly 

unfavorable conditions.    

 

We believe these measurements to be the first sum-frequency spectra that simultaneously 

cover the frequency region of all OH stretches from ~3100 cm-1 (hydrogen bonded OH 

groups) up to 3700 cm-1 (free-OH groups) obtained from an aqueous interface in a 

relatively short integration time (1 minute).  In principle, if the IR pulses are corrected for 

their angular dispersion and the chirp, our spectrometer should have the potential to 

uncover extremely fast dephasing processes of the interfacial water molecules occurring 

on the time scale of tens of femtoseconds.  Another great advantage provided by our 

surface spectrometer is that the kinetic changes of the water spectra can be tracked at 
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mineral surfaces on the time scale of a minute or less.  Below, we provide an example of 

the kinetics of the water response at the OTS-silica surface.  

  

5.6.1.  Tracking the kinetics o fthe SFG response in real time: Equilibration of water at 

the surface of hydrophobic silica 

Typically, the spectra of water molecules at the hydrophobic silica prism surface were 

observed to be of approximately same intensity and shape from day to day when the OTS 

monolayer surface equilibrated with water.  However, the spectral response of the OTS-

fused silica changed drastically after the silica prism was cleaned with the solvents used 

in the last step of the preparation of the OTS-coated prism, namely chloroform and 

methanol (see preparation procedure for hydrophobidized silica above, sub-section 5.4.3).  

The spectra from the water/OTS-silica interface, cleaned with solvents, changed in time 

after the prism was placed into direct contact with water.  This change was noticed to 

occur most rapidly - on the time scale of minutes – at the very initial contact times.  The 

acquisition of SFG spectra by scanning the IR-vis delay (Fig. 15) could not appropriately 

follow these kinetics (Fig. 12). 

 

The ability to acquire spectra from the entire 3000–4000 cm-1 region in snapshots of ~30s 

– 1 min by the method described above allowed us to follow the kinetic changes of the 

equilibration of the OH stretch response of water molecules at the hydrophobic 

monolayer after rinsing with organic solvents. The time-resolved SFG spectroscopy of 

the OH stretch response of water molecules at the freshly-cleaned OTS-IRFS surface (Fig. 

18) clearly indicates equilibration of the hydrogen-bonded water molecules, as the low 

signal at ~3150 cm-1 at initial contact times grows towards the  
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Fig. 18.  Time-resolved SFG-spectroscopy of H2O/OTS-IRFS interface obtained via “single-

shot” ultrabroadband SFG measurements.  Prior to contact with the water in the sample cell, the 

hydrophobic prism was rinsed with chloroform and methanol, and allowed to dry.  The times 

after exposure of the prism to water after cleaning are indicated on the corresponding graphs.  

Graph in red rhombs shows dependence of the height of the 3150 cm-1 peak on the time of 

contact of OTS-prism with H2O in first ~1.5 hr.  
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“equilibrium” signal observed before rinsing the OTS-prism with the solvents.  Such 

behavior may indicate the slow recharging of the surface silanol groups which are 

initially perturbed by the remaining molecules of organic solvents, or they are simply 

inaccessible to water molecules due to the hydrophobic wall of the OTS molecules.  

Actually, the response of water molecules at the earlier times after the contact (Fig. 18, 2 

min) has almost the same spectral shape as sum-frequency signal from the water 

molecules at the superhydrophobic silica71.  The OTS monolayer right after rinsing is 

expected to have a very rough structure which leads to strongly hydrophobic character of 

this surface (the signal is dominated by the free-OH peak, and the hydrogen-bonded 

signal is relatively low)71.  The surface recharging with time eventually results in probing 

of thicker layers of interfacial water molecules, as the surface-induced electric field 

penetrates deeper into the water medium with the growing surface charge (the �(3)-

effect9,78).  Additionally, the increase of the electric field of the surface is expected to 

lead to ordering of the interfacial molecules which would create the conditions for the 

increase of the signal due to the lack of centrosymmetry of the ordered water molecular 

layers.  In addition, restructuring of water molecules within the OTS monolayer is 

possible.  Interestingly, the signal of the free-OH oscillators at ~3700 cm-1 stays almost 

unchanged before and after the cleaning throughout the entire exposure duration.  The 

latter observation suggests that the free-OH signal originates from the water molecules at 

the contact of the terminal CH3-groups in the OTS monolayer with the bulk water.  The 

free-OH signal from water molecules within the hydrophobic monolayer could, in 

principle, also appear at ~3700 cm-1.  However, it is not clear what might cause such 

water species to be oriented and SFG active.   
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We note that tracking of the kinetics of the SFG spectra from mineral-water interfaces 

with narrowband laser sources would be rather challenging.  The resolution of such time-

dependent SFG measurements is limited by the acquisition of a spectrum, and for 

nanosecond narrowband lasers, it could require up to half hour to tune the IR over the 

needed frequency range61,79, while we get the entire spectrum in as short as 1 minute.  An 

alternative method could be to track the changes of the SFG signal at a single IR 

frequency46; however the correlation between various spectral responses with such 

approach is rather challenging and complicated, especially when various sample 

interfaces are probed.  Our ultra-broadband IR sum-frequency setup allows one to 

overcome the limitations associated with narrowband probing, and can potentially be 

extended to studies of other interfacial systems.    

 

 

Conclusion 

In conclusion, we have discussed the technique of vibrational sum-frequency 

spectroscopy of interfaces.  We considered such concepts as the frequency dependence of 

the effective 2nd-order susceptibility of interfaces around the vibrational resonances of 

oscillators at the surface, and the implementation of SFG-spectroscopy in total internal 

reflection.  We described our ultra-broadband SFG setup for vibrational spectroscopy of 

water/mineral interfaces based on our newly developed broadband IR NOPA (Chapter 4).  

We have presented the spectra obtained from the silica/water, the primary interface of 

interest in this work.  The spectroscopic setup described here has enabled us to not only 
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to obtain and reproduce the spectra of water at hydrophilic and hydrophobic silica 

surfaces, but also extend the technical capabilities of the SFG-spectroscopy of 

mineral/water interfaces by acquiring the spectra over the entire spectral range 2900-3700 

cm-1 in a single acquisition of the CCD camera (30-60 s).  An example of an application 

of this device to probe the minute-scale kinetics of water restructuring at the hydrophobic 

silica surface has been presented. 

 

In the following chapters, we present the results of SFG-studies of various vibrations at 

silica surfaces carried out with the ultra-broadband SFG spectrometer, namely:  

- Silica/air interface; water adsorption from vapor (Chapter 6); 

- Observation of the non-hydrogen bonded water molecules at the silica/water interface 

(Chapter 7); 

- Sum-frequency spectroscopy of water [stretch+bending] combination mode (Chapter 8). 
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CHAPTER 6.  BROADBAND SUM-FREQUENCY 

SPECTROSCOPY OF THE SILICA/AIR INTERFACE 

 

 

Abstract: 

Understanding water adsorption on silica is important in many fields of science and 

technology, such as geo- and atmospheric chemistry.  The sum-frequency 

spectroscopy of the amorphous fused silica/air interface indicates a weak interaction 

of adsorbed water molecules with the substrate.  The spectroscopy of silica in contact 

with air of varying relative humidity suggest that there are at least two types of water 

molecules adsorbed on the silica surface: 1) weakly hydrogen-bonded water 

molecules (��~3600 cm-1) with their hydrogen atoms oriented toward the silica 

substrate; 2) bulk-like, stronger hydrogen-bonded water molecules (��~3400 cm-1) 

preferentially oriented with their hydrogen atoms away from silica.  At low humidities, 

water molecules preferentially adsorb into the weakly hydrogen bonded state; at high 

humidities, the new incoming water molecules adsorb in multilayers with stronger 

hydrogen-bonding.  We compare these results to the studies of water adsorption on 

crystalline forms of silica and suggest that the silica surface has a hydrophobic 

character.   

Additionally, we have observed suppression of the isolated silanol response when the 

silica surface is in contact with hexane vapors.  These data indicate a certain 

interaction of the polar silanol groups with non-polar alkane molecules.  These results 

may be important for catalysis on solid oxides and the technology of oil extraction. 
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Introduction 

Our broadband sum-frequency setup has the ability to provide spectroscopic data not 

only on silica/water interfaces.  In principle, it is also capable of studying the 

spectroscopic features from the dry silica surface.  Studies of the silica/air interface 

are of importance in understanding various environmental processes such as the role 

of silica colloids in the transport of organic molecules in the environment.  In our 

sum-frequency measurements we observe water adsorbed on silica surface from air 

even at such seemingly low humidities as ~20%.  Thus, it is very important to 

understand the mechanism of water adsorption on silica in ambient conditions.  

Furthermore, since water appears to be present on the solid surfaces of various forms 

of SiO2 at even low relative humidity, the question that needs to be addressed is 

whether water molecules play a role in the adsorption of various organic substances 

on natural forms of silica, and if yes, what is the role of water in such processes.  In 

addition, our data suggest that the surface silanol groups can interact with light 

alkanes such as hexane, even though alkane molecules are nonpolar.  The 

investigations of the latter phenomenon should be useful for the improvement of oil 

extraction from sands.   

 

The surface of silica and its various modifications, e.g., zeolites, have been studied 

extensively by various spectroscopic techniques such as FTIR absorption 

spectroscopy1-8, FTIR diffuse reflectance9,10, Raman spectroscopy11,12, inelastic 

neutron scattering13-15 and nuclear magnetic resonance16,17.  To access the response of 

the interface of silica (the latter, in case of absorption techniques, is used in various 

high surface area colloid forms) in the 3000 – 4000 cm-1 region, the evacuation of the 

atmosphere around the silica is used typically, mostly for the purpose of removing the 
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interference of water vapor absorption from the observed signal.  Such measurements 

place silica surface in conditions in which silica does not occur naturally. 

 

Sum-frequency generation (SFG) spectroscopy naturally avoids any contribution from 

the bulk of either silica or air phases due to its forbiddance in centrosymmetric media 

(Chapter 5).  However, even though the technique of vibrational SFG spectroscopy 

has been around for more than twenty years18, the application of SFG to the study of 

bare mineral surfaces has been reported only in a few recent works19-22.   The first 

surface-specific SFG-studies of hydroxyl vibrations on bare silica surfaces in the 

ambient air conditions were performed only in 2005 by the Allen group19.   

 

We have been able to perform initial studies of the silica/air interface in various 

environments (i.e. different relative humidities of air in contact) with our broadband 

SFG setup utilizing total-internal reflection geometry.  In general, the adjustment of 

the incidence angles for the IR and VIS beams is required upon going from the 

silica/water to the silica/air interface, since the critical angles for these two surfaces 

are very different (~65o for silica/water and ~45o for silica/air).  In the current work, 

the angles were kept at the values optimized for the silica/water interface, since it is 

rather challenging to swiftly adjust the incidence angles in the present SFG setup 

(Chapter 5, Fig. 9).  Eventually, it is planned to rebuild the setup such that the probed 

interface would be vertical, while the sample holder would sit on a rotation stage; in 

such a way, the adjustment of the angles of incidence becomes a trivial task which 

will be simply carried out by rotating the sample holder setup around the vertical axis 

while the alignment of the IR and vis beams (which would now lie in a horizontal 

plane) stays unchanged.  In part because the incidence angles were away from their 
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optimal values, the SF-signals from the bare silica surfaces were typically much lower 

than those from the neat-silica/water interfaces.  Nevertheless, the data obtained 

reveal significant insight, the two most important findings from these studies being: 

 

1) Our spectroscopic data on SFG spectra from silica in contact with air of varying 

relative humidity (RH) provide strong evidence that there are at least two types of 

water molecules adsorbed on the surface, one with hydrogen atoms oriented toward 

the silica surface, and the other – with hydrogen atoms away from the surface.  At 

lower humidites (RH~20%), water molecules mostly adsorb in weakly-hydrogen 

bonded states with their hydrogen atoms pointing toward the silica substrate.  At high 

humidities (RH~95% or more), the incoming water molecules adsorb into multi-

layered structures with stronger hydrogen bonding and with their hydrogen-bonded 

atoms pointing away from the silica substrate.  Both at low and high humidities, the 

signal from the isolated silanols remains almost unperturbed, indicating that water 

molecules prefer to bond among themselves rather than with the silanols. 

 

2) We have observed quenching of free-silanol signal upon interaction with hexane, a 

non-polar molecule.  This preliminary finding (a mixture of hexanes was used in the 

initial experiments) suggests a certain degree of “bonding” with the polar silanol 

groups and non-polar short-alkane molecules. 

 

6.1.  Observation of isolated surface silanols with SF-spectroscopy of silica/air 

interface 

In our SF-spectroscopic measurements, we have observed a band associated with 

isolated (“free”) SiO-H groups (Fig. 1) on the freshly cleaned amorphous silica 
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surface in contact with air.  The position of the isolated silanol peak is at ~3750 ±10 

cm-1 and is in agreement with FTIR studies of surface silanols on silica gels4-6,8. The 

offset of the apparent peak position from the literature value (~3750 cm-1) in some 

cases may be due to the ~30-cm-1-resolution of the detection system (see discussion in 

sub-section 5.4.5 of Chapter 5), as it is designed mostly for ultra-broadband probing. 

 

  

Fig. 1.  Selected SFG-spectra of air/silica surfaces after cleaning of the silica prism 

with (a) SC1 solution or (b) piranha.  In both graphs, the blue lines correspond to 

normalized SF-spectra, while the black dotted lines correspond to the reference 

spectra from Au-IRFS prism.  In (b), the normalized spectrum was truncated below 

~3300 cm-1 due to a high noise which was amplified after normalization due to 

division by a small-value reference.  

 

The preparation and the history of the silica prism samples were determined to be 

critical for the observation of isolated silanols.  In particular, the following 

observations were made: 

1) aged silica prisms that remained in ambient air for long times (days or weeks) 

initially did not show any distinguishable signal of isolated silanols.  As 

shown below, such behavior may be due to adsorption of hydrocarbons from 

air with time.  

a) b) 
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2) Cleaning of silica with acidic “piranha” mixture (described in sub-section 

5.4.2 of Chapter 5) or with the so-called “SC1” basic mixture (1vol. conc. 

NH4OH : 1vol. conc. H2O2 : 4 vol. H2O) both introduced isolated silanols (Fig. 

1).  In the case of SC1 cleaning, the prism in the solution was heated up on the 

hotplate (~30 min at ~80 oC) since this mixture does not heat up automatically.    

3) The free-silanol peak in SFG spectra was very sensitive to the presence of 

contaminants on the surface of freshly-cleaned silica, especially if the water 

was still present on the silica prism (which facilitated spreading of the 

contamination on the probed flat surface of the silica prism).  However, water 

on the freshly-cleaned silica surface spread to form of a thin film (interference 

fringes could be observed), thus facilitating quick drying of the silica prism 

sample in ambient air.  For this reason, simple drying of the prism samples in 

air was preferred to drying with a flow of dry nitrogen, since the latter could 

potentially introduce organic contaminants.  

4) Prolonged soaking of silica in water suppressed the signal of free-SiOH 

groups, similar to the earlier observations of the Allen group20.  As the authors 

of the this work20 suggested, such behavior of the silica surface may be due to 

a process of slow incorporation of water molecules into the interfacial network 

of siloxane bridges.  Another possible mechanism is the reshaping of the 

geometry of the silica surface (which is initially flat due to the etching 

process), such that hydrogen bonding between silanols becomes possible.  

Such reshaping may be enhanced by a partial dissolution of the silica surface 

with formation of silicic acid20.  However, more rigorous spectroscopic studies 

combined with surface scanning microscopy techniques (e.g. atomic force 

microscopy) are required to draw a more definite conclusion. 



 243 

 

 

We have also measured SF-spectra from the silica/air interface in ssp-polarization 

(Fig. 2), although in this case, the signal levels decreased further compared to ppp-

polarization combination (approximately 10� decrease).  To obtain a raw SFG 

spectrum with relatively distinguishable resonant signals above the noise, integration 

over ~12 min was required.  In principle, the overall shape of SFG spectra in ssp-

polarization scheme somewhat resembles that in the ppp-combination (i.e. a peak at 

~3750 cm-1 and a band at ~3400–3500 cm-1 are observed, Fig. 2).  However, the large 

noise in ssp-spectra complicates the data analysis.   

 

  

Fig. 2.  (a) Raw sum-frequency spectrum of the silica/air interface in ssp-polarization 

combination (green line) together with the reference spectrum (black dotted line).  

(b) normalized SFG spectrum.  The spike at ~3900 cm-1 was caused by stochastic 

cosmic rays23 whose appearance is almost inevitable at long integration times. 

 

In addition, at large incidence angles of the IR and VIS beams, the ppp-polarization 

combination should preferentially probe the vibrations normal to the surface, similar 

to ssp: according to Eqn. 10 in Chapter 5, the term for �(2)
zzz will have the largest 

contribution in the effective nonlinearity �(2)
eff, PPP, since the Lzz Fresnel factors are 

a) b) 
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typically larger than Lxx or Lyy.  Additional enhancement of the �(2)
zzz contribution is 

expected due to the larger product of sinuses of incidence angles 

78.0sinsinsin ≈IRVISSFG θθθ  compared to, e.g. 16.0cossincos ≈IRVISSFG θθθ  (see 

Eqn. 10 in Chapter 5), when �x~65o.  For these reasons, all measurements of the 

air/silica interface reported here were done in the ppp-polarization combination. 

 
Our observations are generally in good agreement with those of the Allen group, who 

measured adsorption of various organic molecules on silica from the gas phase with 

the sum-frequency vibrational spectroscopy19,20.  In particular, the authors of these 

previous SFG-studies of the amorphous silica/air interface found that the intensity of 

the 3750 cm-1 peak increased only slightly when the relative humidity of air was 

decreased from 54% to 0%19.  In addition, the intensity of the response in the ~3200-

3500 cm-1 region, corresponding in particular to H-bonded vibrations of adsorbed 

water molecules, also slightly increased at high humidity compared to the zero-level 

relative humidity.  This lead the authors to the conclusion that isolated silanol groups 

represent the main surface species on amorphous silica surfaces, whereas water 

adsorbs on silica in limited amounts19.  Interestingly, the silica surface preparation 

conditions that we used (wet etching of the silica surface followed by passive drying 

in air) lead us to essentially same observation of the isolated surface silanols in 

ambient atmosphere as the SF-spectra obtained by the Allen group who, however, 

used annealing of silica (namely, annealing in a muffle oven at 900 oC for 12 hours 

for removal of possible organic contaminants, followed by cooling at room 

temperature and equilibrating with the ambient conditions19).  

 

In addition to observing the free-silanol and hydrogen-bonded OH peaks, we also 

systematically detected a signal at ~3850-3900 cm-1 which appeared as a shoulder on 
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the 3750-cm-1 peak of free silanols (Fig. 3), and was distinguishable above the noise.  

We tentatively assign this band to the combination of O-H stretches (�) and the out-

of-plane bending (torsion, �) mode of isolated silanol groups (Fig. 3, right).  The basis 

for this assignment is the earlier observations of this combination [�+�] in the FTIR 

spectra of high-surface area silica gels8,10,24.  Furthermore, the fundamental transition 

of the torsional vibrations of free surface silanols was also observed directly2 in the 

far infrared at ~127 cm-1.  However, while a peak can be observed in the sum-

frequency measurements by the Allen group it was not mentioned in the text, and the 

presence of the combination mode [�+�] was not recognized 19.   

 

 

 

Fig. 3.  Left: Observation of the combination band of the silanol OH stretches 

and out-of-plane bending (torsional) mode at ~3850 cm-1 (marked with the 

arrow) in sum-frequency spectra of silica/air surface.  The peaks at 3400 and 

3750 cm-1 are assigned to adsorbed water molecules and isolated silanols, 

respectively.  Right: schematic depiction of the hydroxyl stretch (O�H) and 

out-of-plane (torsional) vibrations � of the surface silanol groups. 

 

We note that the use of the stretch+torsion combination mode in the surface-specific 

SF-spectroscopy of air/silica interfaces has a potential to provide additional 

information on the interactions of the surface silanols with the adsorbed molecules, to 
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which the torsional mode � is very sensitive (its frequency can undergo large blue 

shifts of several 100 cm-1 when silanols are involved in intermolecular bonding13,24,25)  

 

 

6.2.  Orientation of water molecules adsorbed on silica.  Hydrophobic character 

of amorphous SiO2 

In this section, we show that our sum-frequency spectroscopy data obtained in a 

conventional homodyne-detection setup can provide us with the information on the 

absolute orientation of water molecules adsorbed on the amorphous silica surface.   

 

6.2.1.  Experimental details 

We have carried out SFG measurements at the silica/air interface when  

1) the relative humidity of air in contact with the silica surface was increased 

to saturation level (by placing liquid H2O into the Teflon prism holder beneath the 

silica prism) and  

2) a hygroscopic material, e.g., concentrated sulfuric acid, was placed 

underneath the fused silica prism thus decreasing the relative humidity of air in 

contact with silica close to a zero level.   

 

The actual relative humidity levels created in the air volume of the Teflon holder 

underneath the fused silica prism were measured in the following way.  A relative 

humidity and temperature probe (Omega CTH89) was inserted into a dessicator which 

was sealed for every measurement.  A small beaker was introduced into the 

dessicator; the beaker was filled with either deionized H2O or concentrated sulfuric 

acid.  For each measurement, the system was given > 1hr to stabilize.  By measuring 
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the RH of the air inside the dessicator with the water-filled beaker, the value of ~97% 

was obtained.  The measurement of the RH of air in the dessicator with the sulfuric 

acid filled desicator yielded RH�5% which may have been the lower measurable limit 

of our probe (not established).  The relative humidity of the ambient laboratory air 

was tracked at ~20% from day to day during the course of these particular 

experiments.  The reliability of the RH sensor readings was tested by comparing the 

measured RH of the street air with the value indicated in the weather report and found 

to be in good agreement.   

 

6.2.2.  Sum-frequency spectral results 

Similar to the previously published studies19, our measurements show (Fig. 4) that the 

intensity of the free silanols changes only slightly when the relative humidity of air 

increases from the ambient value (~20%) to the saturation value (~95%), whereas the 

intensity of the H-bonded peak in the ~3300-3400 cm-1 region increases.  At the same 

time, the decrease of the relative humidity of the air in contact with silica lead to the 

suppression of the response of the hydrogen-bonded hydroxyls, and to an increase of 

the isolated hydroxyl response at ~3750 cm-1.  This supports the conclusion of the 

Allen group on the mechanism of water adsorption on flat silica surface such that the 

water molecules adsorb on flat silica in “islands”, covering relatively small area of 

surface and leaving most of isolated silanols unperturbed19.   
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Fig. 4.  Sum-frequency spectra of silica in the range ~3300–3900 

cm-1 in contact with air of different humidity measured in our SFG 

setup: blue empty squares, empty Teflon sample holder (ambient 

air); black filled triangles, Teflon holder with ~2 ml of liquid H2O 

(saturated humidity, RH>93%); red empty circles, Teflon holder 

with ~2 ml of conc. sulfuric acid (dry air, RH<5%).  

 

However, the sum-frequency spectra that were obtained by the previous researchers 

from the silica/air interface were mainly discussed in terms of the intensities of the 

isolated and hydrogen-bonded hydroxyl signals19.  What was not recognized in these 

studies is that the sum-frequency measurements can provide the information on the 

relative orientation of the observed oscillators via their phases � (Eqn. 1) for the 

case of silica/air SFG.  Depending on the value of phase, 0 or 	, the oscillators will be 

oriented either toward or away from the surface.  The change of orientation of water 

molecules has been found previously by fitting the homodyne-SFG spectra, which 

yielded the change of phase of water molecules at alumina surfaces of positive and 

negative charge by 	26.  More recently, the possibility to measure the phase of the 
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sum-frequency signal has been used to directly determine the orientations of the OH 

oscillators at air/water interface27,28, as well as silica/water interface29, via the phase-

sensitive (heterodyne-detected) vibrational SFG spectroscopy.  The Tahara group28 

has used heterodyne SFG to demonstrate a 180-degree change in orientation of water 

molecules at the surfactant covered water surface when the surfactant charge was 

reversed.  In this respect, the ability to measure the Im(�(2)
eff) spectrum becomes more 

valuable than |�(2)
eff|2 since the signs of various peaks in Im(�(2)

eff) spectrum directly 

reflect the value of phase.  By recalling the following formula, introduced in Chapter 

5, for the dependence of the effective surface nonlinearity on IR frequency: 
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It is easy to show that when the phase of the jth oscillator rotates from 0 to 	 (or, as we 

show, in the discussed case, from 	/2 to 3	/2), the corresponding contribution of the 

jth oscillator to the Im(�(2)
eff) spectrum (Eqn. 2) changes its sign.   

 

Even though the current SFG setup is not capable of providing the information on the 

phases of the oscillators directly, by directly measuring the real and imaginary parts  

of �(2)
eff, the changes in SFG spectra from silica/air surface at different levels of 

humidity provide a strong evidence on the relative orientation of the hydrogen-bonded 

and free OH oscillators at this surface, namely: there is at least one type of adsorbed 



 250 

water molecules which are oriented in an opposite direction with respect to the 

surface silanols (i.e. the OH groups of those water molecules point towards silica).   

 

A particular feature that we observe in the SF-signal from the silica/air is a relatively 

high non-resonant signal (�(2)
NR in Eqn. 1) compared to resonant features, e.g., free 

SiOH.  When the non-resonant signal becomes of the same order as the resonant 

contributions �(2)(�j), the destructive/constructive interference between these 

components can considerably change the shape of the homodyne-measured spectrum 

|�(2)|2.    

 

We have observed that the spectra corresponding to the silica surface in contact with 

very dry air (conc. sulfuric acid placed into the Teflon holder, RH<5%) have a very 

different shape from the SFG spectra when the silica is in contact with ambient or 

humid air (Fig. 4).  In particular, the signal at lower frequencies decreases when the 

air is dried, which suggests the removal of physically adsorbed water (similar to the 

earlier observation19).  The adsorption of sulfuric acid molecules from vapor was 

excluded since the vapor pressure of 95% H2SO4 (<<0.001 mm Hg at ~25 oC; 1 mm 

at ~145 oC) is several orders of magnitude lower than that of water (~20 mm Hg at 

room temperature).  At the same time, the signal of the free silanols remains in spectra 

(which supports again the assignment of the peak at 3750 cm-1 to surface-bound 

hydroxyls), and seemingly it increases in its intensity compared to the signal of free 

silanols in contact with humid air, although in principle the silanol peak should not 

change its intensity if only water desorbs.  We believe that the increase of the free-

silanol signal in the |�(2)
eff|2 spectra upon placing silica in contact with dry air is caused 

by the disappearance of the destructive interference from signal of water molecules 
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which vibrate out-of-phase with the surface silanols.  Another supporting evidence of 

such mechanism of water adsorption is the dip in the |�(2)
eff |2 signal at ~3600-3700 

cm-1 from silica in contact with humid air, which suggests that Im(�(2)
eff) crosses zero 

at ~3650 cm-1 (see analysis below), thus the signs of contributions from water and 

silanols are 180o out of phase.  The dip in the spectrum at ~3650 cm-1 disappears upon 

desorption of water (Fig. 4, red empty circles), which is consistent with the picture 

that the remaining silanols oscillate in phase since they all are presumably oriented in 

the same direction (pointing away from the silica into air).  The detailed and 

quantitive analysis of the spectra, fit to Eqn. 1, at different humidity levels, supports 

the proposed model of water adsorption on the silica surface, as is described below. 

 

6.2. Fitting the sum-frequency spectra from silica/air interfaces 

While we realize that for the rigorous study of this effect and more appropriate fitting, 

spectra should be acquired through the entire spectral range of OH oscillations. 

Nevertheless, we proceeded since the spectral coverage is enough to make 

preliminary conclusions on the isolated hydroxyls (at ~3750 cm-1) and at least the 

3400 cm-1 region of oscillations of hydrogen-bonded hydroxyls.  We have also 

performed additional SFG spectroscopic measurement, by scanning the VIS pulse 

delay over longer time delays, to get better quality of signal at lower frequencies.  The 

fitting procedure was performed by use of Igor Pro 5.03 software (Wavemetrics), see 

Appendix 5 for details.  The data points were limited to the frequency range where the 

noise was not contributing significantly.  The following formula was used to fit the 

normalized sum-frequency spectrum signal S(
): 
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where index “1” denotes parameters for the lower-frequency peak at ~3400 – 3500 

cm-1, while index “2” relates to the isolated silanol peak at ~3740 – 3750 cm-1.  

(Please note that here we use notation “omega” for wavenumber frequency, although 

typically omega denotes angular frequency.)  In addition to the over-simplified two-

peak description, we also tested the use of three-peak function to better fit the signal 

in the range ~3300 – 3600 cm-1: 
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where indices “1” and “2” relate parameters to the peaks in the range ~3300 – 3600 

cm-1, and index “3” is related to the isolated silanols.   

 

To compare the results of fits for the three cases of air humidity and to visualize the 

orientations of the H-bonded and free-OH oscillators, we plotted the non-resonant part 

of the nonlinearity, together with the real and imaginary parts of the resonant response 

�
(2)

R(�) which were “corrected” by multiplying the expression in the brackets in Eqn. 

3 (or Eqn. 4) by the phase parameter of the free-SiOH oscillator (for which the 

orientation is known a priori), which for the case of three-peak fits is:  

 

)exp(
)exp()exp()exp(

3
33

33

22

22

11

11 ϕ
ωω

ϕ
ωω

ϕ
ωω

ϕχ i
i

iB
i

iB
i

iB
NR −⋅�

�

�
�
�

�

Γ+−
+

Γ+−
+

Γ+−
+                 (5) 

 

This expression for the total effective nonlinearity is, in principle, equivalent to the 

one in Eqn. 1, since it yields the same value of |�(2)|2.   The reason behind such 

mathematical transformation is because many authors typically associate the phase 

factor ei� with the non-resonant term, while the phases of the resonant oscillators are 
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“hidden” in the sign of the oscillator strength factors Bj
30,31   After performing such a 

“phase correction”, one obtains the following formulas for the three components in 

the case of the two-peak fits: 
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Similarly, the following expressions were used for the non-resonant, Real and 

Imaginary parts in the case of the three-peak fits: 
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By plotting the corrected Im(�(2)) spectrum in the form of Eqn. 8 or Eqn. 11, we are 

essentially disregarding the relative phase offset of the resonant oscillations from the 

non-resonant term.  We can compare the sign of amplitude of the other oscillators (in 

this case, the hydrogen-bonded oscillators, index 1) to the sign (and eventually the 

orientation) of the “reference” oscillator with index 2 (in this case, the free silanols).  

Please note that the form of the imaginary part of the spectrum expressed in Eqn. 8 or 

Eqn. 11 is the form that one gets when initially the phase is assigned only to the non-
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resonant term, as for example in references 30-32, thus the phase of the non-resonant 

contribution becomes –�2 while the sign of the imaginary part directly reflects the 

sign of the oscillator strength parameters31 (for example, see the term for B2 in Eqn. 8). 

 

We start by fitting the SF-spectrum from the silica in contact with the very dry air (red 

empty circles in Fig. 4).  To assess the value of the non-resonant signal �(2)
NR , we 

measure sum-frequency spectrum from the same interface with ~1-2 ml of liquid D2O 

placed into the Teflon holder underneath the prism (Fig. 6 (left),  black circles; see 

also sub-section on the isotopic exchange experiments below).  We found that this is a 

necessary step in the data analysis, otherwise there is an ambiguity in the values of the 

silanol peak height.  The correspondence between the average level of the signal in 

case of silica/D2O vapor interface and silica/dry air interface indicates that the peak at 

~3750 cm-1 in the latter case corresponds solely to the silanols.   

 

From the fits of the silica/dry air surface, we found the only possible value of the 

phase for surface silanols is �1=	/2 (Fig. 5).  This was required mathematically since 

in the case of phi=0 or 	, the guessed shape of the |�(2)|2 spectrum does not correspond 

to the experimentally observed single-peak spectrum |�(2)|2.  Such a condition is 

particularly critical when the magnitudes of non-resonant and resonant contributions 

are close in value, as it occurs for our SFG measurements from silica/air.  The choice 

of phase 	/2, and not 3	/2 is dictated by the fact that for �SiOH=3	/2, the spectra for 

silica with adsorbed water could not be fit (due to a relatively high non-resonant 

signal).  Also, from the point of view of physical meaning of the oscillator phases, for 

�1=	/2 the sign of the SiOH peak is negative (Fig. 5, right) which corresponds to the 

orientation of the SiOH groups away from the silica into air28, which is most likely 
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occurring at the flat silica surface.  In addition, the ±	/2 phase offset of interfacial 

resonant oscillations from the non-resonant signal was experimentally shown in the 

early work of Shen and colleagues33. 

 

  

Fig. 5.  Simulation of the intensity sum-frequency spectrum of the silanol 

vibrations with the parameters close to the measured experimentally 

(�(2)
NR=0.004311 a.u., BSiOH=0.12 a.u., �SiOH=50 cm-1, �SiOH=3750 cm-1), for the 

cases of SiOH phase �=0 and 	/2 rad.  The �=0 simulation is clearly not 

consistent with the experimental spectra (Fig. 4, red circles).  From the average 

SFG signal from silica/D2O vapors, we deduced the value of the non-resonant 

term:  (a.u.)0.00431110588.18 6)2( ≈⋅≈ −
NRχ .  This value was used for all 

fits described in this section. 

 

The oscillator strength obtained from the fit B2�0.113 a.u. was selected as the 

constant parameter of the studied system, and it was used as the corresponding value 

in further fits of the silica surface in contact with ambient (RH~20%) and humid 

(RH~95%) air (in practice, the actual value had to be slightly increased for successful 

fits of the free-silanol peak).   
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The plot of the Im(�(2)
R) for the silica/dry air surface showed only one peak at ~3770 

cm-1 (Fig. 6(right); see Table A9.1 in Appendix 9 for fit results).  The displacement of 

the frequency was explained by insufficient resolution of the current detection system.  

The value of the non-resonant signal has a considerable contribution compared to the 

peak height of silanols in the Im(�(2)
R) spectrum.  According to a recent work by the 

Tahara group28, the negative value of the signal in the imaginary spectrum indicates 

that the hydroxyls are oriented away from the silica surface (the medium from which 

the beams approach the interface).   

 

  

Fig. 6.  Left: sum-frequency spectra from silica/air surface, for the case of dry air 

(red empty rhombs) and D2O vapor (black empty circles), together with the fit 

result of the former (blue line).  

Right: plots of the “corrected” non-resonant, Re and Im parts of the nonlinear 

response (Eqn. 8) based on the fit results (Table A9.1 in Appendix 9)   

 

For the fitting of the sum-frequency spectra from silica in contact with ambient air 

and humid air, we tested the two-peak (Eqn. 8) and three peak (Eqn. 11) descriptions, 

respectively.  In both cases, values of the non-resonant signal and the oscillator 

strength of the free-OH groups were forced to be equal to those obtained from the fits 

for the silica/dry air surface; also, the total off-set of the fit function along the y-axis 
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was set to zero (otherwise, it was giving a considerable contribution into the fit 

function, namely ~20% of the total height of the |�(2)(�)|2 spectrum).  In general, a 

single peak in the hydrogen-bonded frequency region gives relatively good-quality 

fits for the both ambient air/silica (Fig. 7, a) and humid air/silica surfaces (Fig. 7, c); 

however, the two-peak function did not fit well the |�(2)(�)|2 spectrum from silica in 

contact with humid air (Fig. 7, c) around ~3600 – 3700 cm-1.  

 

 

 

 

 

 

 

 

Fig. 7.  Fits of | �(2)
eff |2 spectra from silica/air surface (a, c) and plots of the 

“corrected” non-resonant, Re and Im parts of the nonlinear response (b, d) based 

on the two-peak fit results.  a) and b): ambient air (RH~20%).  c) and d): saturated 

humidity (RH~95%). (Table A9.1 in Appendix 9)  

 

The results of three-peak fits are summarized in Fig. 8 (see Table A9.2 in Appendix 9 

for fit parameters) .  The improved fitting required two peaks with opposite phases for 

the H-bonded OH region with the lower frequency peak oscillating in phase with the 

a) 

c) 

b) 

d) 
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silanols.  (If the phases for both OH bonded peaks were assigned as opposite to SiOH, 

the result was similar to the two-peak fits, i.e a poor fit near 3650 cm-1.)  The three-

peak description fit the experimental results around ~3600 cm-1 much better than the 

two-peak fit, especially in the case of the silica/humid air interface (compare Fig. 7(c) 

to Fig. 8(c)).   

 

 

 

 

 

 

 

Fig. 8.  Fits of | �(2)
eff |2 spectra from silica/air surface (a, c) and plots of the 

“corrected” non-resonant, Re and Im parts (Eqns. 10 and 11) of the nonlinear response 

(b, d) based on the three-peak fit results.  a) and c): ambient air (RH~20%).  c) and d): 

saturated humidity (RH>95%).  (Table A9.2 in Appendix 9) 

 
In order to improve the signal-to-noise ratio of sum-frequency spectra from silica/air 

interface below ~3200 cm-1, scanning of the vis-IR pulse delay was required,  Note 

that the spectra in Fig. 4 were obtained at a single delay between the vis and IR pulses 

(“single shot”).  We also recorded sum-frequency spectra of silica/air at lower 

a) b) 

c) d) 
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vibrational frequencies by scanning the vis-IR delay further to obtain better signal-to-

noise ratio at ~3100-3200 cm-1 (Fig. 9 (a,c)).  Similarly to the data of the Allen 

group19,20, we see a broad peak centered at ~3400 cm-1.  Reasonable three-peak fits of 

these spectra could be obtained in this case (Fig. 9) similar to those obtained by three-

peak fits of the data from “single-shot” measurements (Fig. 8).  The parameters 

(Appendix 9) were also in good agreement . 

 
 
 

 
 

 
 

 

 

 

Fig. 9.  | �(2)
eff |2 spectra from silica/air surface (a, c), measured over broader spectral 

range,, fits and plots of the “corrected” non-resonant, Re and Im parts of the nonlinear 

response (b, d) based on the three-peak fit results.  a) and c): ambient air.  c) and d): 

saturated humidity.  (Table A9.3 in Appendix 9)  Grey dotted lines in a) and c) 

represent the corresponding integrated reference spectra of the IR pulses.   

 

a) 

c) 

b) 

d) 
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6.2.4.  Discussion of the mechanism of water adsorption on silica based on sum-

frequency spectroscopy results 

As discussed above, the spectra are best described by three peaks: negative peak at 

~3750 cm-1 ( corresponding to free silanols ), a positive peak at ~3600 cm-1 and a 

negative peak at ~3350 – 3400 cm-1.  There may be other features in the SFG 

spectrum at lower frequencies (<3100 cm-1).  However, we did not detect them 

distinctly in our experiments, nor were they reported in the SFG measurements of the 

Allen group at ~3100 cm-1 either.  Thus the spectra include all the different hydroxyl 

species present and detectable on the silica surfaces.  The positive peak at ~3600 cm-1 

is dominant in the spectra for the case of ambient air (RH~20%, blue lines in Fig. 10).  

As the RH value increases to ~95%, the peak amplitude at 3600 cm-1 changes little, 

while the negative peak at ~3400 cm-1 increases significantly in intensity (black lines 

in Fig. 10). 

 

Additionally, we note that the approach used here to fit the sum-frequency spectra of 

hydroxyls at silica/air surfaces at various air humidities (and consequently to derive 

the phases of the water and silanol hydroxyls)is in some respect is “phase-sensitive”.  

What allows for such sensitivity to phases of the water and silanol OH groups is that 

the non-resonant signal of approximately same magnitude as the resonant contribution 

into �(2)
eff.  Hence, interference of the non-resonant nonlinearity with the differently 

oriented hydroxyls in H2O and SiOH leads to appreciable changes in the shape of the 

homodyne-measured spectra |�(2)
eff|2 (Fig. 4).  The magnitude of the sum-frequency 

signal from silica in contact with D2O-saturated vapors provides us directly with the 

value of �(2)
NR, while the exposure of silica to dry air provides us with the separate 

contribution BSiOH and phase �SiOH of the SiOH groups.  The knowledge of the values 
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of �(2)
NR, BSiOH  and �SiOH  allows us to obtain information on the oscillator strengths 

and phases of in water molecule OH stretch modes.   

 

As will be discussed in Chapter 7, a similar approach was used by the Shen’s group to 

perform phase-sensitive sum-frequency vibrational spectroscopy of water molecules 

at fused quartz surface34 by interfering the resonant contribution of water hydroxyls 

with the relatively large non-resonant (bulk) �(2)
NR signal from quartz.  As will be 

shown in the next Chapter, the phase data obtained from fits of SFG spectra of 

silica/water interface correspond well with the experimentally obtained results by 

Shen and colleagues34.  Thus, the approach to analyze the sum-frequency vibrational 

spectra from silica/air surface is expected to provide reasonable data too.   

 

  

 

 
Fig. 10.  Plots of the “corrected” imaginary part of �(2)(
) based on the results of 

fits for the two sets of measurements presented above.   

a: SFG from silica/air measured at a single IR-VIS delay (Fig. 8). 

b: SFG from silica/air measured at several IR-VIS pulse delays to improve 

signal quality at low frequencies (Fig. 9).   

 

The sum-frequency spectra of silica/air interface discussed above suggest the 

following model of water adsorption on silica.  At low humidity levels (ambient air 

humidity, ~20%), water adsorbs preferentially in the orientation opposite to the 

a) b) 
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surface silanols (Fig. 11, left; water type I), as suggested by the phase difference of the 

peaks at ~3750 cm-1 and ~3600 cm-1.  There may be a certain tilt of the molecular 

dipole with respect to the surface normal, but we do not derive it in our study.  The 

preferential orientation is nevertheless suggested by the opposite phases of the OH 

oscillators of H2O and SiOH.  The existence of non-hydrogen bonded silanols can be 

explained by the relatively low surface concentration of the silanols groups (<5/nm2)35, 

compared to that of water molecules at the surface (~20/nm2) based on bulk density.  

As the humidity of the air increases, so does the water adsorption.  Since the free-

SiOH peak remains in the SF-spectrum at high humidity it suggests that water 

molecules are more likely to gather in “patches” on the silica surface19.  At high RH 

values, these patches are thicker than water layers existing on silica surface at low 

humidity.  Formation of water multilayers is most likely (since the free silanols are 

observed at about the same intensity even at RH~95%); as a result, the strength of 

hydrogen bonding between water molecules in multilayers increases leading to an 

increase of oscillations at red-shifted frequencies closer to the bulk water (~3400 cm-

1; water type II in Fig. 11, right) which have their dipole moments preferentially 

oriented away from the silica surface.  At the same time, a large portion of water 

molecules remain in the geometry of adsorption at low humidity (permitting less 

hydrogen bonding) as revealed by the constancy of the spectral feature at ~3600 cm-1.  

Such model explains the behavior of the Im(�(2)) spectra when the RH value increases 

from 20% to 95% (Fig. 10).  Namely, the positive peak at ~3600 cm-1 is the most 

pronounced at lower humidity (blue lines in Fig. 10).  As adsorption of water 

increases, a peak grows in at ~3350 – 3400 cm-1suggesting that the growing adlayers 

of water molecules are closer in structure to bulk water.  The negative sign of the 

Im(�(2)
3400) (black lines in Fig. 10) suggests a preferential orientation of the hydrogen 
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atoms of these molecules away from the silica substrate.  There may be also water 

molecules that have their dipole moment oriented parallel to the silica surface (type 

III in Fig. 11); their presence is very likely since the multilayer structure has to be 

somehow stabilized via hydrogen bonds.  However these flat lying molecules would 

not be visible in the sum-frequency spectra since on average there is no net orientation 

of the transition dipole moments at the amorphous silica surface.   

 
Fig. 11.  Suggested model for water adsorption on a silica surface from the vapor.   

Left: adsorption of water molecules at low RH.  Water is mostly represented by type I (weakly 

hydrogen bonded, 
~3600 cm-1).   

Right: adsorption of water at high RH.  Type I (weak H-bonding) water molecules are still present 

in the very contact with the silica surface; the excess water molecules adsorb into multilayer with 

their dipole moments preferentially oriented away from silica (type II).  Water molecules with their 

dipole moments parallel to the silica surface (type III) may be present to facilitate hydrogen 

bonding between type I and type II, however vibrations of these molecules may not be visible in 

SFG spectra.    

Notations for hydrogen, oxygen and silicon atoms are shown in the inset.  �SiOH,z �HOH,z denote the 

projections of the dipole moments of the hydroxyl groups in silanols and water molecules 

respectively, onto the z-axis normal to the silica surface. Hydrogen bonding between water 

molecules is shown in the case of silica/humid air with thin dotted green lines. 
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We find our results in sharp contrast with a recent attenuated total reflection (ATR) 

FTIR study of water adsorption on silicon oxide layer formed on a silicon surface36.   

In the latter report, the authors concluded that water has a preferential orientation of 

the dipole moment (~35o tilted from the surface normal) at lower humidities (~20%); 

however, at higher humidities (>50%) water in the multilayers was suggested to have 

absolutely no preferential orientation.  This conclusion was based on the analysis of 

the dichroic ratio of OH stretch absorption deduced from ATR spectra obtained with 

s- and p-polarized IR light at the silica surface.  In contrast, our data show clearly a 

destructive interference between the OH stretches of water and SiOH groups even in 

the case of RH~95% (see e.g. Fig. 4, filled black triangles), which means that the 

water dipole alignment is preserved even at high RH.  Also, the spectra in the 

mentioned work36 are shown up to 3650 cm-1, and there is no mention of non-

hydrogen bonded hydroxyls such as SiOH that we observed in SFG.  Our results 

again confirm the potential of the surface-specific SFG spectroscopy to provide the 

orientation information, which in our case can be obtained even from the homodyne-

detected SFG.  There is a possibility that the silicon substrate induces a certain 

restructuring into the silica layer; we have seen that the sample preparation also plays 

a crucial role.  It would be interesting to perform the same SFG measurements 

reported here on the silicon/SiO2 surface to test the conclusions of the mentioned 

work36 and the influence of the silicon substrate. 
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6.2.5.  Hydrophobic nature of flat amorphous silica surfaces 

A quick comparison of the sum-frequency data for the silica/air interface obtained in 

this work to the FTIR data from silica gels5-7 indicates that flat silica surfaces are 

fundamentally very different from the curved surfaces of silica gels and colloid silicas.  

In the case of flat silica, we can observe the sum-frequency spectrum of free silanols 

at ambient conditions; in case of silica gels, evacuation at elevated temperatures is 

required to drive off the adsorbed water and obtain FTIR spectrum of isolated silanols.  

It is possible that the porous structure of the silica gels can bring the silanol groups 

much closer and thus enhance hydrogen bonding between them as well as with the 

adsorbed water molecules.  Additionally, our data indicate that the extension of 

conclusions from the FTIR data obtained on high surface area colloid systems to flat 

surfaces has to be made with caution. 

 

It is very interesting to compare our results of water adsorption on amorphous silica 

with investigations of water adsorption on the flat surfaces of other naturally 

occurring crystalline modifications of silica.  One of such works is the SFG 

spectroscopic investigation by the Shen group for water (D2O) adsorption on mica37, a 

crystalline composite of aluminum and silicon oxides with admixtures of sodium or 

potassium oxide.  In the latter case, the most intense peak that was observed was at 

~2375 cm-1 for OD stretches (which would correspond to ~3200 cm-1 for OH 

oscillator) in the range of humidity values 53-97%.  Based on the position, which is 

close to the maximum of the IR absorption spectrum of ice, it was concluded that 

there is a presence of “ice-like” water on the mica surface.  The authors suggested that 

the formation of “ice-like” structures of adsorbed water may be favored by the 

approximate lattice matching of the mica surface and the hexagonal ice basal plane37, 
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so that the creation of strongly hydrogen-bonded water molecular network (as in ice) 

is highly favored.  Such an interaction of water with the mica surface is very similar 

to the enhanced nucleation of ice on the surface of a clay mineral kaolinite 

(Al2Si2O5(OH)4) reported by experimental38 and theoretical39 investigations.  Field 

studies have shown the presence of kaolinite in ice crystals40.   Such action of 

kaolinite has been explained by the presence of a large surface density of hydroxyl 

groups available for hydrogen-bonding with adsorbed water molecules on kaolinite’s 

octahedral faces39.  The properly-spaced hydroxyl groups can provide the matching to 

the ice lattice, thus encouraging strong hydrogen bonding of water molecules to the 

substrate and formation of “ice-like” water structure.  Additional factor that may 

increase hydrogen bonding among adsorbed water molecules, as well as of water 

molecules to the surface, is the presence of ions in the crystalline structures of mica 

and kaolinite41, which are absent in the amorphous silica surfaces.  Recent theoretical 

investigations40,42 additionally suggested that the amphoterism of the surface hydroxyl 

groups (i.e. their ability to accept and donate protons) also plays a significant role in 

the stimulation of two-dimensional ice formation.  

 

In contrast to the study of crystalline mica and kaolinite surfaces, we find that the 

initial amounts of water that adsorb on silica at low humidities are mostly weakly 

hydrogen-bonded (~3600 cm-1), while the increase in bonding between molecules 

starts to appear at higher humidities.  Even in the case of air of at saturated humidity 

(RH~95%), the “ice-like” OH peak in SFG of silica/air is observed neither here nor in 

other investigations19.  By combining the observation of the free-SiOH peak in the 

SFG spectra of silica with adsorbed water (Fig. 4) with the knowledge of relatively 

low surface density of surface silanol groups on amorphous silicas (~4/nm2)35 
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compared to OH groups of liquid water, it is logical to conclude that water molecules 

do not strongly hydrogen-bond to the basal oxygen atoms of the siloxane bridges Si-

O-Si (Fig. 11, water type I).  Interestingly, the orientation of these weakly-hydrogen-

bonded molecules deduced from our SFG-measurements is in good agreement with 

the predictions of weak H-bonding and the orientation of water on the tetrahedral 

plane of kaolinite which does not have surface hydroxyl groups39.   

 

Summarizing the data presented here, and the experimental and theoretical data 

available for water adsorption on crystalline forms of silica, we conclude that the flat 

freshly prepared surface of amorphous silica is essentially hydrophobic.  The 

hydrophobicity is the result of several factors, mainly: 

1) the low surface density of silanols and 

2) the preferential hydrogen bonding of water molecules to each other rather than 

to the oxygen atoms in surface siloxane bridges. 

The hydrophobic character of the silica surface has been suggested by molecular 

dynamics simulations of the interaction of water with the “dense” (0001) surface of 

quartz which is characterized by 3-membered and 6 membered-rings with siloxane 

bonds at the top43.  The lack of the long-range order on the surface of amorphous 

silica cannot provide structuring of water molecules as occurs on mica or kaolinite.  

The hydrophobicity of silica surface was suggested in a recent near-IR study of water 

adsorption on silica, alumina and TiO2
44.  By comparing the amounts of water 

adsorbed on these three oxides, as well as the lineshapes of the water [stretch+bend] 

combination band at ~5100-5300 cm-1 (see Chapter 8 for more discussion), the 

authors concluded that water interacts weakly with the silica surface, but strongly 

with the surfaces of Al2O3 and TiO2.  Such a difference in the interaction was 
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explained by the fact that the siloxane bridges represent the greater part of the silica 

surface and have mostly covalent character; on the other hand, the chemical bonds 

Al3+-O2- and Ti4+-O2- in alumina and titania, respectively, are largely ionic, thus water 

oxygens easily adsorb on the cationic sites (Al3+ or Ti4+).  According to such an 

explanation, water molecules are expected to adsorb on alumina and titania with their 

hydrogen atoms pointing away from the substrate.  From this perspective, it would be 

interesting to perform a phase-sensitive sum-frequency study of water adsorption on a 

bare alumina surface (similar to the one reported here) to test this hypothesis.    

 

We finally note that the partial hydrophobic nature of the silica surface is also 

suggested by our recent sum-frequency studies of the silica/water interface, whereby 

we observe a high-frequency feature at ~3700 cm-1 that most likely reflects presence 

of non-hydrogen bonded hydroxyls.  These investigations are discussed in Chapter 7.   

 

 

6.3.  Facile exchange of silanol hydrogen atom with gas phase water vapor 

We have studied interaction of silica surface silanols with water vapor by the means 

of isotopic dilution.  Isotopic exchange experiments showed that the free OH signal 

can be detected at the ambient air /silica interface even after immersing a silica 

sample into liquid D2O for 60 min at room temperature (Fig. 12, a,b).  However, after 

placing liquid ~1-2 ml of liquid D2O into the Teflon sample holder the free OH signal 

(and the signal from H-bonded OH) is significantly suppressed (Fig. 12, c).  These 

results suggest that the free silanol OH/OD groups at the silica surface easily 

exchange with H2O and D2O vapors present in the atmosphere in contact with silica.  

It would be interesting to test whether this exchange occurs via an adsorbed layer, or 
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via direct exchange with the gas phase.  Possible experiments could include 

measurements at elevated temperatures to reduce the possibility of physical 

adsorption of water from gas phase.  We also observe a certain residual signal at 

~3700 cm-1 for the silica/D2O vapor surface, which may be indicative of the presence 

of silanol groups that are not exchangeable with the deuterium.  Further studies of this 

residual signal would be required at the proper incidence angles, to improve the 

signal-to-noise ratio to make a more accurate conclusion. 

 
 

 
Fig. 12.  Isotopic exchange of the interfacial silanol groups.  a, silica/air 

intarface right after SC1 cleaning.  b, silica/air interface (same prism 

sample) after ~1 hr immersion of the silica prism in liquid D2O.  c, 

silica/air interface during exposure of silica to vapors of D2O.   
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6.4.  Quenching of free SiOH with alkane (hexane) vapor 

After placing a liquid hexane sample (Mallinckrodt Chemicals, content: mixture of 

isomers, >60% n-hexane) into the Teflon prism holder (but not into a direct contact 

with the prism surface), we observe quenching of the free-silanol peak at 3750 cm-1 

(Fig. 13).  This observation suggests that adsorption of hexane(s) onto silica leads to 

an increased role of hydrogen bonding between isolated silanols, though these may be 

too far apart on average, or between adsorbed water molecules and the isolated 

silanols.  The latter, however, is less likely, since even in the case of contact of silica 

with the vapor-saturated atmosphere, the isolated silanols remain on the surface.  

Most likely, such a change of sum-frequency response from the bare silica surface is 

due to the direct interaction of hexane with silanols.   

 

  

Fig. 13.  Quenching of the free SiOH response from silica upon exposure to 

hexane vapors.  (a), SFG-spectrum from silica/air surface after SC1 cleaning of 

the prism, ambient air.  (b), SFG-spectrum from the same silica prism with ~1-2 

ml of hexane present in the Teflon holder beneath the prism sample. 

 

The disappearance of the free-silanol peak in sum-frequency spectra of silica/air 

interface in presence of hexane vapors suggests a possible mechanism for the same 
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observation when the prism is exposed to ambient air for prolonged times (see above 

the discussion around Fig. 1).  Namely, it is possible that the alkane-like contaminants 

adsorb onto silica surface exposed to ambient air over days or weeks, which in turn 

suppress the isolated silanol response, similar to the action of hexane vapors (Fig. 13, 

b).  

 

The observation of the quenching of the free-OH response in the presence of hexane 

is in contrast to the SFG of water/hexane interfaces45,46, where the free OH signal 

from interfacial water molecules is preserved, even though the band intensity is 

weaker than at the water/air interface.  In addition, we note in our observations that 

the contact angle of hexane on silica approaches zero (hexane easily spreads on silica 

surface, before it completely evaporates) suggesting that there is a considerable 

interaction (some kind of “H-bonding”) between this small-molecule alkane and the 

silica surface.  Future experiments will include testing the interactions of silica with 

separate isomers of hexane, as well as with heavier alkanes.  The studies in this 

direction are of great importance for such industries as catalysis on solid oxides and 

enhanced oil extraction.   

 

 

Conclusion 

Our initial studies of silica/air interface have provided us with additional information 

on the orientation of adsorbed water molecules.  Our data suggest that water 

molecules weakly interact with the flat silica surface adsorbing preferentially into 

high–frequency states corresponding to weak hydrogen bonding.  Comparison with 

the experimental and theoretical data available for crystalline forms of silicates that 
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have large surface densities of surface hydroxyls (mica, kaolinite) suggests that the 

silica surface has a large hydrophobic character.  The hydrophobicity of silica surface 

is most likely defined by the large surface area coverage of the siloxane groups which 

do not hydrogen-bond efficiently to water due to the covalent character of Si–O bond. 

 

The exposure of bare silica surface to hexane vapors results in the suppression of the 

isolated silanol peak suggesting that there is a certain interaction between polar OH 

moieties and non-polar molecules.  More studies, however, will be required in this 

direction; in particular it is interesting to test the effect of the length of alkane on the 

free-SiOH signal. 

 

As already mentioned, the hydrophobic character of silica was also expressed in the 

sum-frequency spectroscopy of silica/water interface.  In the next Chapter, we 

describe the sum-frequency spectroscopy of the ~3700 cm-1 peak that we observe with 

the help of our SFG-setup in spectra from silica in contact with various aqueous 

solutions.  
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CHAPTER 7.  SUM-FREQUENCY VIBRATIONAL 

SPECTROSCOPY OF THE NON-HYDROGEN-BONDED OH 

SPECIES AT SILICA/WATER INTERFACES 

 
 
 
 
Abstract: 
 

Typically, SFG-studies of mineral/water interfaces (in particular, silica/water) have 

focused on the most pronounced features – peaks of H-bonded hydroxyls at ~3150 

and ~3450 cm-1.  We have been able to systematically observe and study a weaker 

peak at ~3700 cm-1.  This peak becomes more pronounced as the pH of the aqueous 

phase decreases, as well as the ionic strength increases, indicating that the hydroxyls 

corresponding to this spectral feature are situated in very close proximity to the 

surface.  Isotopic dilution experiments indicate that the 3700 cm-1 feature is not due to 

asymmetric OH stretches as was suggested before.  Based on our results, we suggest 

that this spectral feature corresponds to the hydroxyls of water molecules at the silica 

surface that cannot hydrogen bond with silanol groups because of the lower density of 

silanols compared to H2O.  We believe this to be the first surface-specific study of 

non-hydrogen bonded water hydroxyls at silica, a surface widely accepted as 

hydrophilic. 
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Our ultra-broadband SFG setup has provided us with the ability to measure spectra of 

water molecules at the surface of silica. As mentioned before, not only were we able to 

reproduce the SFG spectroscopic features observed from water molecules at charged 

silica surfaces1 2-13, but also we have consistently observed the presence of a relatively 

low intensity feature at ~3650 – 3700 cm-1 (Fig. 1).  In this Chapter, we investigate the 

origin of this feature and suggest its assignment as the hydroxyls of water molecules in 

the very vicinity of the surface that do not hydrogen bond with water on one side nor with 

the less-densely packed surface silanols on the other side of the interface.  

 

 

7.1.  SFG spectra of silica water interface in ppp and ssp configurations.   

As was discussed in Chapter 5, the ssp polarization combination is generally preferred 

since the effective nonlinearity in this polarization scheme depends only on the nonlinear 

polarization coefficient �yyz (Eqn 7 in Chapter 5).  The latter simplifies the analysis of 

spectra since only one surface nonlinear tensor component is involved in the sum-

frequency response.  However, in some cases other polarizations such as ppp can be also 

employed effectively (Chapter 5).  For example, in our broadband SFG setup, the angles 

of incidence of the IR and visible (VIS) beams are close to the critical angles of the 

silica/water interface (Chapter 5).  More precisely, the incident angle of the VIS beam is 

very closely adjusted to the critical value ~67o, while the IR beam is incident at ~75o.  

The critical-angle incidence of the VIS beam improves substantially the sum-frequency 

signal due to total internal reflection (Appendix 6); at the same time the incidence of the 

IR beam away from the critical angle reduces the dependence of the IR-beam Fresnel 
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factor on frequency due to the water absorption10,14 (Chapter 5).  In these experimental 

conditions, the following visible and SFG Fresnel factors are close to zero: 

Lxx(�VIS)�Lxx(�SFG)�0 (see Eqn. 12 in Chapter 5).  As a result, the expression for �(2)
ppp 

simplifies to depend only on one component �zzz 15 (Eqn 10 in Chapter 5), and thus 

analysis of the spectral shape becomes more straightforward (compared to the case of 

ppp-spectra from external-reflection geometry SFG, whereby all four non-zero 

components of the surface nonlinear susceptibility contribute into �(2)
eff).  The advantage 

of the ppp-combination vs. the ssp scheme is that the coupling of the electric fields of the 

vis and IR beams into the water medium is much higher for the p-polarization than for the 

s-polarization of the beams, thus the raw (non-normalized) sum-frequency signal levels 

are much higher than for ssp, typically by an order of magnitude or more16.  For this 

reason, acquisition of SFG spectra in ppp-polarization combination becomes more 

advantageous than in ssp in the particular case when the pulse energies of the IR and Vis 

beams are rather low (as it occurs in our case: ~1-3 �J for IR and ~13-16 �J for Vis).   

 

As an example compare the SFG spectra from the water/silica interface obtained in ppp 

(shown already in Fig. 14 in Chapter 5) and ssp polarization combinations (Fig. 1).  Both 

polarization schemes show same spectral features.  However, the spectrum quality is 

much better in the ppp-polarization scheme (in our setup, typical signal levels ~2000 

counts/min at ~3300 cm-1) than in ssp (at 3300 cm-1, signal levels ~150 counts/min).  In 

particular, we clearly detect the peaks at ~3150 and ~3450 cm-1 which have been 

observed by various research groups in SFG of water in contact with silica4,8,9,13.  

However, we found the use of ppp-scheme much more advantageous for study of the 
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feature at ~3650-3700 cm-1 which is the main object of this Chapter.  We also observe 

this peak in the ssp-spectra (Fig. 1, b), however with a much larger noise.  Thus we 

proceeded with acquisition of SF-spectra in the ppp-polarization scheme, as it provided 

much higher quality spectra in about the same integration times, enabling us to efficiently 

track the response of the high-frequency peak to various changes in the aqueous media in 

contact with silica (e.g. change of pH value, presence of salts etc.).  Note that the data in 

Fig. 1, as well as the data throughout this Chapter were acquired by scanning the IR-VIS 

delay and integrating the spectra (as described in Chapter 5).  This was done to have a 

satisfactory signal-to-noise ratio at the edges of the broadband IR pulse spectrum.   

 

 

 

 

 

 

Fig. 1.  Comparison between sum-frequency spectra from silica/neat water 

interface obtained in total internal reflection from our broadband SFG setup, in 

ppp (a) and ssp (b) polarization combinations.  For SFG spectrum in ssp-scheme 

(b), the noise at <3000 cm-1 and >3800 cm-1 is due to normalization procedure.   

 

 

7.2.  Processing of the SFG data from silica/neutral water interface 

a) b) 



 281 

Before describing the sum-frequency experiments probing the origin of the high-

frequency peak, we will discuss the fitting procedure for processing the spectra obtained 

from silica in contact with neat (pH~6) H2O.  The three-peak formula was used (similar 

to the formula used for processing of silica/air spectra, Chapter 6): 
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Here, index “1” relates to the parameters of fit to the peak at ~3150 cm-1, index “2” – to 

the peak at ~3450 cm-1, and index “3” is related to the peak at ~3700 cm-1.  Fitting 

procedure was carried out in Igor 5.03 (Wavemetrics; Appendix 5).   

 

The initial fits (Appendix 10) were performed by fixing the phase of the 3150-cm-1 peak 

�1 to either 0 or �/2.  The results of these fits (Appendix 10) yielded pairs of Re(�(2))-

Im(�(2)) spectra that were in good agreement with those suggested by Shen4.  The 

question that naturally arises is: which pair of Im-Re spectra corresponds to the true 

physical response of the system?  Practically, such a problem is very challenging to solve 

definitely a priori from the fits of the homodyne-detected sum-frequency (intensity 

spectrum).  The group of Mischa Bonn has recently proposed the method of maximum 

entropy to find the phase values from the homodyne-detected SF-signal17,18.  However, 

later the same group found that this method can give ambiguous values of phases19.  

 

Actually, the Shen group did obtain the phase-sensitive sum-frequency spectra from 

silica/water interface experimentally3,4 (Fig. 2,; see also Appendix 12).  By comparing the 

Im(�(2)) spectra for our spectra plotted based on the results of fits, with the experimental 
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phase-sensitive data, we found that an excellent correspondence between our results and 

the Shen data occurs for the fits with �1=�/2, (Appendix 10).  It is interesting to note that 

the correspondence between our fits and the experimentally obtained Im(�(2)) is good 

when �1=�/2 (or, more generally,  ±�/2).  This is an indication of the reliability of our fit 

results, since the ±�/2 phase offset between the non-resonant and resonant nonlinear 

signal is physically the most meaningful in vibrational SFG spectra of interfacial 

oscillators20 (see also Fig. 5 and the related discussion in Chapter 6).   

 

Further, we address the interpretation of the phases obtained in the fits.  In principle, the 

physical meaning of the relative phases between different components in the effective 

nonlinearity is the relative orientations of the transition dipole moments of oscillators, in 

this case the OH stretches21.  The phase difference of � corresponds to a 180o-rotation 

(“flip”) in the relative orientations of two oscillators at the interface21. 
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Fig. 2.  Magnitude |�(2)| (�), Re(�(2)) (�) and Im(�(2)) (	) spectra obtained by the 

Shen group by means of phase-sensitive sum-frequency generation from the 

surface of fused quartz in contact with water of various pH3.  Reprinted with 

permission from: Ostroverkhov, V., Waychunas, G.A., and Shen, Y.R., New 

information on water interfacial structure revealed by phase-sensitive surface 

spectroscopy. Physical Review Letters  94(4), 046102 (2005).  Copyright 2005, 

American Physical Society.  http://prl.aps.org/abstract/ PRL /v94/i4/e046102.   
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In the initial fit results for water/silica (Appendix 10), the phases for the |�(2)|2 spectra do 

not differ by whole units of �, because they were allowed to be optimized independently 

during the fit procedure.  In order to assign more physically meaningful values to the 

oscillator phases and still fit the experimental data well, we performed fitting when 

�1=�/2 was fixed and the other two phases were fixed to either 0 and �, or �/2 and 3�/2 

(Appendix 11).  For each fit result, the Im(�(2)) spectrum based on fit parameters was 

compared to the Im(�(2)) spectrum obtained experimentally by the Shen group3 (Fig. 2).   

For spectral measurements performed on different days, the best correspondence was 

found for the following set of oscillator phases: �1=�/2, �2��, and �3=3�/2 (see Fig. 3 as 

an example, as well as Appendix 11 for a more detailed discussion).        



 285 

 

 

 

Fig. 3.  Top: Exemplary intensity spectrum |�(2)|2 from silica/neutral pH H2O interface 

(red) together with the corresponding results of fits (black lines) at the corresponding set 

of fixed phases of the three oscillators (shown in boxes).  Signal below 3000 cm-1 (
>650 

nm in the detected visible spectrum) was due to a third-order interaction between the IR 

and Vis beams in the bulk of fused silica (possibly, a scatter from 2�VIS-�IR).  It did not 

interfere with the signal in the wavelength range of the sum-frequency vibrational 

response of OH stretches and thus was ignored. 

Bottom:  Plots of the Re(�(2)) and Im(�(2)) parts of the �(2)(�) spectrum based on the 

coefficient values obtained from fits (Table A11.2 in Appendix 11) 
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The interpretation of phases for oscillators 1 and 2 is somewhat complicated, in light of 

the current lack of a well-accepted picture of the origin of the double-peak structure in 

sum-frequency spectra of interfacial water molecules in the hydrogen-bonded frequency 

range.  Shen suggested in the early 1990’s that the double peak structure corresponds to 

two structural types of water molecules1: the lower frequency peak at ~3150 cm-1 was 

assigned to “ice-like” water (since IR spectra of ice show maximum at ~3150 cm-1),  and 

the higher-frequency peak at ~3450 cm-1 was assigned to “bulk-like” water since it is 

close to the position of the maximum in IR spectra of liquid water.  This model has been 

used to describe the properties of interfacial water at other surfaces such as air/water22-24, 

air/CCl4
25, lipid/water7,26,27, water/alumina28,29, water/(octadecyltrichlorosilane)-covered 

silica10,11.  More recently, Bonn and co-workers proposed an alternative explanation30: 

the two peaks are due to intramolecular energy coupling between the symmetric OH 

stretch and the overtone of the bending mode30.  These modes are close in energy and 

they have the same symmetry thus they can couple (Fermi resonance) leading to a 

splitting between these energy levels that results in a double peak structure in the Raman 

and SFG spectra of water31.  Experiments involving isotopic dilution of D2O with H2O 

showed a collapse of the two-peak structure thus supporting such interpretation30.  In 

contrast to H2O, HOD does not have the two OH stretches in the same molecule, there is 

no longer a symmetric and asymmetric OH stretch and no Fermi resonance with the 

bending mode (located at ~1450 cm-1 in HOD30).  Thus only one center frequency for OH 

(or OD) stretch is possible.)  Later, Tian and Shen showed that the surface of 

isotopically-diluted water (either D2O or H2O) in contact with water vapors still showed 
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two peaks in the phase-sensitive SFG spectra, thus supporting the argument that two 

structural types of water are present32.   

 

In principle, the lower frequency peak should correspond to the more hydrogen-bonded 

set of water molecules irregardless of the presence or absence of the intramolecular 

splitting of the OH stretch resonances.  Thus, in general, it can be discussed as a 

spectroscopic feature describing a subset of water molecules within the ensemble of the 

hydrogen-bonded molecular network.  Such molecules are expected to be more aligned 

under the influence of the electric field created by deprotonated silanol groups SiO- on 

silica surface.  In turn, the phase �/2 of such oscillators can be understood as reflecting a 

transition dipole moment that is oriented toward the surface (which is physically sensible, 

as the hydrogens of strongly-aligned water molecules are expected to be attracted to the 

negatively charged SiO- surface groups).  Actually, the appropriate phase for such water 

molecular alignment with the surface should be –�/2 since the OH dipole is directed 

toward silica (see previous discussion of sum-frequency-results on silica/air interface, as 

well as other previous works21).  However, this re-assignment will merely rotate the 

phases of the other two oscillators to �2=0 and �3=�/2, leaving the shape of the Im(�(2)) 

and Re(�(2)) spectra unchanged.  More importantly, by knowing the phase of the 

oscillators at ~3150 cm-1 from the analysis of the fit and by comparison with the 

experimental data, we can now suggest the phase, and accordingly the orientation, of the 

oscillators at ~3650-3700 cm-1.  The difference �3-�1=� suggests that the OH oscillators 

at ~3700 cm-1 are oriented with their dipoles away from the silica surface.   
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The explanation of the origin of phase �2=0 (or �), however, is more problematic.  In 

principle, for a single-peak spectrum (as e.g. is the case of SiOH at silica/dry air interface, 

Chapter 6), the resonant signal should be �/2 or –�/2 out-of-phase with the nonresonant 

signal20.  The zero (or �) phase suggests that the mode carries a nonresonant character.  

Interestingly, the phase difference (�2-�1)=�/2 between frequencies at ~3150 and 3450 

cm-1 can be deduced from the experimental results of phase-sensitive SFG measurements 

from fused quartz/water interface by the Shen group3,4 (although this detail was not 

pointed out by the authors in the original paper; see Appendix 12).    

 

It is possible that the signal at ~3450 cm-1 is composed of at least two oscillators of 

opposite orientation; the interference between these oscillators in the sum-frequency 

spectra leads to an “effective” phase of � when fit with a single oscillator.  However, this 

hypothesis was not pursued as the main goal was to investigate the characteristics and the 

origin of the 3700 cm-1 peak.   

 

On an additional note, the quality of fits of the experimental data (Fig. 3) demonstrates 

that sum-frequency spectra from systems such as strongly hydrogen-bonded water 

molecules at charged interfaces can be well-fit by considering discrete resonances.  Such 

a procedure simplifies the data processing from aqueous interfaces for which the use of 

continuous resonances has been suggested4,32.  One of disadvantages of using the discrete 

resonance formula is that the frequency dependence of phase is not taken into account 

directly.   
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7.3.  Dependence of the silica/water SFG spectra on pH of aqueous medium 

 

The pH dependence of the interfacial nonlinear signal from mineral/water interfaces has 

been studied extensively by the Shen group (SFG from water at silica, fused quartz, 

modified silica, crystalline and amorphous alumina surfaces with SFG)1-3,6,29, the 

Eisenthal group (SHG from silica/water interface)33, Yeganeh and co-workers 

(amorphous alumina with SFG)28, the Richmond group (SFG from water at calcium 

fluoride)34, the Geiger group (SHG from silica/water interface)35, the Uosaki group (SFG 

from water from chemically modified silica surfaces)9,10.  Solid oxides, such as silica, 

typically have surface-bound hydroxyl groups (e.g. silanol SiOH groups on silica) that 

can react with the protons H+ or hydroxide ion OH- in acid-base reactions, for example: 

SiOH2
+ � (lowering of pH)  SiOH  (increase of pH)�  SiO-.                (2) 

Due to acid/base interactions of the surface hydroxyls with the liquid phase, the general 

trend observed for such interfaces is that they become more positively charged as the pH 

of bulk phase decreases, and vice versa.  This is important because the surface charge 

creates an electric field that extends to some length from the surface into the liquid phase 

(on the order of the Debye length), thus we discuss it briefly below.  The presence of the 

electric field can orient and polarize the interfacial water molecules, thus breaking the 

inversion symmetry over a large depth of the bulk medium in proximity with the interface 

4,28.  The alignment of water molecules by an electric field can extend up to several 

molecular layers 28.  As a result, the third-order susceptibility can now contribute to the 

surface nonlinear optical response due to the presence of the surface-induced DC field33: 

( ) VISIRDCSFG EEEE )3()2( χχ +=                                           (3) 
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The relative amounts of the species in Equation 2 is defined by the pKa constants of the 

surface-bound hydroxyls, for example, for the equilibrium of the reaction of silanol 

dissociation: 

SiOH   ⇔  SiO- + H+, 

one can write: 
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And for the reaction of excessive protonation of silanols: 

SiOH +H+  ⇔  SiOH2
+, 

the following constant can be written: 
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Depending on the relative amounts of the positively and negatively charged surface 

species, the surface of the mineral will be either positively charged or negatively charged. 

At a certain value of pH 

2

1
aa

iso
pKpK

pH
+= ,                                             (6) 

[ ]−SiO  is equal to [ ]+
2SiOH .  The value of pHiso is called pH of isoelectric point, and it is 

an important constant characterizing the mineral/water interface.  For silica, pHiso was 

found by various surface methods (e.g. measurement of zeta-potential) to be close to ~2 

pH units.  Later, nonlinear optical studies such as SHG from silica/water interface 

performed by Eisenthal group33 and sum-frequency generation from silica/water by the 

Shen group33 showed that the amplitude of the nonlinear signal decreases to a minimum 

at pH values around 2.  This occurs because the surface electric field created by the 
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charged surface groups is minimized at pH of the isoelectric point, and so is the number 

of the water molecular layers at the surface that contribute to the nonlinear optical signal.   

Similar effect of the surface charge on the nonlinear optical response of interface was 

also measured on alumina/water interface, with the minimum occurring near pH~8, the 

isoelectric point of amorphous alumina28.   

 

The pH dependence of the sum-frequency response of silica/water interface provides 

insight into the high frequency peak, because reducing the pH should decrease the 

electric field penetrating into the bulk of water, and the contribution of �(3) to the overall 

signal.  This should essentially ensure that the signal originates from oscillators in very 

close vicinity to the silica surface.   

 

7.3.1.  Experimental details 

The pH-dependence of the SFG response from silica/water was measured in several 

series of experiments; before each series, the fused silica prisms underwent the cleaning 

procedure in “piranha” solution described in Chapter 5.  Neat H2O was obtained from a 

water purification unit (Thermoscientific Barnstead Easypure II equipped with a UV 

lamp purification stage) producing a final water resistivity ~18 MOhm.cm. The neat 

water’s pH~6 because of dissolution of CO2, forming carbonic acid.   Acidic solutions 

were prepared by diluting as received concentrated HCl (12.1 normal, Fisher Scientific 

grade, Certified ACS Plus) in deionized H2O.  Basic solutions were prepared by diluting 

as received 4 M standard solution of NaOH (Fluke Analytical).  The values of pH of the 

prepared solutions were verified with a pH-meter (Oacton).   
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To avoid any effect of accumulated H+ (or OH-) ions on the surface of silica, each series 

of SFG measurements was measured in the following sequence:  pH 6 � pH 4 � pH 3 

� pH 2 � pH 1 � copious rinsing with deionized water � pH 6 � pH 8 � pH 10 � 

pH 11 � pH 12.  After acidic solutions and rinsing with H2O, the signal from the 

silica/neat water interface typically showed a signal close to that before the acidic pH 

series.  However, the SFG signal typically did not return to the original value from 

H2O/silica after the high pH values indicating some nonreversible process induced by the 

basic solution (most likely, partial dissolution of SiO2).   

 

7.3.2.  Results and data processing 

Our SFG measurements of the response of silica/water interface signal to the variations 

of the aqueous solution pH value (Fig. 4) are in a good agreement with the reported 

spectral behavior of silica/water surface studied by the Shen group2,4.  Namely, we 

clearly see the suppression of the amplitude of the peaks at ~3150 and 3450 cm-1 in the 

hydrogen-bonded frequency region of OH stretches as the pH decreases from the pH~6 

value for neat H2O.  This provides confidence that the signal that we observe from 

silica/neutral water originates from the interfacial layers of water molecules.  However, 

even more important for our current study is that the high-frequency peak remains in the 

spectra at low pH values, and actually its contrast relative to the hydrogen-bonded peaks 

increases as the pH decreases (Fig. 4).   
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Fig. 4.  Sum-frequency spectra from silica/water interface acquired at 

various values of pH of liquid water (ppp-polarization combination) 

 

To study the behavior of the high-frequency peak quantitatively, we performed fits of the 

SFG spectra.  We used the phase information that was obtained for the neat water/silica 

surface to fit the spectra at lower pH values.  The use of the same phase values is justified 

by the fact that the presented spectra were measured at pHpHiso, thus reorientation of 

water molecular dipoles is not expected to occur at these pH values.  For SFG spectra at 

certain pH values, the peak position of the high-frequency oscillator was fixed to 3700 

cm-1 (Table A13.1 in Appendix 13), otherwise the fits yielded physically meaningless 

parameters.  To assure the correspondence of the fit results of our pH-dependent spectra 

to the phase-sensitive data reported by Shen, we plotted Im(�(2)) spectra at each pH based 

on the results of fitting (Fig. 5).  The fits were performed by fixing the phases of the 

oscillators to the previously discussed values, namely �1=�/2, �2=� and �3=-�/2.     
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Fig. 5.  Left column: |�(2)|2 spectra from silica/water interface (�) together with the 

corresponding fits using Eqn. 1, at various pH values of liquid water.  Signal below 

3000 cm-1 (
>650 nm in the detected visible spectrum) was due to a third-order 

interaction between the IR and Vis beams in the bulk of fused silica (possibly, a 

scatter from 2�VIS-�IR).  It did not interfere with the signal in the wavelength range 

of the sum-frequency vibrational response of OH stretches and thus was ignored. 

Right column: plots of the imaginary and real parts of �(2) based on the coefficients 

obtained from fits (Appendix 13). 

 



 295 

The observed behavior of the |�(2)|2 and Im(�(2)) spectra from our sum-frequency 

vibrational measurements of silica in contact with water of varying pH (Fig. 5) was in 

agreement with the phase sensitive SFG measurement by Shen and colleagues3 (Fig. 2).  

To compare the behavior of the 3700 cm-1 peak to the hydrogen-bonded peaks at various 

pH values, the oscillator strengths Bj were plotted as functions of water pH for several 

series of pH measurements (Fig. 6).  This choice for a representation of the oscillator 

intensity was based on the fact that for a Lorentzian function 22)( jj

jjB

Γ+−
Γ

ωω
, the area is 

proportional to Bj.  The values of the oscillator strengths obtained from the fits increased 

significantly for the lower-frequency peaks when pH changed from 2 to 10 (Fig. 6, top 

graph).  This observation essentially reproduced the results of previous similar studies4.  

However, the value of B3, as fit results suggest, changed insignificantly compared to B1 

and B2.  Similar insignificant change of B3 was observed for other two measurements 

over the pH range pH 1-6 (Fig. 6, two lower graphs).  Such behavior of the intensities of 

the three modes suggests that the high frequency peak at ~3700 cm-1 corresponds to 

vibrations occurring at the very interface, and thus it stays almost unaffected by shrinking 

of the depth of electric field propagation into the liquid water phase, or the ionization of 

surface SiOH groups.   
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Fig. 6.  Dependence of the oscillator strengths derived from fits 

of silica/water interface on the pH value of the aqueous 

solution (results of three different series are shown).  The error 

bars are uncertainties of the coefficients from fit results. 
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7.4.  Dependence of sum-frequency response on the salt concentration 

We observe a similar behavior of the 3700 cm-1 peak intensity compared to the peaks at 

~3150 and 3400 cm-1 when salt (NaCl) is added to neat water.  In this case, the ionic 

strength created by salt screens the penetration of the surface-induced electric field into 

the bulk of water13,25.  As a result, 1) fewer water molecules are probed by the EDC-

induced �(3) response; and 2) fewer water molecules are preferentially oriented by the 

quickly-declining electric field.   

 

7.4.1.  Experimental details, data processing and results 

Solutions of varying salt concentration were prepared by dissolving as received NaCl 

crystals (Fisher Scientific, >99.8%) in neutral deionized H2O.  The change of the spectral 

response with the addition of salt was measured by first acquiring spectra from silica/neat 

H2O, followed by placing the fused silica in contact with the desired salt solution.  The 

salt concentrations were either gradually increased (Fig. 7) or directly assessed after the 

contact with neat water (Appendix 14) to avoid any possible effects from the salt 

accumulation35.  The spectra were fit in the same way as described for the pH series.  In 

most cases, the linewidth of the 3700-cm-1 peak was fixed to the approximate values 

obtained from the fits of the data in the pH series measurements (Appendix 14).  These 

values varied from ~65 to ~80 cm-1 and yielded satisfactory fit functions around the 3700 

cm-1 peak.   
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Fig. 7.  Sum-frequency spectra from the silica/water interface (�), together 

with fits for various salt concentrations.  Signal below 3000 cm-1 (
>650 nm 

in the detected visible spectrum) was due to a third-order interaction between 

the IR and Vis beams in the bulk of fused silica (possibly, a scatter from 

2�VIS-�IR).  It did not interfere with the signal in the wavelength range of the 

sum-frequency vibrational response of OH stretches and thus was ignored..  

(see Appendix 14 for fit parameters). 
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Fig. 8.  Variation of the oscillator strength values of the three OH 

stretch peaks with the salt concentration.  The oscillator strengths are 

derived from fitting sum-frequency spectra in Fig. 7 and from other 

salt series measurements (Appendix 14).   

 

In our SFG-measurements, the presence of salt induces a considerable decrease in the 

response of H-bonded peaks (Fig. 8), in accordance with the previous observations from 

similar systems13.  The peak at 3700 cm-1, however, seems to be relatively unaffected by 

the increase of the ionic strength of the aqueous medium.  This result supports the 

conclusion suggested by the pH dependence study that the high-frequency peak 

corresponds to some vibrations that occur in the first molecular layers at the surface. 
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7.5.  SFG spectra from silica/isotopically diluted water (HOD)   

In order to test the assignment of the high-frequency peak, suggested in one of the first 

sum-frequency studies of the silica/water interface1 to be the asymmetric OH stretch of 

interfacial water, we performed sum-frequency spectroscopic measurements from silica 

in contact with isotopically-dilute H2O.  This accesses the spectral response from the OH 

oscillators in HOD molecules, rather than HOH, removing the effects of intramolecular 

energy coupling due to the presence of two degenerate OH groups30,32,36.  Isotopic 

dilution is carried out by mixing H2O with larger amounts of D2O (and vice versa when 

OD is to be probed.)  We used the volumetric ratio V(H2O):V(D2O)=1:3 in our 

experiments (D2O, 99.9% D, Cambridge Isotope Laboratories, was used as received.).  

For such ratio, due to the instantaneous exchange of H and D isotopes, the ratio of H2O, 

D2O and HOD is 1:9:6.  The contribution of HOD compared to that from the remaining 

H2O molecules in sum-frequency is proportional to the square of the relative populations 

62=36, meaning that most of response is expected to be from the uncoupled OH 

oscillators in HOD.  Of course, the greater the dilution ratio, the greater the contribution 

of the HOD molecules vs. the signal from uncoupled H2O molecules. However, there is a 

certain optimum dilution ratio, since the SFG signal from the OH groups decreases with 

D2O-dilution.   

 

When we compare the sum-frequency signal from silica/H2O interface to that at 

silica/HDO, the intensity of the signal decreases substantially (Fig. 9, compare red line to 

blue dotted line).  The double-peak structure of the SFG signal in the 3100 – 3500 cm-1 

region collapses into a single peak at ~3300 cm-1 (Fig. 9).  This observation is in 
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accordance with the earlier observations various aqueous interfaces such as air/water30, 

water at silica37 and lipid/water interfaces31.   

 

 

 

Fig. 9.  Sum-frequency spectra from silica surface in contact with 

neat water H2O (red line) and with deuterium-diluted water (blue 

dotted line; prepared by mixing H2O:D2O=1:3).  For better visibility, 

the same spectrum for silica/HOD surface is plotted on the right 

hand side axis (blue solid line).   

 

In addition to the observation of hydrogen-bonded OH stretches of HOD/silica, our sum-

frequency setup allows us also to observe the 3600-3700 cm-1 region.  In fact, after the 

isotopic dilution, the peak at ~3650-3680 cm-1 remains (Fig. 9, blue solid line).  This 

suggests that this signal does not correspond to the asymmetric stretches of H2O, 

otherwise it would have disappeared upon isotopic dilution.   
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We attempted to fit the sum-frequency data from silica/HOD based on the results already 

obtained for silica/H2O.  In particular, the three-peak formula (Eqn. 1) was used, as 

HOD/silica spectra could not be easily fit with two peaks (e.g. at ~3300 and ~3650 cm-1).  

The phases of the peaks were kept close to those suggested by H2O spectra, especially for 

the lowest- and highest-frequency components.  The phase of the middle peak, however, 

could not be forced to be π (the fits did not converge in this case).  Also, the frequency of 

the lower-frequency peak slightly blue-shifted to ~3200 cm-1. (Appendix 15).  The 

position of the highest-frequency peak actually had to be fixed for a successful fit, 

otherwise the fitting procedure ignored this feature (i.e. did not fit it properly).  Perhaps, 

collection of spectra in ssp-polarization combination would provide a better resolved 

feature at ~3650 cm-1, however it would require much longer integration times in our 

setup, especially for the case of deuterium-dilution.   
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Fig. 10.  Top graph: SFG spectrum from the HOD/silica surface 

(�) together with the three-peak peak fit (solid black line). Signal 

below 3000 cm-1 was a nonresonant contribution due to the 

third-order nonlinearity (most likely, the third harmonic of the 

IR in the bulk of fused silica), and thus was ignored.  Bottom 

graph: Plot of the imaginary part of �(2) based on the results of 

the fit (Appendix 15).  

 

The Im(�(2)) spectrum from the fit showed a positive peak at ~3400 cm-1 with negative 

peaks at ~3000 and 3700 cm-1.  Unfortunately, there seems to be no experimental data on 

direct phase-sensitive measurements from silica in contact with deuterium-diluted water.  

Phase-sensitive SFG spectra from HOD/air interface have been obtained by the Shen 
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group32.  Perhaps even more important for the current discussion is the comparison to the 

spectra of HOD obtained at air/water surfaces charged in the presence of ionic 

surfactants38.  However even a quick comparison between the Im(�(2)) spectra from 

air/water and silica/water shows significant differences, thus it seems questionable to 

compare the SFG from silica/HOD to that from air/HOD.  Apparently, Im(�(2)) spectra 

will have to be acquired experimentally.  On another note, in order for the fit to be 

successful, the frequency of the higher-frequency peak had to be red-shifted and forced to 

be equal to ~3650-3660 cm-1 which is ~20-30 cm-1 less than the peak position values 

obtained from fits of silica/H2O (e.g. Fig. 3; see also Appendix 11).  In principle, the 

latter spectra could also be fit by forcing the highest-frequency peak to center at 3650-

3660 cm-1, and no considerable changes in the fit results were observed.  It is possible 

that the HOD/silica measurements show the “actual” frequency position of the peak in 

the 3650 cm-1 region, which is not affected by interference from the shoulder of the 3450 

cm-1 peak otherwise present in spectra from H2O.   
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7.6.  Discussion of the assignment of the 3700-cm-1 mode 

Based on the results described above in this Chapter, the following conclusions can be 

made on the high-frequency peak in silica/water spectra: 

 

1) The feature is present in the sum-frequency spectra from silica in contact with 

neat water at pH~6 (e.g. Fig. 1).  At this value of pH, most of the surface silanols 

are deprotonated4,33, thus the 3650-3700 cm-1 peak must correspond to interfacial 

water rather than silanols. 

 

2) Isotopic dilution experiments show that the high frequency peak remains in SFG 

spectra (Fig. 9), thus it most likely corresponds to a specific HDO species present 

at the silica/water interface rather than the asymmetric OH stretch mode of HO as 

was suggested earlier1.   

 

3) The high frequency mode likely corresponds to vibrations of water molecules 

situated in very close proximity of the silica interface because the peak intensity is 

relatively insensitive to the presence of the salt in water (Fig. 8), compared to the 

hydrogen-bonded peaks in the 3000-3500 cm-1 region.  The Debye screening 

length depends on the ionic strength as LDebye~ 
I

3.0  [nm]25.  At I=0.1 M, 

LDebye~0.9 nm, whereas the size of a water molecule is ~0.2 nm, thus the electric-

field created by the surface charges will likely orient/polarize only ~3-4 water 

molecular layers.   
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4) Additional evidence for the origin of the vibrations at ~3650-3700 cm-1 from the 

very close proximity from the surface is provided by the persistence of this 

feature in SFG spectra from silica in contact with low pH solutions.  Low-pH 

solutions facilitate protonation of the surface silanols, which reduces the surface 

charge, thus leading to less electric field and less probing depths of the sum-

frequency signal4,33.  The relatively constant value of the peak area corresponding 

to the oscillators at ~3700 cm-1 at various pH (Fig. 6), compared to those of the 

hydrogen-bonded OH, suggests that 3700-cm-1 peak must correspond to species 

that are in the few first interfacial layer(s).   

 

5) From the results of fits for neat water/silica surface, as well as for silica in contact 

with various aqueous solutions, we concluded that the phase of the high-

frequency oscillators differs from that of the lowest-frequency peak at ~3150 cm-1 

by 180o.  It is reasonable to suggest that the orientation of strongly hydrogen 

bonded OH oscillators at ~3150 cm-1 is such that their hydrogen atoms are 

preferentially oriented toward the charged silica surface due to the negative 

charge of the deprotonated surface silanols SiO-.  Thus the high-frequency OH 

oscillators are expected to be oriented with their OH groups away from the silica 

surface.   

 

As our SFG studies of water adsorption on amorphous silica surface from vapor suggest, 

water molecules tend to interact among themselves rather than bind to the surface silanols, 

leaving the latter non-bonded (Chapter 6).  One of possible reasons for such behavior of 
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amorphous silica surface is a relatively low surface number density of the silanol groups 

(~4/nm2) compared to that of liquid water (~20/nm2)1.  As we discussed in Chapter 6, 

such behavior of the silica surface is in contrast with the ice-structure inducing action of 

the surface hydroxyls on the surfaces of crystalline forms of silica such as mica39 and 

kaolinite40.  It is quite possible that such hydrophobic character of the silica surface can 

occur in contact with the liquid-phase water too.   

 

 

Fig. 11.  Suggested model for the non-hydrogen bonded OH oscillators at 

the silica/water interface at pH~6 (neutral).  The atom notation is shown in 

the inset.  The arrows represent the dipole moments of the water molecules.  

Green dotted lines represent hydrogen bonds.  Different types of OH-

oscillators are indicated with numbers 1-5 (see text for description).  

 

By combining the conclusions and observations listed above, we suggest the following 

explanation for the appearance of the OH peak at frequencies of isolated hydroxyls (Fig. 

11).  The water molecules present in the first layers of the liquid phase are most likely to 

be oriented with their dipole moments toward the silica surface (hydroxyls 1 in Fig. 11).  
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Such orientation is caused by the electric field Esurface. (bold arrow in Fig. 11).  The 

orientation of these water molecules in the first few water layers is expected to provide 

the basis for the formation of the strongly-hydrogen bonded network of water molecules.  

This network at the very silica surface is terminated by water molecules that are 

hydrogen-bonded to the deprotonated silanol groups SiO- (hydroxyls 2 in Fig. 11) 

molecules.  The observation of free OH oscillators oriented in the opposite direction to 

the electric-field oriented water molecules can be explained by the orienting action of the 

charged SiO- groups on the water molecules adsorbed in between the surface silanol 

groups.  These water molecules are expected to bond via one of the two hydrogen atoms 

to SiO- (hydroxyls 3, Fig. 11).  The other hydrogen atom is expected to orient 

preferentially away from silica toward liquid water (hydroxyls 4, Fig. 11).  According to 

such model, hydroxyls 4 preferentially do not have means to hydrogen bond to oxygen 

atoms in other neighboring water molecules, or lens-densely situated surface hydroxyls.  

Thus it is expected that these hydroxyls should show in the sum-frequency spectra at 

higher frequencies corresponding to isolated OH such as that at water/air interface 

(~3700 cm-1 22).  The broader linewidth of the high-frequency hydroxyls (~60-80 cm-1) 

compared to that of free-OH stretches at the air/water interface (~20 cm-1) is evidence for 

a partial hydrogen bonding of these hydroxyls.  The schematic representation in Fig. 11 

suggests that the hydroxyls of type 5 also should be less hydrogen bonded; however their 

orientation should be toward the silica substrate which does not agree with the results of 

data analysis.  Additionally, water molecules of type 5 are expected to have much more 

rotational freedom thus they will have more possibilities to hydrogen-bond with the 

surrounding water molecules in the interfacial layers.  At the same time, the water 
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molecules with hydroxyls 3 and 4 are expected to be strongly oriented by the charged 

SiO- groups, which will limit their rotational motion.   

 

It is interesting to note that the peak at ~3650-3670 cm-1 was also observed in ssp-

polarization combination spectra from silica/water interface by the Shen group in their 

more recent work2 (although this feature was not pointed out).  Due to a relatively high 

noise of the signal in the 3600 – 3700 cm-1 region this peak most likely could not be 

studied in more detail2.  A closer examination of the pH-dependent spectra from 

water/quartz interface in the same paper2 indicates the absence of any feature in the 

~3600-3700 cm-1 range, already at the available signal-to-noise ratio in the spectra 

presented in that work2.  The property of the silica/water interface to show the non-

hydrogen OH oscillations can be connected to the fact that the silanol groups have less 

surface density (4/nm2) than water molecules in liquid H2O (20/nm2)1.  This creates a 

possibility for some water molecules to adsorb on the basal surfaces (Si-O-Si bridges) 

which would not find oxygen atoms to which they could hydrogen-bond.  (As we 

demonstrated in Chapter 6, for water adsorption on amorphous silica from vapors, water 

molecules do not strongly bond to the covalently-bonded oxygen atoms in the siloxane 

bridges.)  This is in contrast to adsorption of water on the crystalline surfaces (quartz, 

mica, kaolinite): the availability of the surface-bound hydroxyls at a larger density 

provides the structuring for the interfacial water molecular layers and promotes stronger 

hydrogen bonding.   
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Conclusion 

We have experimentally demonstrated the presence of very weakly hydrogen bonded OH 

oscillators at the amorphous silica/water interface at ~3650–3700 cm-1.  From the 

comparison of the fit results from the silica/water interface to the experimentally-

obtained phase-sensitive SFG spectra, we concluded that the orientation of these 

hydroxyls is away from silica toward liquid water.  The appearance of such hydroxyls at 

the interface of water with amorphous silica is explained by the relatively low surface 

density of the surface-bound hydroxyl groups, while their preferential orientation is 

explained by the strong orienting action of the charged surface groups SiO- (Fig. 11).  

The suggested structure of the non-hydrogen bonded hydroxyls is supported by the 

results of SFG measurements from silica in contact with acidic pH’s and salt solutions.  

This is believed to be the first study of the non-hydrogen bonded hydroxyls of water 

molecules at a charged solid surface.  Next experiments will include the measurements 

from the silica/water in ssp-polarization combination (as it seems to give spectra with  

better resolved peaks, see Fig. 1, however the signal levels are much smaller).  To test the 

influence of the amorphous structure of the fused silica surface, similar experiments 

should be carried out on the water/quartz interface.  In addition, water spectra at other 

solid oxides such as alumina could be obtained in the 3600 – 3700 cm-1 frequency range.   



 311 

REFERENCES CITED: 

1.    Du, Q., Freysz, E., and Shen, Y.R., "Vibrational spectra of water-molecules at quartz 
water interfaces". Physical Review Letters  72(2), 238-241 (1994) 

2.    Ostroverkhov, V., Waychunas, G.A., and Shen, Y.R., "Vibrational spectra of water at 
water/alpha-quartz (0001) interface". Chemical Physics Letters  386(1-3), 144-
148 (2004) 

3.    Ostroverkhov, V., Waychunas, G.A., and Shen, Y.R., "New information on water 
interfacial structure revealed by phase-sensitive surface spectroscopy". Physical 
Review Letters  94(4), 046102 (2005) 

4.    Shen, Y.R. and Ostroverkhov, V., "Sum-frequency vibrational spectroscopy on water 
interfaces: Polar orientation of water molecules at interfaces". Chemical Reviews  
106(4), 1140-1154 (2006) 

5.    Hopkins, A.J., McFearin, C.L., and Richmond, G.L., "Investigations of the solid-
aqueous interface with vibrational sum-frequency spectroscopy". Current Opinion 
in Solid State & Materials Science  9(1-2), 19-27 (2005) 

6.    Tian, C.S. and Shen, Y.R., "Structure and charging of hydrophobic material/water 
interfaces studied by phase-sensitive sum-frequency vibrational spectroscopy". 
Proceedings of the National Academy of Sciences of the United States of America  
106(36), 15148-15153 (2009) 

7.    Kim, J., Kim, G., and Cremer, P.S., "Investigations of water structure at the 
solid/liquid interface in the presence of supported lipid bilayers by vibrational 
sum frequency spectroscopy". Langmuir  17(23), 7255-7260 (2001) 

8.    Kim, J., Kim, G., and Cremer, P.S., "Investigations of polyelectrolyte adsorption at 
the solid/liquid interface by sum frequency spectroscopy: Evidence for long-range 
macromolecular alignment at highly charged quartz/water interfaces". Journal of 
the American Chemical Society  124(29), 8751-8756 (2002) 

9.    Ye, S., Nihonyanagi, S., and Uosaki, K., "Sum frequency generation (SFG) study of 
the pH-dependent water structure on a fused quartz surface modified by an 
octadecyltrichlorosilane (OTS) monolayer". Physical Chemistry Chemical 
Physics  3(16), 3463-3469 (2001) 

10.    Nihonyanagi, S., Ye, S., and Uosaki, K., "Sum frequency generation study on the 
molecular structures at the interfaces between quartz modified with amino-
terminated self-assembled monolayer and electrolyte solutions of various pH and 
ionic strengths". Electrochimica Acta  46(20-21), 3057-3061 (2001) 

11.    Asanuma, H., Noguchi, H., Uosaki, K., and Yu, H.Z., "Water Structure at 
Superhydrophobic Quartz/Water Interfaces: A Vibrational Sum Frequency 
Generation Spectroscopy Study". Journal of Physical Chemistry C  113(50), 
21155-21161 (2009) 

12.    Tyrode, E., Rutland, M.W., and Bain, C.D., "Adsorption of CTAB on Hydrophilic 
Silica Studied by Linear and Nonlinear Optical Spectroscopy". Journal of the 
American Chemical Society  130(51), 17434-17445 (2008) 

13.    Jena, K.C. and Hore, D.K., "Variation of Ionic Strength Reveals the Interfacial 
Water Structure at a Charged Mineral Surface". Journal of Physical Chemistry C  
113(34), 15364-15372 (2009) 



 312 

14.    York, R.L., Li, Y.M., Holinga, G.J., and Somorjai, G.A., "Sum Frequency 
Generation Vibrational Spectra: The Influence of Experimental Geometry for an 
Absorptive Medium or Media". Journal of Physical Chemistry A  113(12), 2768-
2774 (2009) 

15.    Lobau, J. and Wolfrum, K., "Sum-frequency spectroscopy in total internal 
reflection geometry: Signal enhancement and access to molecular properties". 
Journal of the Optical Society of America B-Optical Physics  14(10), 2505-2512 
(1997) 

16.    Williams, C.T., Yang, Y., and Bain, C.D., "Total internal reflection sum-frequency 
spectroscopy: A strategy for studying molecular adsorption on metal surfaces". 
Langmuir  16(5), 2343-2350 (2000) 

17.    Sovago, M., Vartiainen, E., and Bonn, M., "Determining Absolute Molecular 
Orientation at Interfaces: A Phase Retrieval Approach for Sum Frequency 
Generation Spectroscopy". Journal of Physical Chemistry C  113(15), 6100-6106 
(2009) 

18.    Sovago, M., Vartiainen, E., and Bonn, M., "Observation of buried water molecules 
in phospholipid membranes by surface sum-frequency generation spectroscopy". 
Journal of Chemical Physics  131(16), 4 (2009) 

19.    Sovago, M., Vartiainen, E., and Bonn, M., "Erratum: ``Observation of buried water 
molecules in phospholipid membranes by surface sum-frequency generation 
spectroscopy'' [J. Chem. Phys. 131, 161107 (2009)]". The Journal of Chemical 
Physics  133(22), 229901-2 (2010) 

20.    Superfine, R., Huang, J.Y., and Shen, Y.R., "Phase measurement for surface 
infrared visible sum-frequency generation". Optics Letters  15(22), 1276-1278 
(1990) 

21.    Nihonyanagi, S., Yamaguchi, S., and Tahara, T., "Direct evidence for orientational 
flip-flop of water molecules at charged interfaces: A heterodyne-detected 
vibrational sum frequency generation study". Journal of Chemical Physics  
130(20), 204704 (2009) 

22.    Du, Q., Freysz, E., and Shen, Y.R., "Surface vibrational spectroscopic studies of 
hydrogen-bonding and hydrophobicity". Science  264(5160), 826-828 (1994) 

23.    Richmond, G.L., "Molecular bonding and interactions at aqueous surfaces as 
probed by vibrational sum frequency spectroscopy". Chemical Reviews  102(8), 
2693-2724 (2002) 

24.    Gan, W., Wu, D., Zhang, Z., Feng, R.R., and Wang, H.F., "Polarization and 
experimental configuration analyses of sum frequency generation vibrational 
spectra, structure, and orientational motion of the air/water interface". Journal of 
Chemical Physics  124(11), 114705 (2006) 

25.    Gragson, D.E. and Richmond, G.L., "Potential dependent alignment and hydrogen 
bonding of water molecules at charged air/water and CCl4/water interfaces". 
Journal of the American Chemical Society  120(2), 366-375 (1998) 

26.    Ma, G., Liu, J., Fu, L., and Yan, E.C.Y., "Probing Water and Biomolecules at the 
Air-Water Interface with a Broad Bandwidth Vibrational Sum Frequency 
Generation Spectrometer from 3800 to 900 cm-1". Applied Spectroscopy  63(5), 
528-537 (2009) 



 313 

27.    Chen, X.K., Hua, W., Huang, Z.S., and Allen, H.C., "Interfacial Water Structure 
Associated with Phospholipid Membranes Studied by Phase-Sensitive Vibrational 
Sum Frequency Generation Spectroscopy". Journal of the American Chemical 
Society  132(32), 11336-11342 (2010) 

28.    Yeganeh, M.S., Dougal, S.M., and Pink, H.S., "Vibrational spectroscopy of water at 
liquid/solid interfaces: Crossing the isoelectric point of a solid surface". Physical 
Review Letters  83(6), 1179-1182 (1999) 

29.    Zhang, L., Tian, C., Waychunas, G.A., and Shen, Y.R., "Structures and charging of 
alpha-alumina (0001)/water interfaces studied by sum-frequency vibrational 
spectroscopy". Journal of the American Chemical Society  130(24), 7686-7694 
(2008) 

30.    Sovago, M., Campen, R.K., Wurpel, G.W.H., Muller, M., Bakker, H.J., and Bonn, 
M., "Vibrational response of hydrogen-bonded interfacial water is dominated by 
intramolecular coupling". Physical Review Letters  100(17), 173901 (2008) 

31.    Sovago, M., Campen, R.K., Bakker, H.J., and Bonn, M., "Hydrogen bonding 
strength of interfacial water determined with surface sum-frequency generation". 
Chemical Physics Letters  470(1-3), 7-12 (2009) 

32.    Tian, C.S. and Shen, Y.R., "Isotopic Dilution Study of the Water/Vapor Interface 
by Phase-Sensitive Sum-Frequency Vibrational Spectroscopy". Journal of the 
American Chemical Society  131(8), 2790-2791 (2009) 

33.    Ong, S.W., Zhao, X.L., and Eisenthal, K.B., "Polarization of water-molecules at a 
charged interface - 2nd harmonic studies of the silica water interface". Chemical 
Physics Letters  191(3-4), 327-335 (1992) 

34.    Becraft, K.A. and Richmond, G.L., "In situ vibrational spectroscopic studies of the 
CaF2/H2O interface". Langmuir  17(25), 7721-7724 (2001) 

35.    Gibbs-Davis, J.M., Kruk, J.J., Konek, C.T., Scheidt, K.A., and Geiger, F.M., 
"Jammed Acid-Base Reactions at Interfaces". Journal of the American Chemical 
Society  130(46), 15444-15447 (2008) 

36.    Gragson, D.E. and Richmond, G.L., "Investigations of the structure and hydrogen 
bonding of water molecules at liquid surfaces by vibrational sum frequency 
spectroscopy". Journal of Physical Chemistry B  102(20), 3847-3861 (1998) 

37.    Eftekhari-Bafrooei, A. and Borguet, E., "Effect of Hydrogen-Bond Strength on the 
Vibrational Relaxation of Interfacial Water". Journal of the American Chemical 
Society  132(11), 3756-3761 (2010) 

38.    Nihonyanagi, S., Yamaguchi, S., and Tahara, T., "Water Hydrogen Bond Structure 
near Highly Charged Interfaces Is Not Like Ice". Journal of the American 
Chemical Society  132(20), 6867-+ (2010) 

39.    Miranda, P.B., Xu, L., Shen, Y.R., and Salmeron, M., "Icelike water monolayer 
adsorbed on mica at room temperature". Physical Review Letters  81(26), 5876-
5879 (1998) 

40.    Hu, X.L. and Michaelides, A., "Ice formation on kaolinite: Lattice match or 
amphoterism?" Surface Science  601(23), 5378-5381 (2007) 

 



 314 

 



 315 

CHAPTER 8.  SUM-FREQUENCY VIBRATIONAL 

SPECTROSCOPY OF THE OVERTONE AND COMBINATION 

BAND TRANSITIONS OF WATER MOLECULES AT THE SILICA 

SURFACE 

 
 
Abstract: 

We have extended SFG spectroscopy of the interfacial hydroxyls at mineral/water 

surfaces into the near-IR frequency range.  The studies of overtones of interfacial 

OH(OD) groups will provide information on the anharmonicity, and thus on the energy of 

dissociation of these groups.  In addition, the overtone frequencies of the hydroxyls are 

more sensitive to interactions with the environment than the fundamental stretch 

frequencies.  Our particular focus has been the stretch+bend combination band 

�comb=�OH+�HOH of liquid water which occurs in the near-IR spectral range at ~5200 cm-1.  

It is typically much weaker in the FTIR absorption spectra than the fundamental 

transitions of the OH stretches or HOH bending, similar to overtones of these modes.  We 

have performed, what we believe to be, the first surface-specific vibrational SFG 

spectroscopic measurements of combination bands of water molecules at silica surfaces.  

The SFG spectroscopy of water combination band allows access to the water bending 

mode (�~1600 cm-1), which still has not been observed in sum-frequency. 
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8.1.  Spectroscopy of water molecules and hydroxyls in the near-IR 

The nonlinear sum-frequency vibrational spectroscopy (SFVS) of aqueous interfaces has 

proven to be a powerful tool in describing the properties and behavior of water molecules 

at various types of surfaces, such as air/water1-5, mineral/water6-24, water at biological 

surfaces12,25-28.  As described in Chapters 6, we have applied our ultra-broadband IR non-

collinear optical parametric amplifier to study the adsorption of water molecules on the 

surface of amorphous silica from vapor.  In Chapter 7, we described the study of the OH 

stretch vibrations at the silica/water interface which led us to observe non-hydrogen 

bonded hydroxyls at this surface.  In practically all the reported studies of the hydroxyls 

at the interfaces with the sum-frequency technique (including our investigations 

described in Chapters 6 and 7), the fundamental transition of the OH-stretch vibrations is 

probed, namely the excitation from the ground vibrational level (�=0) to the first excited 

vibrational level (�=1).  In principle, the choice to probe this transition of the surface 

hydroxyls is obvious, since the fundamental OH stretches are the most prominent among 

the absorption peaks present in the vibrational spectra of water in various forms.  As a 

result, the fundamental excitation of the OH stretches (�=0�1) should give the biggest 

possible signal in the sum-frequency spectra.  The fundamental transitions for other 

oscillators such as C–H, C=O, N–H, C–C29 have also been extensively studied in the 

sum-frequency spectroscopic investigations of interfaces.   

 

What has not yet been recognized in the vibrational sum-frequency spectroscopy of 

various interfacial hydroxyls is the possibility to probe other vibrational transitions at 

higher frequencies such as overtone and combination excitations.  Examples include the 
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first overtone absorption 2�3 for the asymmetric stretch of water molecule �=0�2 

(typical notations is �1 for the symmetric OH stretch, �2�� for the bending mode and �3 

for the asymmetric stretch)30, the second overtone of the asymmetric OH stretch 3�3 

(�=0�3), the combination band of the bending mode with the asymmetric stretch �2+�3 

of water.  For a harmonic oscillator, such absorptions, that involve a change of the 

vibrational quantum number by 2 or more units, are forbidden. However, the chemical 

bonds in real molecules are anharmonic oscillators and due to this deviation, transitions 

with |��|�2, e.g.  overtone and combination, are possible although still much less intense 

(1-2 orders of magnitude less) than transitions with ��=±1  We will focus on the high-

energy absorptions of hydroxyls in water and in other OH-containing molecules, although 

there is a variety of this type of absorptions for other functional groups31. 

 

The overtone and combination bands of hydroxyls in water, alcohols, and surface-bound 

hydroxyl groups typically lie in the near-IR frequency range (~4000 – 7500 cm-1)31.  The 

higher-order overtone absorptions (e.g. second and third overtones of OH stretch) appear 

in the near-IR – visible range.  However, their intensity is further decreased compared to 

the first overtone.  In order to better identify what information the spectroscopy of 

overtones and combination transitions can provide, let us briefly consider the basic 

conclusions of the theory of anharmonic oscillators.   



 318 

8.1.1.  Morse potential.  Dissociation energy of anharmonic oscillator 

For an anharmonic oscillator, the potential energy curve (the dependence of the oscillator 

energy on the interatomic distance R) can be well approximated by the Morse potential 

(Fig. 1)32: 

( )[ ] 2)(exp1)( ee RRahcDRE −−−=                                   (1) 

Here, h is the Planck’s constant, c is the speed of light, Re is the equilibrium interatomic 

distance (coincides with the minimum of the potential curve), De is the depth of the 

potential well (see below), and the parameter 
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is the so-called anharmonicity constant.  This is an important characteristic as it is 

connected to the dissociation energy D0 of the chemical bond (Fig. 1), for example O-H.  

The dissociation energy Do differs from the depth of the potential De by half of the 

quantum of the oscillator energy:  
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The frequency of an overtone absorption from the ground vibrational level to the level 

with the quantum number ϑ  of a mode with the fundamental absorption frequency �� is 

defined as31,32:  

)(~~ 2
0 ϑϑνϑνν ϑ +⋅−⋅=→ ex .                                      (6) 

 

 

Fig. 1.  Potential energy curve of anharmonic oscillator (see text for description 

of notations). 

 

According to Eqn. 6, the anharmonicity constant can be deduced if the frequencies of the 

overtone transitions ϑν →0  for 2≥ϑ  can be obtained.  Then, using Eqns. 4-5, one can 

calculate (or, at least, estimate) the dissociation energy D0 for a particular oscillator.  We 
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will use this dependence later in the introduction of the nonlinear spectroscopy of the 

interfacial overtones.   

 

 

8.1.2.  Absorption features of water in the near-IR frequency range 

In the infrared spectra of water (either H2O or D2O), the following absorption peaks in 

the near-IR are important (Raman spectra will be discussed later in the current Chapter): 

 

1) Combination band of the hydroxyl stretch and the bending mode of H2O.  In principle, 

two combinations are possible; however, in FTIR spectra of different phases of water, 

typically only the [�as+�] (i.e., [�3+�2]) mode is detected30,33,34, even though both [�as+�] 

and [�sym+�] are not forbidden by the symmetry rules.  (The ratio of intensities of 

[�as+�]:[�s+�] has been determined as ~100:1 – 50:135).  The frequency of the [�as+�] 

combination varies from 5333 cm-1 in the gas phase30,34 to ~5220 cm-1 in liquid water 

near boiling point34 to ~5160 cm-1 in liquid water near freezing point34 to ~5030 cm-1 in 

ice34,36.  At room temperature, the [�as+�] combination mode peaks at ~5180-5190 cm-1 

(Fig. 2).  Since the bending mode changes only by few tens of wavenumbers when going 

from the gas phase (1595 cm-1 30) to liquid water (~1640 cm-1 36), the shift of the 

frequency of the [�as+�] combination band is mostly due to the shifts in the OH stretch 

peak position.  Similarly, for D2O the [�as+�] combination band occurs at ~3950 cm-1 in 

the gas phase35 and ~3850 cm-1 in liquid water 36 (Fig. 3, b).   
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2) Hydroxyl stretch overtone for H2O.  This occurs around ~7000 cm-1, and the following 

two modes are the most active: 2�s (2�1) at ~7201 cm-1 and [�as+�s] at ~7250 cm-1 in the 

gas phase30,35.  Even though 2�as is not forbidden by the symmetry rules, it has not been 

identified in the FTIR spectra of gas phase water30.  In liquid water, these transitions 

broaden and shift to lower wavenumbers, resulting in a broad peak at ~6800–6900 cm-1 

(Fig. 3, a).  Similarly, D2O exhibits the following peak positions in the stretch overtone 

region: 2�s (2�1) at ~5292 cm-1 and [�as+�s] at ~5374 cm-1 for the gas phase35.  Upon 

condensation into liquid, D2O shows a broad peak at ~5070 cm-1 (Fig. 3, b).   
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Fig. 2.  Top: FTIR spectrum of neat liquid H2O “squeezed” in between two 

VWR silicate glass slides (each ~1 mm thick), measured vs. air as background 

(Bruker FTIR spectrometer Tensor 27, 4 cm-1 resolution, 10 scans, HgCdTe IR 

detector).  Bottom: same FTIR spectrum with a zoomed-in vertical scale to 

depict the low-intensity vibrational transitions of the hydroxyl-containing 

molecular species (H2O and bulk SiOH in glass) in the near-IR range.  The 

spectrum from the very thin layer of water was measured to demonstrate the 

relatively low intensities of the near-IR water absorptions with respect to the 

fundamental OH absorption intensity.  The onset of noise for the signal at 

~3300 – 3400 cm-1 is due to the limited dynamic range of the IR detector.   
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Fig. 3.   (a), FTIR spectrum of liquid H2O in a 1-mm pathlength quartz cuvette, 

vs the empty cuvette as background.  (b) FTIR spectrum of liquid D2O in a 1-

mm pathlength quartz cuvette, vs the empty cuvette as background.  (Bruker 

FTIR spectrometer Tensor 27, 4 cm-1 resolution, 200 scans, HgCdTe IR 

detector.)  The frequency scale in b) was set to display the corresponding 

values of the OH oscillator frequency scale in accordance with the ratio 

��(D2O)=��(H2O)/1.34630.  The weak feature at ~5600 cm-1 in (a) (accordingly at 

~4150 cm-1 in (b)) is believed to be the [�as+�+�L] combination31,37, where �L is 

the water libration (intermolecular) mode.  Noise in spectra (e.g. at <4000 cm-1 

in a) is due to saturation of the IR detector. 

a) 

b) 
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A particular advantage of near-IR vibrational spectroscopy over FTIR of the fundamental 

stretches of OH groups is the uniqueness of the water’s [�as+�] combination band at 

~5200 cm-1 (~1900 nm) 31,38 (see also below).  This is the consequence of the relatively 

high frequency of the bending mode of the H2O molecule (~1600 cm-1) which is larger 

than the similar bending modes of other hydroxyl containing functional groups XOH31,38, 

such as silanols SiOH, aluminols AlOH etc.   

 

As a review of literature shows, the ability of the near-IR vibrational spectroscopy to 

distinguish the signal from water molecules via their combination band at ~5200 cm-1 

from that of other hydroxyls was realized as early as in the 1960’s by various researchers.  

For example, quantitative analysis of water contents in mixtures with methanol, 

isopropanol, glycols and various polyols was shown by Keyworth in 196139.  Anderson 

and Wickersheim40 were among the first to characterize the adsorption of water on the 

surface of silica gel with the help of [stretch+bend] combination bands.  In particular, the 

desorption of water with the increase of temperature could be followed directly since the 

water and silanol [�+�] combination bands differ significantly (~5200 cm-1 vs ~4500 cm-1 

for SiOH, see below), whereas the fundamental OH stretch spectra overlap badly.  This 

was a considerable advancement in the spectroscopy of catalytic surfaces which had been 

carried out mainly in the ~3000–4000 cm-1 frequency range 41.  

 

The low intensity of the near-IR absorption peaks of water molecules, as well as other 

hydroxyl-containing molecular moieties in general, may seem to be an obstacle for their 

use in various analytical applications.  Nevertheless, advances in IR spectroscopy via FT-
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technique in the 1980’s allowed effective acquisition of absorption spectra even of weak 

overtone and combination modes with appreciable quality within short amounts of time 

(for example, spectrum in Fig. 2 was acquired within only 10 scans of the interferometer).  

Since then, FTIR spectroscopy in the ~4000 – 12000 cm-1 range has been efficiently used 

in the characterization of hydroxyls in various materials.  The uniqueness of the water 

[�as+�] combination band has made FTIR spectroscopy in the near-infrared frequency 

range an indispensable tool in: 

- quantifying water content in the presence of other hydroxyl-containing solvents, 

e.g. alcohols39,42; 

- studying the details of water interactions with the surfaces of various solid-state 

systems36,40,42-46;   

- non-destructive food and drug quality testing47,48. 

 

As far as the FTIR spectroscopy of the near-infrared absorptions of surface-bound 

hydroxyls is concerned, in principle, it is possible to carry out such studies44,45; however, 

in most cases, the sample has to be placed into an evacuated atmosphere to avoid 

complications due to ambient water.  This especially applies to the adsorption of water on 

various surfaces from vapor and liquid phases.  As a result, studies of surface properties 

in situ are practically impossible because of the overwhelming response of ambient water.  

Sum-frequency vibrational spectroscopy can overcome the challenge of separating the 

signal from the oscillators in the bulk of the two phases in contact (Chapter 5): according 

to the dipole approximation, second-order nonlinear phenomena are forbidden in the 

media with inversion symmetry, such as isotropic liquids and amorphous solids49.  As 
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discussed in the introductory part of Chapter 5, SFVS has been successfully applied to 

characterization of a vast variety of surfaces over the last two decades, in particular when 

one of media in contact is water.  So far, however, the extension of SFVS of interfacial 

water and hydroxyls into the near-IR range has not been achieved.  In this work, we 

extend the SFV-spectroscopy of interfacial hydroxyl-containing species into the near-IR 

frequency range to probe the combination bands and overtones of these important 

molecular species.  Based on the knowledge that FTIR spectroscopy in the near-IR range 

has provided for various hydroxyl-containing systems, in the next section we provide 

several motivations for the near-infrared sum-frequency vibrational spectroscopy  

 

 

8.2.  Benefits of extending vibrational SFG spectroscopy into the near-IR 

8.2.1.  In-situ spectroscopy of acid-base equilibria at water/mineral interfaces 

Acid/base interactions at mineral surfaces have been introduced in Chapter 7, namely, the 

interaction of the surface-bound silanols of SiO2 with the aqueous media of various pH.  

As mentioned in Chapter 7, second-harmonic generation has been applied to probe the 

charging and deprotonation of the surface silanol groups at the silica surface in contact 

with aqueous solutions of various pH50-52  Surface-specific sum-frequency vibrational 

spectroscopy of mineral/water interfaces has also been carried out extensively for various 

minerals: H2O/SiO2
6-18, H2O/Al2O3

19-21, H2O/CaF2
22,23.  However, such probes do not 

interrogate the amount of the surface hydroxyl groups directly: in second-harmonic 

measurements, the signal essentially probes the extent to which the surface-generated 

electric field penetrates into the bulk of liquid water via �(3) effect53 (Chapter 7); from 
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these data, the ratio of SiOH/SiO- groups is deduced.  In the sum-frequency spectroscopic 

measurements mentioned in the references here, as well as in the measurements described 

in Chapter 7, the signal originates preferentially from the water molecules at the interface, 

and the vibrational response from the O–H stretches of the surface-bound hydroxyls X-

OH (where X=Si, Al, Ti, Ca etc.) is largely overlapped with (and most likely buried 

underneath) the response from the OH stretches of water molecules.  Thus, conclusions 

on the amount of the protonated/deprotonated surface groups XOH/XO- is again obtained 

indirectly.  The FTIR spectroscopy of the [stretch+bend] combination bands of water 

molecules adsorbed on various solid oxides has proven useful in separating the response 

of the water molecules from the signal of X-OH groups36,38,40,42,44-46,54,55 (Fig. 2).  This is 

possible because the frequency of the water bending mode is probably the highest among 

hydroxyl-containing functional groups38 (Fig. 4).  For hydrogen-bonded water molecules, 

the bending mode is �	1640 cm-1 36, while the in-plane bending mode � of various 

surface-bound hydroxyls on different solid oxides and hydroxyls is in the range ~670 – 

1000 cm-1, with the highest value of ~990 – 1055 cm-1 in the Si(OH)Al complex in 

alumosilicates38.  Thus, if studied with the sum-frequency vibrational spectroscopy, the 

[stretch+combination] combination bands of the surface-bound hydroxyls in the range 

~4400–4600 cm-1 should provide the direct probe of the abundance of hydroxyls in 

various environments.  The expected advantage of the SFVS over FTIR is that the former 

should be an in-situ probe of the surface hydroxyls, which in turn will enable studies of 

mineral surfaces even when in contact with liquid water. Such a measurement is not 

possible with FTIR, in which case the signal is saturated by the response of water 

molecules in the bulk of liquid water, compare Fig. 2 to Fig. 3, a).  We believe that the 
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method of near-IR SFVS proposed here should provide the additional unambiguous 

information on the behavior of minerals when in direct contact with various aqueous 

solutions.   

 

One of processes of interest is the hysteresis observed by the Geiger group for the 

second-harmonic response from silica/water interface to the changes of pH when a 

certain salt concentration is present51.  Other examples of problems that would benefit 

from the additional information provided by the near-IR SFVS of hydroxyls at mineral 

surfaces include:   

1) proper assignment of the narrow “free”-OH peak observed at the CaF2/water interfaces 

at high pH’s of the water phase (pH>12) by Becraft and Richmond22.  As the authors 

suggested, this peak corresponds to weakly-bonded surface-bound CaOH groups that 

appear at high pH due to partial dissolution of CaF2
22.  On the other hand, it’s possible 

that the free-OH is due to water molecules that do not hydrogen-bond to the Ca2+ ions on 

the surface exposed due to the dissolution of fluoride in high pH solution.  The proposed 

method of near-IR SFVS is expected to help in providing more definite information, 

since the combination band of the CaOH moiety (4530 cm-1)38 should be distinguishable 

from that of water molecules. 

 

2) Similarly to the previous problem, the assignment (AlOH or H2O) of the narrow 

“free”-OH peak at the surfaces of alumina and water at various pH’s20. 
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Fig. 4.  Schematic representation of the fundamental vibrations of the 

surface-bound silanol groups (SiOH) and water molecules that 

compose the corresponding �comb=[�+�] combination bands, together 

with the respective energy diagrams.  Note that the frequency values 

are for hydrogen-bonded hydroxyls38,44.   

 

3) The SFG vibrational spectroscopy of the combination bands should help in assigning 

the features that we observe in the SFG-spectra from silica/air interface (Chapter 6).  

Namely, in our analysis of the sum-frequency spectra and derivations of the orientation of 

water molecules adsorbed on silica from air, we assumed that the signal at ~3300-3500 
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cm-1 mostly originates from the hydrogen-bonded water.  The near-IR SFVS should be 

able to confirm this hypothesis.   

 

 

8.2.2.  In-situ probing of the anharmonicity of the interfacial hydroxyls 

It is well known that the position of the absorption peak of the hydroxyls largely depends 

on the interactions of the OH group with the environment.  One long-standing question is 

whether the conditions and the environment of water molecules at various interfaces such 

as charged mineral surfaces are the same or different from that in the bulk of liquid water.  

As the pioneering sum-frequency investigation by Shen and colleagues for the 

silica/water interface6 suggested, at the charged surface conditions are such that the 

presence of the “ice-like” structural type of water molecules appears in addition to the 

“liquid-like” structural type.  Such a conclusion was made based on the appearance of a 

peak at ~3150-3200 cm-1 in the sum-frequency spectra from silica/water, which is close 

in frequency to the peak position in the IR spectrum of ice.  As discussed in Chapter 7, 

new studies by other groups have brought in a new perspective on the structure of water 

at surfaces.   These studies include deuterium-dilution56 and heterodyne-measured sum-

frequency spectra from water at charged surfactant surfaces57.  The former studies 

suggest, in particular, that at charged surfaces the structure of water may not be 

composed of several structural types, and that the double peak shape of the SFG spectra 

of H2O is due to the intramolecular coupling between close in energy modes of the 

symmetric HOH structure56.   
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Fig. 5.  Left:  Schematic (simplified) representation of the potential energy 

curve and the energy levels of an unperturbed anharmonic OH oscillator (blue 

solid lines).  Dashed blue lines: potential energy curve and the energy levels of 

the OH oscillator in complex with a molecule Y.  Dissociation energies for the 

free OH (D0(free OH)) and complexed OH…Y (D0(OH…Y)) are shown.  

�(0�1) and �(0�2) indicate the shifts for the absorption frequencies of the 

fundamental and overtone transitions upon complexation of OH38,58.   

Right:  Potential energy curves for the corresponding electronic states of OH 

radical.  Reprinted with permission from: Hwang, E.S., Lipson, J.B., Field, 

R.W., and Dodd, J.A., "Detection of OH(X,v '',J '') via the B 2
�

+-X 2
� 

transition and properties of the B B 2
�

+ state". Journal of Physical Chemistry 

A  105(25), 6030-6037 (2001).  Copyright 2001, American Chemical Society. 
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Probing the overtone transitions of the interfacial water molecules should bring additional 

information on the structure of water at surfaces as well as information on the vibrational 

energy manifold.  We believe that near-IR SFVS has this potential due to the higher 

sensitivity of overtone frequencies to the interactions of OH oscillators with the 

surrounding than the fundamental stretch frequency58 (Fig. 5).   

 

Additionally, sum-frequency generation spectroscopy of the OH stretch overtones at 

surfaces is expected to provide information on the dissociation energy of the interfacial 

hydroxyls, via the connection between the anharmonicity constant and the dissociation 

energy of the anhamronic oscillator (Eqn. 4).  The implications of such studies for the 

hydroxyls in various molecules are important, since the dissociation energy is expected to 

reflect the affinity of a certain hydroxyl group to proton exchange.  In such a way, 

acidity/basicity of various types of hydroxyls can be probed. 

 

This approach, in principle, has been used before in the studies of the effects of 

interactions of the surface hydroxyls on silicas and zeolites with various probe 

molecules58 (e.g. CO2, CO, chloroform38).  These studies were mainly performed with the 

use of FTIR absorption or diffuse-reflectance spectroscopies.  However, as was pointed 

out in the Introduction of Chapter 5, these spectroscopic characterization techniques place 

the investigated surfaces into conditions in which they do not occur naturally (e.g. 

evacuation at high temperatures).  Sum-frequency vibrational spectroscopy can overcome 

the difficulties due to the contribution of the signal from the bulk of the materials. Thus 

the sample interfaces can be investigated in their “natural” states, and, more importantly, 
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buried surfaces such as mineral/water can be accessed directly.  Thus, SFG vibrational 

spectroscopy of overtones and combination bands in the near-IR range should provide the 

information on the anharmonicities and dissociation energies of interfacial hydroxyls in 

situ.  In this way, the processes of proton transfer at surfaces such as silica/water can be 

probed directly.   

 

8.2.3.  Investigations of the bending mode of the interfacial water molecules 

The combination bands are expected to reflect the characters of the fundamental 

transitions that compose them.  The sum-frequency spectroscopy of the water 

[stretch+bend] mode should, in principle, provide the access to the bending mode � at 

~1600 cm-1.  Interestingly, there still has not been a definite report of the observation of 

this particular mode from aqueous surfaces with sum-frequency vibrational spectroscopy.  

In fact, the absence of any contribution from water in the frequency region has been used 

to the advantage of detecting SFV-spectra of C=O stretches in the amide functional 

groups of proteins without any background59-61.  The reason for the absence of the water 

bending mode in the sum-frequency spectra is not clear, since the bending mode has non-

zero intensity in both IR and Raman spectra.  A possible reason is the relatively high 

noise in the visible detectors used previously for the sum-frequency spectroscopy of 

aqueous interfaces around 1600 cm-1.  The interest in the bending mode is caused by the 

suggestion that the most possible pathway for vibrational energy dissipation in water 

molecular ensembles (~ps time scale) via the coupling of the OH stretches to the overtone 

of the bending mode62.  The ability to probe the bending mode would clarify this 

mechanism at interfaces. 
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8.2.4.  Water at the polyol-modified biological surfaces 

There is a large interest in understanding the mechanism of action of the 

polyethyleneglycol hydrophilic coatings on various substrates as protein repellents63-65.  It 

is obvious that interfacial water plays a role in the resistance of such coatings toward 

protein adsorption.  One recent suggestions is that the hydrophilic termination of the 

monolayer molecules creates bulk water-like environment; as a result, the protein does 

not recognize the substrate from the water molecules and thus does not adhere65.  

However, to date, simulations and experimental results do not provide a definitive picture.   

 

From the technical point of view, if one is going to carry out sum-frequency vibrational 

spectroscopy of the polyethyleneglycol-modified surface with water, there will be a 

challenge to distinguish between the OH stretches of the substrate hydroxyls and those of 

interfacial water molecules.  This is where the SFVS of combination bands in the near-IR 

range could be helpful.  The water combination band, even in the hydrogen-bonded 

environments, is at ~5180 cm-1.  However, typical values of the combination band 

frequencies of the hydroxyl groups in alcohols C-OH typically lie in the range 4600–

4800 cm-1.  Thus, near-IR sum-frequency spectroscopy should facilitate in distinguishing 

between the hydroxyls of surface-bound hydroxyls and water molecules.   

 

8.2.5.  Technical advantages of  near-IR spectroscopy 

Briefly, these include: 
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1) much higher transmission of water in the near-IR compared to that in the mid-IR 

(~3000 – 4000 cm-1) should allow access of the IR beams in the ~4000 – 12000 

cm-1 range to the buried surfaces in the case when one of media is water and the 

other one is impenetrable for IR and/or Vis beams.  Otherwise, probing of such 

surfaces in the OH stretch region 3000 – 4000 cm-1 (correspondingly ~2000  -

2800 cm-1 for OD stretch) is practically impossible: a water layer of ~1 micron 

thickness reduces intensity of IR light at ~3400 cm-1 by factor of 1/e.  Creation of 

such thin water samples is practically very challenging; 

2) the absorption and dispersion of many optical materials such as various glasses, 

calcium fluoride, sapphire, are much less in the near-IR than in the mid-infrared 

frequency range; 

3) the output powers of the optical parametric amplifiers that are pumped by the 

fundamental 800 nm output of widely-spread Ti:sapphire lasers, are much higher 

in the near-IR (~1000–2200 cm-1) than in the mid-IR (which is typically generated 

by further frequency conversion of the 800-nm pumped OPA output). 

4) when detecting the first overtone of the surface hydroxyls stretches at ~6600 – 

7000 cm-1, depending on the conditions, the vibrational susceptibility in this 

frequency region can be probed via second-harmonic, which is technically 

simpler to perform than sum-frequency generation (SHG can be carried out as a 

one-beam experiment, while SFG requires two beams).  Such simplification is 

expected, in principle, because the photon detectors in the visible (~700 nm, 

where second harmonic of the OH overtones should appear) are much more 

sensitive and more available than the detectors in the near- or mid-IR. 
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Now, that we have introduced several motivations behind extending the sum-frequency 

spectroscopy into the near-IR frequency range, we will describe how we have been able 

to acquire SFG-spectra of the [stretch+bend] combination mode of water (H2O and D2O) 

molecules at the charged silica surface, as well as measure SFG spectrum of the first 

stretch overtone of D2O molecules at silica.   

 

 

 

8.3.  Acquisition of sum-frequency vibrational spectra of the water [stretch+bend] 

combination mode at the silica surface 

Our ultrabroadband sum-frequency vibrational spectrometer has provided us with the 

possibility to measure good quality spectra of water molecules at silica surfaces.  The 

high signal-to-noise ratio (SNR) of the setup, in part, is the result of the total-internal 

reflection geometry implemented at the silica/water surface, together with the tight 

focusing of the IR beam (Chapter 5).  Namely, the typical SNR values in examples of 

sum-frequency vibrational spectra of OH stretches from silica/water interface is on the 

order ~10-206,8 (e.g. Fig. 2 in Chapter 7).  At the same time, our sum-frequency setup 

provides SNR~100 in ppp-configuration in total-internal reflection conditions.  This 

feature of our experimental configuration allows us to measure low-intense response of 

higher-frequency modes of interfacial hydroxyls in the near-IR (Fig. 6).   
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An additional feature of our ultra-broadband non-collinear optical parametric amplifier 

(NOPA) is that it provides pulses broader and more energetic in the near-IR (~4000 – 

6000 cm-1) than in the mid-IR around 3300 cm-1 (Fig. 8 in Chapter 4).  When we tune the 

IR idler pulses to the higher-frequency range, we observe sum-frequency response from 

such vibrational transitions as the [stretch+bend] combination band for H2O (dashed box 

in Fig. 6).  The relatively high SNR~100 allows us to distinctively observe two peaks at 

~4900 and ~5200 cm-1 for the interface between neat (neutral) H2O and silica (blue line 

in Fig. 7).  As the pH of the bulk water decreases, the magnitude of the sum-frequency 

signal in the OH stretch region decreases (Fig. 6), in accordance with the protonation of 

the silica surface groups7,9: 

SiO- + H+ � SiOH 



 338 

 

 

Fig. 6.  Acquisition of sum-frequency spectra of hydroxyl vibrations at silica 

water interfaces with a high signal-to-noise ratio over the frequency ranges of 

fundamental stretches and combination bands becomes possible with our 

newly developed broadband OPA – SFG spectrometer.  See also Appendices 

16-17 for additional details on the acquisition of SFG spectra at ~5000 cm-1. 

 

As discussed in Chapter 7, the decrease in pH leads to the increase in the surface SiOH 

number density, and at the same time decreases the surface electric field.  The decrease in 

the electric field leads to probing of fewer interfacial water layers, thus the sum-

frequency signal corresponding to the OH stretches decreases (Fig. 6).   
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Fig. 7.  Spectra obtained in the 4000-5500 cm-1 region (dashed box in Fig. 6) 

contain features corresponding to [stretch+bend] ([�+�]) combination bands 

of silanols and water molecules at the silica/water interface36,38,40,66.  

Spectrum of the silica/water interface is shown for the case of neutral pH 

water (blue solid line) and 10-2 M HCl (pH2) solution (green solid line).  For 

clarity, the spectrum for pH2/silica interface is replotted on the zoomed-in 

right scale (green dotted line).   

 

In the near-IR frequency range, the SFG signal at ~5000 cm-1 decreases when replacing 

the neat pH~6 H2O with the pH=2 solution.  This observation is in accord with the 

suggestion that the SFG signal at ~5000 cm-1 corresponds to the combination band of 

H2O molecules at silica surface.  This conclusion is based on the fact that this response 

changes similarly to the sum-frequency response of the OH stretches in the 3000 – 4000 

cm-1.  In addition, the signal at ~4200-4700 cm-1 increases (green spectrum in Fig. 7), and 
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seemingly a peak at ~4500 cm-1 on top of a nonresonant background appears (green 

arrow in Fig. 7).  Unfortunately, unlike the signal of water molecules at ~5000 cm-1, the 

peak at ~4500 cm-1 could not be clearly reproduced from day to day, thus the observation 

of the SiOH combination band in the silica/water spectra was not definitely concluded.  

Most likely, this was due to the low surface number density of the SiOH groups on fused 

silica even at pH=2.  Perhaps, the study of a surface which has a larger number density of 

surface silanols such as quartz/water interface (or, similarly, mica/water or 

kaolinite/water surfaces, Chapter 6), or use of a higher energy/pulse IR source will 

provide a definitive observation of the SiOH group combination band at 4500 cm-1.   

 

In the next section, we show experimental evidence that the signal at ~5000 cm-1 is due to 

the combination band of the interfacial water molecules, which is followed by the 

discussion of the obtained data. 

 

 

8.4.  Sum-frequency spectrum dependence on pH and salt concentration of the 

aqueous medium 

In order to ensure that the signal observed from the silica/water (H2O) interface 

corresponds to the [�+�] combination band of interfacial water molecules, we introduced 

the fused silica surface into contact with the aqueous media of either varying pH or 

varying salt concentration.   

 

 



 341 

8.4.1.  Fused silica prism and aqueous sample preparation.  

The fused silica prisms were cleaned in the same way as for the experiments on sum-

frequency spectroscopy in the 3000-4000 cm-1 region (fundamental OH stretch).  Also, 

the aqueous samples of various pH values (dissolution of HCl or NaOH) and salt 

concentrations (dissolution of NaCl) were prepared by the same procedure as for the 

sum-frequency measurements of the fundamental OH stretch (sections 7.5-7.6 in Chapter 

7).  The spectra in the pH and salt concentration series were acquired in the same 

sequences as described in the experimental details for acquisition of SFG in the OH 

fundamental stretch region (Chapter 7).  All spectra presented here were acquired in ppp-

polarization scheme (ssp-combination yielded signals that were unrecognizable beneath 

the noise). 

 

8.4.2.  Results and discussion of pH and salt concentration effects on SFG spectra of 

[�+�] mode of H2O  

According to the discussion of the effect of the water pH on the magnitude of the sum-

frequency spectra of OH stretches at the silica/water interface in Chapter 7 (section 7.5), 

the pH of the aqueous medium changes the amount of the SiO- and SiOH species at the 

surface.  Consequently, the electric field generated by the charged SiO- groups into the 

liquid water medium changes with pH50,53.  Thus, the nonlinear signal generated from the 

interfacial water becomes dependent on the pH as the number of water layers generating 

the nonlinear response varies.  For the case of silica whose point-of-zero charge pH is ~2-

367, the nonlinear signal, either SHG or resonant sum-frequency generation, decreases to 

a minimum as the water pH decreases toward ~26,7,9.   
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Our data on the pH-dependence of the sum-frequency spectra at ~5000 cm-1 from 

H2O/silica (Fig. 8) suggest that the observed signal corresponds to the water molecules in 

the interfacial layers.  We make this conclusion based on the fact the magnitude of SFG 

at ~4900-5300 cm-1 depends on pH in the same way as that for the SFG of water OH 

stretches at ~3100 – 3700 cm-1  (compare top and bottom graphs in Fig. 8).  Such 

behavior of the signal is dictated by the pH-dependent surface electric field generated by 

the deprotonated silanol groups SiO-.  As pH increases, more surface groups get 

deprotonated, the surface charge increases and the electric field increase, polarizing more 

of the bulk water near the silica surface.  Consequently, the sum-frequency signal 

increases.  Vice versa, as the water pH decreases, more surface groups become 

protonated, and the electric field generated by the surface decreases – the sum-frequency 

magnitude decreases.  The correspondence between the change of the sum-frequency 

magnitude at ~5000 cm-1 to that at ~3400 cm-1 strongly suggests that the sum-frequency 

spectra that we observe in the range 4900 – 5300 cm-1 from H2O/silica surface 

correspond to the [stretch+bend] combination band of interfacial water molecules. 
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Fig. 8.  Top graph: sum-frequency spectra from the silica/water (H2O) 

interface in the ~5000 cm-1 region at various pH values of the aqueous 

medium.  Lower graph: sum-frequency spectra from silica/H2O in the region 

3000-4000 cm-1 at various pH values of water (reproduced here from Fig. 4 

in Chapter 7 for comparison). 
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Additional evidence for the assignment of the signal from the H2O/silica interface at 

~5000 cm-1 to the water combination band comes from the dependence of the sum-

frequency signal on the salt concentration.  As discussed in Chapter 7, the salt ions screen 

the penetration of the surface-induced electric field into the bulk of water18,68.  As a result, 

1) fewer water molecules are probed by the EDC-induced �(3) response; and 2) water 

molecules are less preferentially oriented by the electric field that is quickly-declining 

with the distance from the surface.   

 

Similarly to the sum-frequency spectrum measurements as a function of pH, the sum-

frequency spectra from silica/H2O in the 4900 -5300 cm-1 range (top graph in Fig. 9) 

follow the trend of the spectra in the OH fundamental stretch spectra (bottom graph in  

Fig. 9).  The decrease of the signal magnitude with the increase of salt concentration (i.e. 

ionic strength) suggests that we are probing the resonant modes of water molecules in the 

interfacial layers rather than some non-resonant signal from either the IR or visible beams 

(or their interaction) originating from the bulk of the silica prism6,7,53. 
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Fig. 9.  Top graph: sum-frequency spectra from the silica/water (H2O) 

interface in the ~5000 cm-1 region at various NaCl concentrations of the 

aqueous medium.  Lower graph: sum-frequency spectra from silica/H2O 

in the region 3000-4000 cm-1 at various NaCl concentrations in water 

(reproduced here from Fig. 7 in Chapter 7 for clarity).  

 

 

8.4.3.  Sum-frequency vibrational spectra of the [�OD+�] mode of D2O at silica 

In addition to the observation of the sum-frequency vibrational spectra of H2O at the 

charged silica surface, we have also been able to measure SFG spectra of the same 
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combination mode for D2O.  In this case (liquid D2O), �as(OD)�2640 cm-1 and ��1206 

cm-1 36 thus the combination mode is expected at ~3840 cm-1.  The sum-frequency 

spectrum of this mode for D2O appeared at ~3850 cm-1 (Fig. 10) in accordance with the 

FTIR spectra (Fig. 3, b).   The increase of the signal magnitude upon placing silica into 

contact with pD=10 solution (which lead to ionization of the surface groups SiOD + OD- 

� SiO- + D2O) indicated that the signal probed was from interfacial water molecules (see 

previous discussion on the pH dependence).  At high pD (pH), however, the peak at 

~3935 cm-1 seems to appear in the sum-frequency spectra.  Takeuchi et. al. assigned this 

feature to weakly-hydrogen bonded OD groups of D2O adsorbed on TiO2
36.  However, 

more rigorous studies in this spectral range would be needed to see if this mode at 3930 

cm-1 is observed for neat D2O at silica (Fig. 10).  As the signal for D2O was even less 

than for H2O (by a factor of ~2-4) this investigation could not be carried out technically 

in the current setup.   
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Fig. 10.  Sum-frequency spectra of the [�OD+�] combination 

modes of neat D2O at silica (red) and pD 10 at silica (blue).  

Dotted lines are guides for the eye.  The pD 10/D2O solution was 

prepared by dissolving 100 microliters of pH 12 (10-2 M NaOH) 

solution in 10 ml of D2O. 

 

It is worth noting that the spectra presented here (e.g. Fig. 8 and Fig. 10) appear to be the 

first spectra of near-IR modes of interfacial hydroxyls acquired with the sum-frequency 

generation technique.  In the next section, we perform an initial analysis of the sum-

frequency spectra of the H2O [stretch+bend] combination and discuss the possible 

assignment of the observed modes.   
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8.5.  Analysis of sum-frequency spectra of the [�+�] mode of H2O at IRFS 

In order to determine the central frequencies of peaks in the sum-frequency spectra of the 

combination bands of the water molecules at the silica surface, we performed two-peak 

fits of the sum-frequency spectra by the same formula that was used in Chapters 6 and 7, 

namely: 
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The nonresonant term was either fixed (Fig. 11, a) or initially guessed (Fig. 11, b-d) as 

equal to the value corresponding to the signal level for either pH=2 or 0.1 M NaCl 

solutions (when the resonant signal from water was suppressed).  The frequencies of the 

two peaks were initially guessed at ~4900 and 5200 cm-1; the phases of the two peaks 

were fixed to 
/2 and 3
/2 correspondingly (see discussion on phases in Chapters 6 and 

7).  Although the phases assigned to the oscillators must have a certain physical meaning, 

i.e. the relative orientation of the oscillator dipole to the surface, in the case of the 

combination modes the assignment of �=
/2 or –
/2 to a certain orientation may not be as 

straightforward as for the fundamental stretches.  A more profound theoretical work has 

to be involved to connect the orientation of the molecules to the phases of the overtone 

and combination modes.  In the current analysis, the central frequencies were the primary 

interest, thus we assigned the phases to the values that fit the spectra in the best way.  On 

an additional note, the water index of refraction is very weakly dependent on frequency at 

~5000 cm-1 69, thus the analysis of the interfacial sum-frequency response in this 

frequency region is simplified compared to the SFG spectra of water in the 3000 – 4000 

cm-1 range (Chapter 5). 
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Fig. 11.  Sum-frequency spectra of the [stretch+bend] combination band of H2O 

molecules at the silica surface.  Neat H2O/silica data (�) and two –peak fit 

(black solid line).   

a) 

b) 

c) 

d) 



 350 

The fits yielded the central frequencies of the two peaks at ~4800 cm-1 and ~5300 cm-1 

(in some measurements, the higher-frequency peak deviated to ~5400 cm-1 , Fig. 11, d; 

the reason for this observation is not clear at the moment, see Appendix 18 for results of 

fits).  In the next section, we provide the discussion on the possible assignment of these 

two peaks. 

 

 

8.6.  Assignment of peaks in the sum-frequency spectra of the [�+�] mode of H2O at 

fused silica 

The sum-frequency spectra of the combination band [stretch+bend] of water molecules at 

the charged silica surface showed a two-peak structure; the fits yielded the central 

frequencies of ~4900 cm-1 and ~5300 cm-1.  This result seems to be somewhat 

inconsistent with the peak position of the combination band in FTIR spectra of liquid 

H2O (Fig. 2, bottom graph).  The latter demonstrate a single asymmetric peak with the 

maximum position at ~5200 cm-1 for liquid H2O.  The combination band of H2O 

observed in FTIR spectra is believed to correspond to the combination of the asymmetric 

OH stretch with the bending mode.  Even though the combination [symmetric stretch + 

bend] is not forbidden by the symmetry rules, it seems to be very weak in the IR spectra 

of water35.  Additionally, as Walker and McCarthy concluded in their studies of the 

overtone and combination modes of water molecules in hydrates of various salts (e.g. 

K2SnCl4.H2O) at cryogenic temperatures70,71, only the [�asym+�] mode was observed for 

water in all of the investigated crystalline structures.  As the authors pointed out, there 

was no evidence for the [�sym+�] transition71.  Thus, the predominance of the [�asym+�] 
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mode in FTIR spectra appears to hold for water in its different physical states (ice, liquid 

and vapor)34,35, as well for water molecules in crystalline structures70,71.   

 

 

Fig. 12.  Raman spectra acquired from liquid neat H2O.  Excitation laser: 

532nm, ~100 mW, vertically polarized; detection in the horizontal plane 

normal to the beam direction.  Water is placed in a 10-mm quartz cuvette.  

Red curve: detection of Raman scattering with vertically-polarized 

analyzer.  Blue curve: detection of Raman scattering with horizontally-

polarized analyzer.  The data are in very good agreement with the previous 

reports in the literature72.   

 

However, the IR spectra of liquid water cannot explain the presence of the lower-

frequency peak in sum-frequency spectra from the interface at ~4900 cm-1.  We recall 

that the sum-frequency response is essentially a product of the IR and Raman responses 

for a certain vibrational transition73 (Chapter 5, sub-section 5.3.6).  The Bonn group used 

this to explain the two-peak structure in the SFG spectra of the fundamental OH stretch 
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of water molecules observed at various interfaces74.  The fact that the Raman spectra of 

H2O (or D2O) have a double-peak structure at certain excitation-detection geometry (Fig. 

12) is explained by the intramolecular coupling (Fermi resonance) between the 

symmetric OH stretch and the overtone of the bending mode74.  The comparison of the 

water Raman and sum-frequency spectra suggested that the sum-frequency response of 

water molecules at surfaces is mostly defined by the intramolecular coupling56 rather than 

two different types of structure (“ice-like” and “bulk-like”) suggested by Shen6.   

 

We acquired Raman spectra from liquid water with a CW green laser at 532 nm and the 

same detection system used for sum-frequency vibrational spectroscopy.  Not only were 

we able to reproduce the previously-obtained Raman spectra of liquid water in the OH-

stretch region72 (Fig. 12), but also we could obtain the Raman response of liquid water in 

the [stretch+bend] combination band region (Fig. 13).  There is possibly only one 

previous report of the Raman spectroscopy of this particular mode at ~5000-5200 cm-1 

performed by Walrafen and Pugh37.  For some reason, there is a considerable discrepancy 

in the positions of the centers of the peak in our measurement and that of the Walrafen 

group37 who observed the peak at ~5060±10 cm-1, and explained it as [�sym+�].  In large 

contrast, we observed this mode at ~5200 ±20 cm-1 (the error is connected to the ~1-nm 

resolution of the detector in the visible at ~735 nm, see Appendix 7).  In addition, the 

intensity of this mode in our spectra is rather low (0.04% of height of the OH Raman 

peaks, compared to Fig. 12), whereas the Raman spectra presented in the Walrafen work 

show this combination band to be of a considerable magnitude37 (few percent of the OH 

stretch).  A possible reason could be the difference in the excitation laser powers (several 
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watts vs ~100 mW in our work), as well as the saturation of the detector in Walrafen’s 

work in the OH stretch region.  More importantly, however, the reason for the 

discrepancy in the central frequencies between our results and those of Walrafen is not 

clear.  Perhaps there was a certain frequency calibration error in the Walrafen’ 

photographic spectra.  A special complication here is that, as we mentioned earlier, there 

appears to be no other accessible data on the Raman spectra of this mode published in the 

literature.   

 

 

Fig. 13.  Raman spectra of liquid H2O in the two 

corresponding polarization detection schemes (vertical 

excitation). 

 

Our newly obtained Raman spectroscopic data suggest that, similar to the FTIR spectra, 

the [�as+�] combination is dominant, in contrast to the conclusion drawn by Walrafen 

and Pugh37.  Because the sum-frequency vibrational response is a product of the IR 
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absorption and Raman responses, it is logical to conclude that in SFG, the [�as+�] 

combination should also be dominant.  Thus, the mode at 4800 cm-1 observed in SFG 

vibrational spectra must originate from some other structural type of water rather than 

the [�sym+�] combination (which is closer in frequency to the peak observed in SFG 

spectra).     

 

In order to further investigate the origin of the combination band sum-frequency spectra 

of water at the charged silica surface, we applied the analysis used earlier by the Shen 

group in their pioneering work on the sum-frequency spectroscopy of OH stretches of 

H2O at fused silica6.  Namely, we compared the SFG spectrum obtained for H2O 

molecules at the charged silica surface to the IR spectra of liquid H2O and ice (Fig. 14).  

Our data are in a good agreement with the previously published studies of the frequency 

shift of the [�as+�] combination band upon freezing H2O down to –50 oC75, which 

showed transition of the absorption peak maximum from ~5200 cm-1 of the liquid H2O to 

~4980 cm-1 of ice.     

 

Noticeably, the combination band peak from ice in the literature is assigned to the [�as+�] 

combination, similar to the liquid water34,36,75.  Thus, the shift of the frequency is mainly 

caused by the red-shift of the OH asymmetric stretch. (For liquid H2O, ��1=3280, ��2=1644, 

��3=3490 cm-1; for hexagonal ice, ��1=3085, ��2=1650, ��3=3220 cm-1 76).   
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Fig. 14.  FTIR absorption spectra of H2O in liquid (red) and solid 

(blue) states around the ~5000 cm-1 region.  The spectra were obtained 

from the thin layer of neat H2O “squeezed” in between two ~1-mm 

thick VWR glass slides.  Spectrum of ice was obtained by pressing the 

glass plates with water in between against a piece of “dry ice” (solid 

CO2).  Since the ice was thawing fast, the FTIR spectra were acquired 

within only 10 scans of the interferometer. 

 

 

To suggest a possible assignment for the two peaks observed in sum-frequency 

vibrational spectra of the water combination band at silica, we compare our Raman, IR 

and SFG vibrational spectra presented above (Fig. 15).  The previous discussion of the 

assignment of the water mode at ~5000-5200 cm-1 concluded that in the IR absorption 

spectra, this mode is most likely corresponding to the [�as+�] combination, while the 

[�sym+�] combination must be inactive in the IR spectra, or of a very low 

intensity30,35,71,75.  Our newly-obtained Raman spectra of the [�OH+�HOH] combination 



 356 

mode suggest that the [�as+�] combination is mostly active in the Raman vibrational 

scattering too (in contrast to the single found previous report37).  Thus, one of the 

conclusions that we make based on such analysis is that the sum-frequency spectra are 

expected to display only the [�as+�] combination as well.   

 

While bulk liquid water shows only a single peak in FTIR (Fig. 2) and Raman (Fig. 13) 

spectra, the sum-frequency spectra from liquid water/silica surface show two peaks (Fig. 

11).  One peak is closer to ~5200 – 5300 cm-1, while the other peak is closer to  ~4800 

cm-1.  The comparison of the peak positions in the sum-frequency spectra to those of the 

liquid H2O and ice suggests that two different structural types of interfacial water 

molecules have to be invoked in order to explain the double-peak structure.  The higher-

frequency peak (~5200 – 5300 cm-1) can be assigned to the H2O molecules at the silica 

surface that are located in a more bulk-like environment.  The lower-frequency peak at 

~4800 cm-1 can be compared to the water molecules that are much more hydrogen-

bonded and thus are situated in an “ice-like” environment.  This assignment is mainly 

suggested by the hypothesis that we put forward above based on the IR and Raman 

spectroscopic results that sum-frequency response is dominated by the combination of the 

bending mode with the asymmetric OH stretch.  Thus, according to this hypothesis, there 

should not be any effect of coupling between the asymmetric and symmetric OH 

stretches in the H2O molecule, in contrast to the spectroscopy of H2O molecules in the 

OH-stretch region.  On an additional note, such assignment of peaks in the [�as+�] 

combination band SFG spectrum supports to some extent the model of the water structure 
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at surfaces suggested by Shen6,9, namely the existence of “ice-like” and “liquid-like” 

species.  

 

Practically we could not verify this assignment by decoupling the OH oscillators as is 

done in the OH stretch region (3000-4000 cm-1) via isotopic dilution.  The reason for this 

is that the OD stretches have the first overtone in the ~4900 – 5200 cm-1 region (Fig. 3).  

In fact, we have been able to probe this overtone mode of the OD stretches (discussed in 

the next section).  In principle, the decoupling of the OH stretches by isotopically diluting 

H (protium) with T (tritium)77 should provide more information on the possible 

assignment of the combination band responses in the sum-frequency spectra.  In this case, 

the O-T stretch overtone should shift further toward lower frequencies (closer to ~4200 – 

4400 cm-1), and there should not be any interfering modes around 5000 cm-1.  However, 

tritium oxide is radioactive and not easily available, thus our current assignment of the 

peaks in SFG spectra is currently purely based on the conclusions made from the IR and 

Raman spectra of liquid H2O.  Additional studies of the sum-frequency spectra of 

interfacial water molecules would include acquisition from hydrophobic interfaces to 

observe the combination band of “free-OH”.     
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Fig. 15.  Comparison of FTIR and Raman spectra of liquid H2O (and 

FTIR of ice) in the [stretch+bend] combination band region to the sum-

frequency vibrational spectra of H2O at charged silica surface.   
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8.7.  Demonstration of sum-frequency spectra of the first OD stretch overtone 

We finally consider the measurements of the spectra of OD stretch overtone of D2O 

molecules at the silica surface.  The first OD stretch overtone 2�OD occurs at ~5100 cm-1 

in the FTIR spectra of liquid D2O, and is the result of overlap of frequency-shifted and 

broadened (with respect to the vapor phase) modes 2�sym, D2O and [�sym,D2O+�as, D2O] (Fig. 

3, b).  The investigation of the Raman spectrum of OD stretch overtones in liquid D2O at 

room temperature78 showed the strongest peak at ~5030 cm-1 with a small component at 

4600 cm-1 (~1/10 of the height of the 5030 cm-1 feature) and a shoulder at ~5280 cm-1.  

The correlation of the behavior of the components in the Raman overtone and Raman 

fundamental OD stretch spectra suggested that the   4600 cm-1 (corresponding to ~2500 

cm-1 in fundamental) and 5030 cm-1 (corresponding to ~2600 cm-1 in fundamental) are 

hydrogen-bonded components, while the shoulder at ~5280 cm-1 (corresponding to 2718 

cm-1 in fundamental) is dangling OD non-hydrogen-bonded with other molecules78.  

However, the possibility of Fermi resonance of the third overtone of the bending mode 

4�2 with the overtone of OD-stretch was not discussed.  A possible reason is that the 

energies of these modes are much more different due to anharmonicities, than for the case 

of Fermi resonance between 2�2 and �1
56,72,74,79.  In principle, the latter feature of the OD 

(or OH) stretch overtones may simplify the interpretation of sum-frequency data obtained 

for these modes.  However isotopic dilution studies should also be implemented for 

additional confirmation.   
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Fig. 16.  Sum-frequency spectra of the OD stretch overtone of D2O 

molecules at charged silica surface.  The two graphs show separate 

data acquisitions on different days.  pD 10 solution was prepared by 

dissolving 100 microliters of pH 12 (10-2 M NaOH) solution in 10 mL 

of D2O.   

 

In the current study, the sum-frequency spectra of the OD stretch overtone at silica were 

not investigated in as much detail as the combination band of H2O around 5000 cm-1.  

Here we provide the results of a few measurements performed from the silica/D2O 



 361 

surface to demonstrate that the experimental acquisition of sum-frequency vibrational 

spectra of 2�OD (and consequently, 2�OH) at the charged silica surface is possible.  In the 

SFG spectra of the D2O/silica interface around 5000 cm-1 we typically observe two peaks 

(Fig. 16): at ~5000–5200 cm-1 and at ~4300–4700 cm-1.  The increase of the magnitude of 

signal in the sum-frequency spectra when replacing neat (neutral) D2O with pD 10 

solution (Fig. 16, bottom graph) confirms that the signal originates from the interfacial 

water molecules (see discussion on pH dependence of SFG spectra at the silica/water 

surface, section 8.4 or section 7.5).   

 

At this point, more measurements would be needed to conclude on the position of the 

peaks in the sum-frequency spectra.  However the comparison of the preliminary data 

(Fig. 16) with the available IR and Raman78 data already indicates that the lower-

frequency component at ~4300–4600 cm-1 grows in intensity significantly with respect to 

the ~5000 cm-1 component (compare Fig. 16 to Fig. 3, b).  It is reasonable to assume that 

this peak must correspond to the strongly hydrogen bonded water molecules oriented by 

the electric field of the surface.  This peak could correspond to the “ice-like” type of 

water molecules observed at ~3150-3200 cm-1 in SFG of H2O6,7 (Chapter 7).  It is also 

quite possible that the peak 2�OD~4300-4700 cm-1 may correspond to the same water 

molecular structure that appears at ~4800 cm-1 in the combination-band sum-frequency 

spectra from H2O/silica surface (Fig. 15).   

 

Once the positions of the peaks in the sum-frequency spectra of OD-stretch overtones are 

firmly established, it will be possible to extract the anharmonicity parameter x and, 
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consequently, the dissociation energies Do for different structural species present at the 

surface.   

 

Further experiments would also include sum-frequency spectroscopy of OH overtone 

stretches around ~6900 cm-1 (~1400 nm) where, in fact, the performance of our ultra-

broadband non-collinear optical parametric amplifier is the most optimal (Chapter 3).  

Also, isotopic dilution with D2O should not introduce interference from any modes of the 

deuterium oxide molecules in the overtone OH stretch frequency region.  

 

Conclusion 

We have introduced the sum-frequency generation spectroscopy of interfacial hydroxyls 

in the near-IR frequency range (~4000 – 10000 cm-1).  The advantages of such an 

extension include the potential of obtaining the dissociation energies of the interfacial 

hydroxyls, as well as distinguishing the nonlinear contribution from water H2O molecules 

from other surface-bounded hydroxyls such as Si-OH, Al-OH at mineral/water interfaces, 

or C-OH at chemically modified surfaces.  By applying our broadband IR optical 

parametric amplifier to the total-internal reflection sum-frequency spectroscopy at 

silica/water interface, we have demonstrated, to our knowledge for the first time, the 

measurement of sum-frequency vibrational spectra of the [stretch+bend] combination 

band of H2O at ~5000 cm-1, as well as SFG spectra of the first OD-stretch overtone of 

D2O molecules also occurring at ~5000 cm-1.  The rigorous analysis of the data available 

for the IR and Raman spectra of the [stretch+combination] modes of H2O provided the 

conclusion that in sum-frequency spectra, the most contributing feature should be the 



 363 

[�asym+�] combination (similar to IR and Raman spectra).  The comparison of IR, Raman 

and SFG data for H2O/silica interface enabled us to assign the peaks in the SFG spectra 

of H2O at silica to the strongly H-bonded water (at ~4800 cm-1, similar to “ice-like” peak 

in SFG of OH stretch) and less H-bonded water (at ~5200 – 5300 cm-1, similar to “bulk-

like” peak in SFG spectra of OH stretch).    
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SUMMARY 

Below, we summarize the most outstanding achievements in this dissertation, related to 

1) the development of ultrabroadband IR sources and 2) their applications to the surface-

specific spectroscopy.  The summary concludes with the list of the author’s articles 

published and manuscripts in-preparation. 

 

I. Development of ultra-broadband pulsed infrared sources (Chapters 1 – 4) 

 

I.1.   Extension of the technique of broadband non-collinear optical 

parametric amplification (NOPA) into the near-IR (~1000 – 1600 nm) 

wavelength range.  A  technique of near-IR NOPA was successfully applied to 

bulk potassium-titanyl phosphate (KTP), a nonlinear optical material which was 

not previously explored for ultra-broadband amplification (Chapter 3).  Near-IR 

pulses at �0~1250 nm with bandwidths �2500 cm-1 could be generated by 

amplifying the near-IR portion of white-light continuum in KTP-NOPA.   

 

I.2.   Realization of the method of near-IR NOPA in other nonlinear optical 

materials such as potassium niobate and lithium niobate.  Even broader pulses in 

the near-IR could be generated in the 1000 – 1600 nm wavelength region 

(bandwidths �ν~ �2900 cm-1, Chapter 3).  This was approximately an order of 

magnitude increase of the bandwidth of the near-IR pulses compared to 

traditionally generated in collinear-geometry OPA. 
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I.3.   Extension of the method of pulse-front matching to the near-IR 

NOPA technique.  We were able to remove the pulse-front distortions in the 

near-IR beam that are normally present in the pulses from femtosecond-pumped 

NOPA’s.  As the result, the near-IR pulses could be further compressed to ~25 fs 

at ~1200 nm (Chapter 3). 

 

I.4.   Realization of ultra-broadband near-IR NOPA at a high pulse 

repetition rate (250 kHz) (Chapter 3).  Pump-to-signal-idler conversion 

efficiencies as high as 20% could be achieved in a double-pass geometry.  

Compression of the near-IR pulses to ~23 fs was demonstrated.  In addition, we 

found optimum conditions for the white-light continuum generation by self-phase 

modulation of 800 nm pulses at 250 kHz.  This work was done in collaboration 

with the group of Professor Peter Vöhringer (University of Bonn, Germany).   

 

I.5.   Generation of ultra-broadband mid-IR pulses (~2900 – 6000 cm-1).  

The 800-nm pumped NOPA has allowed us to generate not only the ultra-

broadband near-IR signal pulses, but also broadband mid-IR idler pulses (~1800-

3500 nm, or ~2900 – 6000 cm-1), as described in Chapter 4.  In particular, we 

could achieve generation of pulses with bandwidths �FWHMν~ ~600 cm-1 at 

~3500 cm-1 and �FWHMν~ ~1500 cm-1 at ~5000 cm-1. 
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II. Ultra-broadband sum-frequency vibrational spectroscopy of silica 

surfaces (Chapters 5 – 8) 

 

II.1.   Acquisition of vibrational sum-frequency spectra of water molecules 

at silica surfaces in a “single shot” (Chapter 5).  Using the ultra-broadband IR 

NOPA described in Chapters 1-4, we constructed a sum-frequency vibrational 

spectrometer and successfully applied it to study water/silica interfaces.  The 

broad bandwidth of the IR pulses, combined with the broadband low-noise CCD 

detection system, allowed us to acquire spectra of the OH stretches of water 

molecules at hydrophilic and hydrophobic silica surfaces in a single acquisition of 

the CCD detector, without ever tuning the IR pulses (“single shot”) (Chapter 5).  

The entire spectra, extending over the frequency range ~2900 – 3800 cm-1, could 

be measured with a good quality within 30-60 s, much shorter than with scanning 

surface SFG spectrometers (tens of minutes).  We demonstrated this advantage of 

our ultra-broadband SFG spectrometer by observing the time-dependent 

restructuring of hydrophobic monolayer on silica surface in contact with water 

after the monolayer was exposed to organic solvents.   

 

II.2.   In-situ investigation of the orientation of water molecules adsorbed on 

amorphous silica from vapor (Chapter 6).  We applied our sum-frequency 

spectrometer to study the interaction of the silanol groups (SiOH) on the surface 

of silica with water molecules adsorbed from vapor (Chapter 6).  A noteworthy 

observation is that water molecules adsorb onto silica surface without any 
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appreciable interactions with the surface silanols, which is in agreement with 

previous studies by other groups.  More importantly, our analysis allowed us to 

extract for the first time the relative orientations of OH of the various water and 

silanol species.  In particular, we found that at low relative humidities (~20%), 

water adsorbs with the hydrogen atoms toward the silica surface. The relatively 

high frequency (~3600-3650 cm-1) of the water OH stretch suggesting that these 

water molecules are non-hydrogen bonding with the surface.  Our results suggest 

that the amorphous silica surface in large part has a hydrophobic character which 

is explained by a relatively low surface density of the surface SiOH groups and 

covalent character of the Si-O bonds in silica basal planes. 

 

II.3.   Observation of the non-hydrogen bonded water molecules at the 

H2O/amorphous silica interface (Chapter 7).  The relatively high signal-to-noise 

ratio of our sum-frequency spectrometer allowed us to study low-intensity 

vibrational features of water at charged silica surface.  In particular, we have been 

able to identify and investigate the behavior of a peak at ~3700 cm-1 which we 

assign to weakly hydrogen-bonded hydroxyls of water molecules adsorbed at the 

basal plane of amorphous silica (Chapter 7).  The appearance of the non-hydrogen 

bonded hydroxyls at the charged silica surfaces is believed to be connected with 

the relatively low surface density of the silanol groups.  In addition, the 

observation of non-hydrogen bonded water molecules at the charged silica/neutral 

H2O interface reiterates the conclusion regarding our SFG spectroscopy of 

silica/air surfaces (Chapter 6), namely that the amorphous silica surface, widely 
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accepted as hydrophilic, has a significant hydrophobic character even when wet 

by water.   

 

II.4.   Extension of vibrational SFG spectroscopy of mineral/aqueous 

interfaces to the near-IR frequency range ( 13800~ −> cmν , Chapter 8).  We 

have exploited the high signal-to-noise ratio of our spectrometer to study the 

vibrational sum-frequency spectra of high-frequency transitions of water 

molecules at silica surfaces, such as [stretch+bending] ([�+�]) combination mode 

and first stretch overtone (2�) (Chapter 8).  Our observation of the [�+�] of H2O 

at ~5000-5300 cm-1 has many potential applications, mainly the possibility to 

distinguish the signal of hydroxyls in various molecular species present at 

different types of interfaces (e.g. C-OH vs HOH at biological surfaces; 

SiOH(AlOH) vs HOH at water/mineral surfaces).  This ability to distinguish 

between various hydroxyls is expected because the water bending mode �~1600 

cm-1 is very different from the bending mode of hydroxyls in various OH-

containing groups (~800-1000 cm-1).  In addition, SFG spectroscopy of overtones 

of the interfacial hydroxyls will provide information on the energies of 

dissociation, and in turn, on proton exchange at buried surfaces between water 

and minerals, which is otherwise not available with FTIR spectroscopy.   
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APPENDICES 
 
 
 
Appendix 1.  Time-bandwidth product.  Transform-limited pulse. 
 
The electromagnetic pulses can be described in the time- and frequency-domains.  In case 

of the so-called transform-limited pulses (pulses that do not possess any modulation on 

the phase, see below), these two representations, E(�) and E(�) respectively, are 

connected via Fourier-transform: 

�
+∞

∞−

+−= ..)exp()()( ccdttitEE ωω                                   (A1.1) 

(c.c. denotes complex-conjugate value).  On the example of a pulse with a Gaussian-

shaped envelope of the electric field, we show here that the bandwidth and the duration of 

a pulse are connected via so-called time-bandwidth product (TBP): 

ωτω TBP=∆⋅∆ ,                                              (A1.2) 

where TBP� is the time-bandwidth product for angular frequency.  A Gaussian pulse can 

be described in the time domain as  

E(t)= E0(t) 
.exp(iω0t)+ c.c.=A0 

.exp(-t2/�t
2).exp(iω0t)+c.c.                  (A1.3) 

where E0(t) is the time-dependent Gaussian envelope of the pulse, A0 is the amplitude of 

the electric field, �t is a temporal width parameter of the pulse which is proportional to 

the full-width half-maximum (FWHM) width �� of the pulse (the exact relation is 

derived below).  The Fourier transformation of the pulse in time domain yields the 

electric field profile in the spectral domain (the notation of complex-conjugate is omitted 

for simplicity): 
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The experimentally measured value in frequency domain is the spectral intensity I(�) 

which is proportional to the square modulus of the electric field: 
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where c is the speed of light, �0 is the electromagnetic constant, n is the refractive index 

of the medium.  From Eqn. A1.5, the bandwidth of the spectrum – which is defined as 

FWHM of I(�) – is: 

tσ
ω 2ln22=∆ .                                             (A1.6) 

Similarly, in order to define the temporal duration of the pulse, we introduce the 

physically measured value instantaneous pulse intensity I(t): 
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From Eqn. A1.8, the FWHM pulsewidth of the Gaussian pulse whose electric field 

temporal profile is described by Eqn. A1.3, can be calculated: 

tt σστ 177.12ln2 ≈=∆                                            (A1.8) 
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From Eqns. A1.6 and A1.8, we can derive the time-bandwidth product: 

)(2ln4 GaussTBPωτω ≡=∆⋅∆ , or 

νππ
τν TBP=≈==∆⋅∆ 441.0

2ln2
)2(
2ln4

,                                 (A1.9) 

where ��=��/(2�) is the frequency bandwidth (measured in Hz), and TBP� is the time-

bandwidth product for “cyclic” frequency �.  Thus we have shown that the time-

bandwidth product of the Gaussian pulses is constant, and have derived the value of the 

constant in Eqn. A1.2. 

 

The values of the constant in Eqn. A1.2 can be obtained for other types of pulse shapes.  

In Table A1.1, we list values for the most typical pulse shapes1.  We have also included 

the relations for each pulse shape between the pulsewidth �� and the FWHM of the 

experimentally measured autocorrelation of pulses (which is used for ~100-ps and shorter 

pulses to measure the pulse duration) 
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Table A1.1.  Temporal and spectral parameters of pulses of various shapes, together 
with time-bandwidth products TBP� 1  

Pulse shape 
Intensity profile 

I(t) 

��, 

FWHM 
Spectral intensity I(�) �� (=2���) TBP� 

Gauss �
�
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�
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− 2
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exp
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 0.315 

Lorentz 
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1.287�L [ ]Lτωω 02exp −−  

Lτ
693.0

 0.142 

Square 
1 for |�/�r|�1, 

0 elsewhere 
�r ( )[ ]rc τωω 0

2sin −  
rτ
78.2

 0.443 

 

The pulse that obliges the relation in Eqn. A1.1, and consequently in A1.2, is the so-

called transform-limited (TL) pulse, i.e. the pulse for a certain spectral width �� whose 

pulse duration �� is the minimum possible value defined by Eqn. A1. 2.  One of the main 

conclusions from the considerations above is that the minimum attainable pulse duration 

is limited by the pulse’s bandwidth.  This time-bandwidth connection is the main 

motivation behind developing new methods to produce broader pulses which eventually 

can be compressed to shorter pulse durations (Chapter 1).   

 

Additionally, in the TL pulse all frequency components have the same phase 	(�)=const, 

i.e. all colors within the pulse bandwidth �� arrive at the sample simultaneously.  In real 
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experimental setups, pulses rarely are ideally transform-limited, especially in case of 

femtosecond (��<100 fs) pulses.  The reason for this is the dispersion of optical materials, 

i.e. the dependence of index of refraction on frequency (wavelength).  The influence of 

the materials’ dispersion on the temporal pulse characteristics is discussed in more detail 

below in Appendix 3.   
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Appendix 2.  First- and second-order contributions of the nonlinear material 

dispersion into the phase mismatch term. 

In Chapter 2, we derived formulas for the parametric bandwidth in the process of optical 

parametric amplification (OPA).  In this Appendix, the expressions for the first- and 

second-order derivatives of the phase mismatch in the nonlinear optical crystal are 

obtained in detail.  The derivations presented here follow the formalism described in the 

earlier papers on the principles of non-collinear OPA2-4. 

 

For the vector diagram of pump, signal and idler wave-vectors (Fig. 1 in Chapter 1), we 

write  

�k = kp – kscos
 – kicos�                                                 (A2.1) 

ks sin
 = ki sin�                                                         (A2.2) 
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Keeping in mind that: 

is ωω −∂=∂ ,  
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k
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 (definition of group velocity) 

 

X

X

X GVD
k

=
∂
∂

2

2

ω
  (definition of group-velocity dispersion) 

 

we derive: 
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the derivative of the angle � can be derived separately as follows: 
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The first derivative of the phase mismatch is: 
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The second derivative of the phase mismatch is: 
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Equations A2.6 and A2.7 are used to derive expressions 15 and 17 in Chapter 2. 
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A2.1.  Optimum signal-pump noncollinear angle for ultra-broadband NOPA 

In Chapter 2, section 2.4, we discussed the expression for the non-collinear angle signal-

pump for which the broadband non-collinear OPA is expected to occur.  Here Eqn. 29 

(Chapter 2) is derived based on the related publication by the Kobayashi group2.   

 

We start by writing trigonometric laws for the triangle formed by three wave-vectors ks, 

ki and kp in Fig. 1 of Chapter 2.   

)cos(2222 βα +++= isisp kkkkk                                 (A2.8) 
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)sin(sinsin βαβα +
== psi

kkk
                                      (A2.9) 

From Eqns. A2.8 and A2.9, it follows that: 
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In order for the ultra-broadband non-collinear OPA to occur, group velocity matching 

between signal and idler has to occur, which can be expressed as the following condition: 

i

s

v
v

=+ )cos( βα                                           (A2.11) 

By plugging expression A2.11 into A2.10, and recalling that k=2�n/�, we get the 

following expression of the optimal internal signal-pump angle: 



 386 

 

�
�
�
�
�
�

	




�
�
�
�
�
�

�



��
	



��
�


⋅��
	



��
�


⋅++

��
	



��
�


−

=

ii

s

s

i

i

s

s

i

i

s

v
sv

n
n

n

n

v
v

λ
λ

λ
λ

α
21

1

arcsin

2

2

2

2

2

                             (A2.12) 

 

Equation 29 in Chapter 2 is obtained. 
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Appendix 3. Generalized description of propagation of ultrashort broadband pulses 

in dispersive media. Group Velocity Dispersion (GVD), group-delay dispersion of 

femtosecond pulses. 

Practically all optical materials (glasses, fused silica, sapphire, nonlinear optical materials, 

water etc.) are dispersive, i.e. their indices of refraction depend on frequency.  As the 

spectra of ultrashort pulses are non-monochromatic, different frequencies in the pulse 

interact with different indices of refraction n(�).  Thus, ultrashort pulses typically 

undergo modulations after passing through various optical elements1,3. 

 

For numerical characterization of the propagation of ultrashort pulses in dispersive media, 

the dependence of the phase of the electric field is considered.  For this purpose, the 

electric field of a short pulse can be written as follows: 
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c
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tEtEtE
ωϕϕ 000 exp)()exp()()( ,                        (A3.1) 

where E0(t) is the envelope of the electric field profile, 	 is the phase of the electric field 

after passing through an optical pathlength P of a certain optical component, 	0 is a 

constant phase offset, � is the frequency, c is the speed of light.  In the simple case of 

propagating through a slab of optical material, the frequency-dependent value of optical 

pathlength is defined as: 

P(�)=L.n(�).                                                    (A3.2) 

However, in general the optical pathlength is dependent on the geometry of the optical 

setup through which the ultrashort pulses propagate (for example, for a pair of prisms, the 

expression of P is more complicated4).    
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Group delay �(�) is the time for a frequency component � to travel through P, and it is 

defined as a derivative of the phase with respect to angular frequency: 
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Because 
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, the group delay can be expressed as: 
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An illustration of the physical meaning of the group delay can be shown on the example 

of propagation of monochromatic wave through a slab of material of thickness L.  In this 

case, the derivative of the index of refraction with respect to wavelength is zero, since 

wave is monochromatic.  The group delay becomes simply P/c=L.n/c = L/vph, where 

vph=c/n is the phase velocity, i.e. the velocity of propagation of the carrier wave in the 

medium.   

 

However, for the case of ultrashort pulses, we cannot neglect the dispersion of the 

material.  For broadband pulses, the group delay depends on the frequency.  Qualitatively 

speaking, the dispersion results in various frequencies (or wavelengths) get ahead or 

delay from each other.  The latter leads, for example, to temporal stretching (“chirping”) 

of initially transform-limited pulses.  Quantitatively, the effect of material’s dispersion is 

characterized via the so-called group-delay dispersion (GDD), which is a derivative of 

the group delay with respect to the angular frequency: 

=�
	



�
�

−−=�
�

�
�
�

�
�
	



�
�

 −
∂
∂=

∂
∂=

∂
∂=

λω
λ

λω
λ

ωλ
λ

ωω
τ

ω
ϕ

d
dP

d
d

cd
dP

d
d

cd
dP

cd
dP

P
c

GDD
1111

2

2

 



 389 

2

2

2

3

2
1

λπ
λ

λλω
λλ

d
Pd

cd
dP

d
d

d
d

c
=�

	



�
�

⋅−=                                    (A3.5) 

 

GDD can be understood as the amount of dispersion accumulated in a pulse after 

propagating through an optical pathlength P.  The importance of this value can be 

understood from the following explanation.  Referring to Eqn. A3.5, we can rewrite the 

increment of the accumulated group delay as the increase of the pulsewidth ττ ∆≈∂ , 

whereas the frequency increment is rewritten as the bandwidth ωω ∆≈∂  over which this 

increment occurred.  Thus, the pulsewidth broadening is expressed: 

ωτ ∆⋅≈∆ GDD                                               (A3.6) 

the value of GDD is dependent on the actual optical length of the optical element.  In 

order to describe the dispersive properties of optical materials irregardless of the 

element’s thickness, the so-called group-velocity dispersion (GVD) is introduced, which 

is essentially the group-delay dispersion accumulated per a unit length of the material.  

For the simple case of pulse propagation through a slab of optical element of thickness L, 

GVD is defined as: 
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GVD == .                                   (A3.7) 

GVD is an important value for the description of propagation of ultrashort pulses in 

dispersive media.  According to Eqn. A3.7, it can be relatively simply calculated for any 

material if its dependence of refractive index on wavelength is known.  Furthermore, 

using Eqn. A3.7, one can always calculate the amount of pulsewidth broadening induced 

into a short pulse by the material’s dispersion.   
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Group velocity dispersion can be derived alternatively from group velocity of the pulse 

vgr, which is another value that describes propagation of pulses in optical media.  Group 

velocity is the velocity of propagation of the envelope of the electric field of the pulse 

(e.g. E0(t) in Eqn. A3.1), and contrary to the phase velocity vph=c/n (which is the velocity 

of propagation of the oscillating carrier wave, it takes into account the dependence of the 

refractive index on the frequency (or wavelength): 
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where k=�n/c=2�n/� is the wave-vector.  A well-spread form of calculations works on 

the inverse value of group velocity: 
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Group-velocity dispersion, as follows from the name of this value, is the dispersion of 

group velocities of the pulse with the frequency: 
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An additional note can be done on various orders of dispersion of materials.  This 

discussion is important for understanding of how different orders of dispersion influence 

the shape of the pulse.  The phase of the electric field of the pulse 	 can be written in a 

Taylor series around the central frequency of the pulse �0 as follows (in this case, up to 

the fourth-order):  
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We can find now the group delay whish is defined as the derivative of phase with respect 

to frequency: 
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Now we can relate several terms in Eqn. A3.12 to the values that we have already 

discussed.  The first term is the group delay of the central frequency.  This is essentially 

the position of the center of the pulse envelope; in other words, the first describes 

propagation of the pulse as a whole and does not provide any information on the shape of 

the pulse, i.e. whether the pulse has any chirp accumulated in it.   

 

The second term is proportional to the second-order derivative of phase with respect to 

frequency, and according to Eqn. A3.12, this is group-delay dispersion.  The second term 

in Eqn. A3.12 does not describe the propagation of the pulse, but rather how various 

frequencies are related to each within the broadband pulse envelope.  Typically, this term 

makes the largest contribution into the shape of the pulse. 
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When, however, the bandwidth of pulses becomes large enough (several thousand 

wavenumbers, or ~100 THz or more), the contributions of third- and higher-order factors 

become important.  Thus, one needs to consider in this case such values as third-order 

dispersion1,5,6 (TOD): 

3

31
ω

φ
d
d

L
TOD = ,                                              (A3.13) 

and even fourth-order dispersion (FOD)6: 
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41
ω

φ
d
d

L
FOD = .                                             (A3.14) 

We use mostly only the second-order dispersion for explanation of dispersion properties 

of optical materials, since GVD typically accounts for the biggest dispersion effects. 
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Appendix 4.  Programs for numerical calculations of the optical material’s index of 

refraction, group velocity dispersion etc. in Igor Pro   

In order to routinely calculate indices of refraction of various optical materials as the 

function of wavelength (frequency), a program sequence was written (Table A4.1).  For 

optical materials such as fused silica, sapphire, SF14 etc., calculations were based on the 

Sellmeier coefficients that are provided in various literature sources1,7.  For each 

calculation sequence, the proper values of the shorter wavelength for the range of 

calculations (in the particular example described here, the wavelength span is 600 nm), 

and the set of the Sellmeier coefficients corresponding to a certain material () would have 

to be inserted into the sequence (underlined text in the sequence, Table A4.1).  The text 

of the sequence would have to be pasted into the command line in a new Igor experiment 

and run by pressing “Enter”. 

 

The following notations of physical values are used:   

“wl”: wavelength [units: m];  

“n_sq”: n2;   

“n”: index of refraction n;  “ 

GVD”: group-velocity dispersion [units: s2/m];    

“inverse_group_velocity”: 1/�gr (Eqn. A3.9) [units: s/m];   

“inverse_GV_fsmm”: 1/�gr [units: fs/mm].   
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Table A4.1.  Program sequence to calculate the wavelength-dependent index of 

refraction and other dispersion properties in Igor Pro software 

Make/N=1000/D wl 

wl=1.0+0.0006006*x 

AppendToTable wl 

Make/N=1000/D n_sq 

Make/N=1000/D B1,B2,B3,C1,C2,C3 

B1=1.22718116 

B2=4.20783743e-1 

B3=1.01284843e-1 

C1=6.02075682e-3 

C2=1.96862889e-3 

C3=8.84370099e1 

n_sq=1+(B1*wl^2/(wl^2-C1))+(B2*wl^2/(wl^2-C2))+(B3*wl^2/(wl^2-C3)) 

AppendToTable n_sq 

Make/N=1000/D n 

n=sqrt(n_sq) 

AppendToTable n 

Display n vs wl 

Differentiate n/X=wl/D=n_DIF 

Display n_DIF vs wl 

Differentiate n_DIF/X=wl/D=n_DIF_DIF 

Make/N=1000/D GVD 

GVD=(((wl*10^(-6))^3)/(2*pi*(3*(10^8))^2))*((n_dif_dif)/((10^(-6))^2)) 

Make/N=1000/D Inverse_group_velocity 

Inverse_group_velocity = (n - wl*n_DIF)/(3e8) 

Make/N=1000/D inverse_GV_fsmm 

inverse_GV_fsmm = inverse_GV*1e12 

Display GVD vs wl 

Display inverse_GV_fsmm vs wl 
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Table A4.2.  Sets of Sellmeier coefficients used in calculations with IGOR Pro 

Fused silica: 

 

b1=6.961663e-1 

b2=4.079426e-1 

b3=8.974794e-1 

c1=4.67914826e-3 

c2=1.35120631e-2 

c3=9.79340025e1 

----------------------- 

SF 10: 

 

B1=1.61625977 

B2=2.59229334e-1 

b3=1.07762317 

c1=1.27534559e-2 

c2=5.81983954e-2 

c3=1.1660768e2 

----------------------- 

BK 7: 

 

b1=1.03961212 

b2=2.31792344e-1 

b3=1.01046945 

c1=6.00069867e-3 

c2=2.00179144e-2 

c3=1.03560653e2 

------------------- 

SF 11 

 

b1=1.73848403 

b2=3.11168974e-1 

b3=1.17490871 

c1=1.36068604e-2 

c2=6.15960463e-2 

c3=1.21922711e2 

SF 18: 

 

b1=1.56441436 

b2=0.29141358 

b3=.96030788 

c1=0.0121864 

c2=0.05355680 

c3=111.451201 

---------------------------- 

CaF2: 

 

b1=5.675888e-1 

b2=4.710914e-1 

b3=3.8484723 

c1=2.52642999e-3 

c2=1.00783328e-2 

c3=1.20055597e3 

-------------------------- 

Sapphire n_e: 

 

b1=1.5039759 

b2=5.5069141e-1 

b3=6.5927379 

c1=5.48041129e-3 

c2=1.47994281e-2 

c3=4.0289514e2 

------------------------- 

Sapphire n_o: 

 

b1=1.4313493 

b2=6.5054713e-1 

b3=5.34140210 

c1=5.2799261e-3 

c2=1.42382647e-2 

c3=3.25017834e2 
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For nonlinear optical materials, the wavelength-dependent indices of refraction provided 

in the literature typically are expressed in a form different from the Sellmeier equation.  

Below, we provide the lines in the programming sequence to calculate the indices of 

refraction for beta-BaB2O4 (BBO) and KNbO3 (KNB) crystals (Table A4.3), as well as 

for ZnSe (Table A4.4).  These lines would be inserted into the sequence presented above 

instead of the lines in the shaded area (written in italic).  Similarly, the separate set of 

lines in the programming sequence was used to calculate the index of refraction for 

silicon (Table A4.5). 

 

Table A4.3.  Lines in the programming sequence to calculate the square of n 

(“n_sq”) value for BBO8 and KNB9 

BBO, ne 

Make/N=2000/D n_sq 

n_sq=2.3753 + 0.01224/(wl^2-0.01667) - 0.01516*wl^2 

------------------------------ 

BBO, no 

Make/N=10000/D n_sq 

n_sq=2.7359 + 0.01878/(wl^2-0.01822) - 0.01354*wl^2 

KNB, nx 

Make/N=10000/D n_sq 

n_sq=4.4222 + 0.09972/(wl^2-0.05496) - 0.01976*wl^2 

------------------------------ 

KNB, ny 

Make/N=10000/D n_sq 

n_sq=4.8353 + 0.12808/(wl^2-0.05674) - 0.02528*wl^2 + 1.8590e-6*wl^4 - 1.0689e-6*wl^6 

------------------------------ 

KNB, nz 

Make/N=10000/D n_sq 

n_sq=4.9856 + 0.15266/(wl^2-0.06331) - 0.02831*wl^2 + 2.0754e-6*wl^4 - 1.2131e-6*wl^6 
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Table A4.4.  Lines in the chart to calculate the square of n (“n_sq”) value for ZnSe10 

Make/N=1000/D A, B 

A=4.7032 

B=0.07034 

n_sq=1+A*wl^2/(wl^2-B) 

 

 

 

Table A4.5.  Lines in the chart to calculate the square of n (“n_sq”) value for 

silicon11,12 

Make/N=500/D A,B,C,D 

A=9.768 

B=1.909 

C=0.2316 

D=-0.5303 

n_sq=A+B/(1-C/(wl^2))-D/(wl^2) 
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Appendix 5.  Procedures (macros) used to fit sum-frequency vibrational spectra in 

Igor Pro 

Two-peak fit with the separate phases assigned to the oscillators.  The according 

equation is (Eqn. 3 in Chapter 6): 
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The procedure is provided below: 

#pragma rtGlobals=1  // Use modern global access method. 

Function spectrum2peaksHomogeneous(pw,x) : FitFunc 

      Wave pw 

 Variable x 

 Variable Re,Im 

 

 Re=pw[1] +   (pw[2]*cos(pw[3])*(x-pw[4]) + pw[2]*pw[5]*sin(pw[3]) )/((x-

pw[4])^2+pw[5]^2)    +    (pw[6]*cos(pw[7])*(x-pw[8]) + pw[6]*pw[9]*sin(pw[7]) )/((x-

pw[8])^2+pw[9]^2)   

 

 Im=      (pw[2]*sin(pw[3])*(x-pw[4]) - pw[2]*pw[5]*cos(pw[3]))/((x-

pw[4])^2+pw[5]^2)         +    (pw[6]*sin(pw[7])*(x-pw[8]) - 

pw[6]*pw[9]*cos(pw[7]))/((x-pw[8])^2+pw[9]^2)      

 

Return pw[0]+(Re^2+Im^2) 

End 
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Three-peak fit with the separate phases assigned to the oscillators.  The according 

equation is (Eqn. 4 in Chapter 6): 

22
2

33

33

22

22

11

11 )Im()Re(
)exp()exp()exp(

)( ωω
ωω

ϕ
ωω

ϕ
ωω

ϕχω +=
Γ+−

+
Γ+−

+
Γ+−

+=
i

iB
i

iB
i

iB
S NR   (A5.2) 

The procedure is provided below: 

#pragma rtGlobals=1  // Use modern global access method. 

 

Function spectrum3peaksHomogenSeparate(pw,x) : FitFunc 

      Wave pw 

 

 Variable x 

 Variable Re,Im 

 

 Re=pw[1] +   (pw[2]*cos(pw[3])*(x-pw[4]) + pw[2]*pw[5]*sin(pw[3]) )/((x-

pw[4])^2+pw[5]^2)    +    (pw[6]*cos(pw[7])*(x-pw[8]) + pw[6]*pw[9]*sin(pw[7]) )/((x-

pw[8])^2+pw[9]^2)    +   (pw[10]*cos(pw[11])*(x-pw[12]) + 

pw[10]*pw[13]*sin(pw[11]) )/((x-pw[12])^2+pw[13]^2)  

 

 Im=      (pw[2]*sin(pw[3])*(x-pw[4]) - pw[2]*pw[5]*cos(pw[3]))/((x-

pw[4])^2+pw[5]^2)         +              (pw[6]*sin(pw[7])*(x-pw[8]) - 

pw[6]*pw[9]*cos(pw[7]))/((x-pw[8])^2+pw[9]^2)     +   (pw[10]*sin(pw[11])*(x-

pw[12]) - pw[10]*pw[13]*cos(pw[11]))/((x-pw[12])^2+pw[13]^2) 

 

Return pw[0]+(Re^2+Im^2) 

End 
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The parameters in the fits correspond to the following parameters in Eqns. A5.1 and A5.2 

(the meaning of parameters is explained in Chapter 5, section 5.3.6): 

Two-peak fit (Eqn. A5.1) Three-peak fit (Eqn. A5.2) 

pw[0] 

pw[1] 

pw[2] 

pw[3] 

pw[4] 

pw[5] 

pw[6] 

pw[7] 

pw[8] 

pw[9] 

Offset 

�NR 

B1 

	1 

�1 

�1 

B2 

	2 

�2 

�2 

pw[0] 

pw[1] 

pw[2] 

pw[3] 

pw[4] 

pw[5] 

pw[6] 

pw[7] 

pw[8] 

pw[9] 

pw[10] 

pw[11] 

pw[12] 

pw[13] 

Offset 

�NR 

B1 

	1 

�1 

�1 

B2 

	2 

�2 

�2 

B3 

	3 

�3 

�3 
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Appendix 6.  Enhancement of Fresnel factors in TIR 

Let us show that the Fresnel factors (Chapter 5) are enhanced when the angles of 

incidence of the VIS and IR beams approach critical values, leading to enhancement of 

SF-signal13.  We will consider the case of the silica/water interface as an illustration and 

as a model for our experimental applications.  We use the following indices of refraction 

for the two media at the central wavelength of SFG signal ~633 nm, which corresponds 

to OH stretch frequency 3300 cm-1 when probed with 800 nm (12500 cm-1) visible 

pulses: 

n1(633 nm) = 1.457 (silica); 

n2(633 nm) = 1.332 (water, H2O); 

nM(633 nm) � 1.332 (water, Chapter 514). 

(Use of Eqn. 15 in Chapter 5 provided nM(633) �1.67 which is unreasonablye high for the 

water/silica interface) 

 

The modulus square of the Fresnel factor Lyy(�SFG), in particular, contributes to SF-

efficiency in the ssp-polarization scheme (Eqns. 13 and 14 in Chapter 5).  The modulus 

square values are discussed for two reasons: 1) in general, the Fresnel factors are 

complex values; 2) the measured intensity of the sum-frequency signal is proportional to 

|�(2)
eff|, which in turn is proportional to |L(�i)|2 values.  In principle, the value of angle 

�SFG can be approximated to �VIS, especially when the angle between VIS and IR beams 

is small in an experimental setup (Chapter 5).  At the TIR-conditions, the cosine of the 

angle of refraction will become a complex value, thus in order to take this effect into 

account in the most general way, we include the complex conjugate of cos(�SFG): 
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(Note that in the last line in Eqn. A6.1, the indication of SFG �SFG has been dropped for 

simplicity.) 

 

Similarly, for the modulus square of Fresnel factor Lzz(�SFG), which contributes to ppp-

polarization measurements, we get the following expression:  
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Several conclusions can be made from the results of the calculations (Fig. A6.1), for 

example: 

1. The Fresnel factors increase significantly when the incident angle is close to the 

critical angle.  As the incidence angle reaches the critical-angle value (in this case, 

~66.2o),  |Lyy|2 reaches its max value 4 (Eqn. A6.1).  Similarly, the |Lzz|2 factor 

reaches its max value 8.44
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Fig. A6.1.  Modulus square values of Fresnel factor Lzz(�SFG) (red) as a function of 

the incidence angle �SFG, calculated from Eqns. A6.1 and A6.3, respectively, for 

�SFG=633 nm.  Dashed arrow indicates the critical angle (�c~66.2o). 

Blue: exemplary function [|Lyy(�SFG)|2 |Lyy(�SFG)|2 |Lzz(�SFG)|2]/cos2� to 

demonstrate the accumulative improvement of the |�(2)eff|2 at the critical angle 

incidence. 

 

2. As Lobau and Wolfrum discussed in their work13, the additional factor that has to 

be taken into account in calculating the angular dependence of the sum-frequency 

intensity is the projection of the focal spot onto the surface at the angle �SFG. 

(expressed as sec2� term in the formula for �(2)
eff, Eqn. 5 in Chapter 5)  The latter 

results in further enhancement of |�(2)
eff|2 around the critical angle of incidence 

(Fig. A6.1).  The improvements in the signal levels can be two orders of 

magnitude or more13; such estimation can be obtained if one calculates, e.g. the 

following function: [|Lyy(�i)|2 |Lyy(�j)|2 |Lzz(�k)|2]/cos2� or [|Lzz(�i)|2 |Lzz(�j)|2 

|Lzz(�k)|2]/cos2� (Fig. A6.1, blue).  



 404 

Appendix 7.  Calibration of the sum frequency scale.  Resolution of the detection 

system 

 
It is important to know the locations of peaks in the vibrational sum-frequency spectra of 

interfaces in order to make a proper assignment of particular features.  In our setup, first 

the wavelength scale of the CCD spectrometer was calibrated (i.e. wavelengths were 

assigned to pixels) by the two most intense peaks in the spectrum of the fluorescent room 

lamps (543 nm and 610 nm).  These peak positions were found by measuring the room 

light spectrum by the BWTek mini-USB CCD spectrometer.   

 

However, such calibration contains an error of wavelength determination by the BWTek 

spectrometer itself; in addition, the apparent wavelength of signal may depend on the 

angle at which photons enter the spectrograph.  Thus, an “internal” calibration is required, 

which in the case of SFG spectroscopy is carried out by inserting an absorbing sample 

into the IR beam path15.   The calibration spectrum from a reference sample (e.g. gold, 

GaAs) is measured with the IR pulses passing through the absorbing sample.  The 

position of the dip in the spectra of modulated IR pulses �	
=(1/�SFG – 1/�VIS) is compared 

to the position of the corresponding absorption in the FTIR spectrum of the absorbing 

calibration sample.  If the apparent position of the dip is at a frequency different from 

what is expected based on the FTIR spectrum of the absorbing sample, an appropriate 

shift is introduced into the wavenumber scale ���= �	FTIR(peak) – �	SFG(dip).   
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Fig. A7.1.   (a) FTIR spectrum of the empty quartz cuvette which is used as the calibration sample 

for the SFG spectroscopy of OH stretches.  (b)  SFG-spectra of the IR pulses on the Au-IRFS prism 

after passing through the calibration pulses, acquired over the period June – November 2010.  The 

inset shows the zoom-in around the center of the dip, and the dotted lines show the frequencies for 

the largest shifts of the apparent dip from the SiOH peak in the FTIR spectrum.   

 

a) 

b) 
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As a calibration sample, we use an empty quartz cuvette with each wall ~1-mm thick; its 

FTIR spectrum has an intense (~3 O.D. units) peak centered around 3672 cm-1 

corresponding to the bulk SiOH groups (Fig. A7.1).  Even though the bandwidth of the 

peak is ~100 cm-1 (most likely due to a weak hydrogen-bonding between silanol 

hydroxyls within the bulk of SiO2), it’s still relatively narrow on the scale of the ~1000 

cm-1 bandwidth that our IR pulses are probing simultaneously.  Plots of the calibration 

spectra over the time span over several months showed that the dip position varied 

between ~3660 – 3680 cm-1, thus the shifts from day to day were not more than 10 cm-1. 

 

On the other hand, the resolution of the CCD-spectrograph system was estimated to be 

���CCD~35 cm-1 (estimated from the ~1 nm width of the 532 nm line from the scattered 

radiation of the Verdi laser beam).  In principle, the observed variation of the shift of the 

calibration peak position is within the resolution of the detection system, and for this 

reason it is accepted as reasonable.  For such broadband probing (simultaneously over 

~100 nm in the visible or more), it is expected that the resolution would be sacrificed; 

still the relative error in the peak position ���CCD/���IR ~35 cm-1/1000 cm-1 ~ 3.5% was 

accepted as tolerable.  In addition, such resolution is within the typical linewidths of 

hydrogen-bonded stretches which are in the range of several hundred wavenumbers.   
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Appendix 8.  Reproducibility of ppp spectra from silica/water 

The robustness of the methodology of acquiring SFG spectra with our setup was assessed 

by reproducing the results of these measurements from day to day.  In principle, the 

spectra show a good correspondence among themselves for measurements performed on 

different days after a rigorous cleaning procedure was applied to the prism before each 

measurement (Fig. A8.1, c-f).   

 

A critical parameter in such measurements is the preparation of silica surface.  In fact, it 

was noticed that the fused prisms would have to go through several cycles of “piranha” 

cleaning/etching procedure before the spectra would become repeatable in shape and the 

value of signal.  A similar behavior, namely, the “memory” of the silica surface to the 

previous treatments, was noticed by the Geiger group in their experiments on probing the 

charging at the silica/surface interface by means of second-harmonic generation16,17.   
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Fig. A8.1.  Tests of reproducibility of sum-frequency spectra from bare 

silica/water interface.  In all graphs, blue lines represent normalized SFG 

vibrational spectra from silica/water interface (plotted on the left hand side 

vertical axis), while grey lines represent corresponding reference (IR pulse) 

spectra (plotted on the right hand side vertical axis). 

Spectra a) and b): normalized SFG spectra from a fused silica prism in earlier 

measurements.  Spectra in c-f): normalized SFG spectra from the same IRFS 

prism after several repetitive “piranha” cleaning cycles.   
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Appendix 9.  Results of fits of sum-frequency spectra from silica/air interface 

(Chapter 6) 

 

 

Table A9.1.  Results of two-peak fits of the data in Fig. 6 and Fig. 7 in Chapter 6 

Interface 
Oscillator 

strengths, a.u. 

Oscillator phases, 

rad 

Peak frequencies, 

cm-1 
Linewidths, cm-1 

Dry air/silica 
B1=0.7±9.0 

B2=0.113±0 

	1=10± 119 

	2=�/2 

�1=5274.5±6.104 

�2=3773± 6 

�1=-578±1.7.105 

�2=48.0±8.0 

Ambient air/ 

silica 

B1=0.274±0.027 

B2=0.12± 0 

	1=3.89±0.07 

	2= �/2 

�1=3605.3 ±8.6 

�2=3746.6 ±2.2 

�1=112 ±13 

�2=44.2 ±2.6 

Humid air/ 

silica 

B1=1.142±0.095 

B2=0.14 ±0 

	1=4.088±0.024 

	2= �/2 

�1=3514.1±6.7 

�2=3765.3±2.7 

�1=134.3±10.3 

�2=32.4±2.7 

 
 

 

Table A9.2.  Results of three-peak fits of the data in Fig. 8 in Chapter 6 

Spectrum  Oscillator strengths, 

a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

a) B1=0.069 ± 0.025 

B2=0.593± 0.062 

B3=0.12 ± 0 

	1=�/2 

	2= 3�/2 

	3= �/2 

�1=3440.2 ± 10.6 

�2= 3662.6 ± 6.3 

�3= 3761.5 ± 3.7 

�1= 78 ± 27 

�2= 79.8 ± 7.9 

�3= 43.3 ± 3.1 

c) B1=0.313 ± 0.098 

B2=0.467 ± 0.117 

B3=0.12 ± 0 

	1= �/2 

	2=3�/2 

	3=�/2 

�1=3412.3 ± 7.1 

�2= 3657.2 ± 13.1 

�3= 3749.7 ± 2.9 

�1= 103.7 ± 24.3 

�2= 146 ± 36 

�3= 40 ± 4 
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Table A9.3.  Results of three-peak fits of the data in Fig. 9 in Chapter 6 

Spectrum  Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

a) B1=0.13 ± 0.03 

B2=1.002 ± 0.013 

B3=0.12 ± 0 

	1=�/2 

	2= 3�/2 

	3= �/2 

�1=3422 ± 22 

�2= 3624.4 ± 9.6 

�3= 3781.9 ± 2.9 

�1= 130 ± 0 

�2= 130 ± 0 

�3= 46.1 ± 3.12 

c) B1=0.59 ± 0.10 

B2=1.085 ± 0.233 

B3=0.12 ± 0 

	1= �/2 

	2=3�/2 

	3=�/2 

�1=3339.1 ± 6.3 

�2= 3592.6 ± 16.1 

�3= 3753 ± 6 

�1= 130.5 ± 13.6 

�2= 130.1 ± 20.6 

�3= 36.1 ± 5.1 
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Appendix 10.  Fitting of sum-frequency vibrational spectra from H2O/silica 

interface (Chapter 7), initial approach 

 

The initial value for the �(2)
NR parameter was typically zero.  The value of Soffset was 

forced equal to zero, except for some cases when the raw data had some nonzero offset.  

Initially, it was found that the oscillator strengths B1, B2 and B3 could be kept constant, 

while the phases were allowed to be optimized to fit the |�(�)|2 spectrum (as in the 

examples in Fig. A10.1, a, b).  Or, the oscillator strengths could be allowed to be 

optimized together with phases (Fig. A10.1, c, d).  (See also discussion on phases of 

oscillators in Appendix 11.) 

 

In the initial approach to fit the SFG spectra from silica/water, the phase of the lowest-

energy oscillator (~3150 cm-1) was fixed to either 0 or �/2 as the most likely phase offsets 

from the non-resonant signal18 (see also discussion of phase assignment in Chapter 6 on 

SFG of silica/air interface).  The phases of the oscillators were initially allowed to vary 

independently.  However, to get a definite set of phase values each time the fitting 

procedure was carried out, the value of at least one of phases had to be fixed.  When 

phases of two oscillators differ by �, this means that the transition dipole moments of 

these oscillators are oriented in opposite directions at the surface19,20.  For transition 

dipoles oriented in the same direction, the phase off-set is expected to be zero.   We 

discuss the issue of phase assignment in Appendix 11.   
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When the fits of the experimental spectra were approached initially, we found that there 

are many sets of phases such that the fit function S(�) will satisfy the experimentally 

obtained |�(2)(�)|2 spectrum.  Still, for sum-frequency spectra from the silica/water 

interface measured on different days, we found that there are two main types of real and 

imaginary parts of the �(2)(�) spectrum (Fig. A10.1).  The relation between these spectra 

was such that Im(�) (and correspondingly Re(�)) was going from one type to the other 

when all phases rotated by �/2.  When the phases rotate by �, the Im(�(2)) and Re(�(2)) 

simply invert the sign.   

 

Shen and co-workers suggested two types of Re-Im pairs of spectra for the silica/water 

sum-frequency signal previously19.  Actually, the two types of Im (and Re) spectra that 

we obtained by fitting the experimentally-obtained |�(2)(�)|2 spectra (e.g. Fig. A10.1, a 

and b) correspond very well with those from the Shen group19.  The question that 

naturally arises is: which pair of Im-Re spectra actually corresponds to the true physical 

response of the system?  Practically, such a problem is very challenging to solve 

definitely a priori from the fits of the homodyne-detected sum-frequency (intensity 

spectrum).  The group of Mischa Bonn has recently proposed the method of maximum 

entropy to find the phase values from the homoodyne-detected SF-signal23,24.  However, 

later the same group found that this method can give ambiguous values of phases21.   

 

Actually, the Shen group did obtain the phase-sensitive sum-frequency spectra from 

silica/water interface experimentally21,26 (Chapter 7).  By comparing the Im(�(2)) spectra 

for our spectra plotted based on the results of fits, with the experimental phase-sensitive 
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data, we found that an excellent correspondence between our results and the Shen data 

occurs for the fits with 	1=�/2, i.e, Fig. A10.1, b and d.  It is interesting to note that the 

correspondence between our fits and the experimentally obtained Im(�(2)) is good when 

	1=�/2 (or, more generally,  ±�/2).  This is an indication of the reliability of our fit results, 

since the ±�/2 phase offset between the non-resonant and resonant nonlinear signal is 

physically the most meaningful in vibrational SFG spectra of interfacial oscillators18 (see 

also Fig. 5 and the related discussion in Chapter 6).  The proper phase values will be 

discussed in Appendix 11.  
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Fig. A10.1.  Results of initial fits of two exemplary spectra from the silica/neutral 

water interface.  For fits shown in a and c, 	1 was fixed to �/2 rad, while for fits in b 

and d, 	1 was fixed to 0 rad. 

a) 

b) 

c) 

d) 
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Table A10.1.Fit coefficients for results shown in Fig. A10.1  
Spectrum 

in Fig. 

A10.1 

�NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

a) -0.0014 ± 

0.0011 

B1=13.8 ± 0 

B2=9.8 ± 0 

B3=1.44 ± 0 

	1=1.57 

	2=3.58± 

0.09 

	3= -1.41 

±0.24 

�1=3116.8 ± 1.1 

�2= 3451.7 ± 5.4 

�3= 3698.1 ± 10.3 

�1= 144.3 ± 1.3 

�2= 160 ± 2 

�3= 76.5 ± 4.3 

b) 0.0015 ± 

0.001 

B1=13.8 ± 0 

B2=9.8 ± 0 

B3=1.44 ± 0 

	1=0 

	2=2.11 ± 

0.055 

	3= 3.23 ± 

0.21 

�1=3114 ± 2 

�2= 3458.3 ± 1.78 

�3= 3695.4 ± 8.7 

�1= 145.2 ± 1.1 

�2= 160.5 ± 2.3 

�3= 75 
�

 4  

c) -0.027 ± 

0.006 

B1=35.4±1.7 

B2=14.1±0.6 

B3=1.4±0.3 

	1=1.57 

	2=3.68 ± 

0.101 

	3=4.26 ± 

0.22 

�1=3151.9 ± 1.7 

�2=3463.9 ± 3.1 

�3=3698.5 ± 7.6 

�1=147.6 ± 1.7 

�2= 114.4 ± 2.6 

�3=57.2 ± 7.9  

d) 0.013 ± 

0.002 

B1=30.25±0.5 

B2=12.9±0.6 

B3=1.4 ± 0.3 

	1=0 

	2=1.82± 

0.089 

	3=2.26± 

0.18 

�1=3151.9 ± 1.7 

�2=3463.9 ± 3.1 

�3=3698.5 ± 7.6 

�1=147.7 ± 1.7 

�2= 114.3 ± 2.6 

�3=57.4 ± 7.9  

 



 416 

Appendix 11. Phases of the oscillators obtained from the fits of sum-frequency 

spectra of silica/water interface 

An important point that needs to be addressed is the interpretation of the phases obtained 

in the fits.  In principle, the physical meaning of the relative phases between different 

components in the effective nonlinearity is the relative orientations of the transition 

dipole moments of oscillators, in this case the OH stretches.  The phase difference of � 

corresponds to a 180o-rotation (“flip”) in the relative orientations of two oscillators at the 

interface.  As the fits of sum-frequency spectra from the silica/air interface showed 

(Chapter 6), the phases of �/2 and 3�/2 very well described the differently-oriented 

silanols and water molecules, respectively.  In the fit results for water/silica described 

above, the phases for the |�(2)|2 spectra do not differ by whole units of �, because they 

were allowed to be optimized independently.  Nevertheless, as we show below, the 

phases can be assigned more physically meaningful values and still fit the experimental 

data very well.   

 

The comparison of the Im(�(2)) spectra obtained from the fits suggests the most probable 

phases for the three peaks observed in the fits, and most importantly, for the high-

frequency peak in the 3650 – 3700 cm-1 region.  A concluded in Appendix 10, the set of 

the oscillator phases that yielded Im(�(2)) spectrum that most closely corresponded to the 

experimental one (e.g. Fig. 3 in Chapter 7) was 	1=�/2.  While some inconsistency in the 

phases of the other two oscillators from day to day (Fig. A10.1) is observed, this can be 

resolved by assigning the phases 	2 and 	3 more physically meaningful values, either �/2, 

� or 3�/2 (the phase 0 should then correspond to the non-resonant signal).   
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As the initial fit results suggest (Table A10.1), 	3 is typically separated from 	1 by ~ �, 

which in turn suggests that it is logical to assign the value of 	3=3�/2=4.71 rad.  The 

value for 	2 appears to be closer to 3 rad, which suggests that it could be either �/2, � or 

3�/2.  We tested fixing the value of 	2 to these three numbers, and - unexpectedly - the 

best fit for the three different measurements was for 	2=� (Fig. A11.1.  (a), Fig. A11.2(a), 

Fig. A11.3(a)).  All other tested combinations of the phases of the three oscillators 

yielded spectra Im(�) which did not agree well with the experimentally obtained 

Im(�)19,22 (Fig. 2 in Chapter 7).   Thus we concluded that the most probable set of phases 

of the three oscillators is 	1=�/2, 	2��, and 	3=3�/2.   
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Fig. A11.1.  Left column:  Exemplary intensity spectrum |�(2)|2 from silica/neutral pH 

H2O interface (red) together with the corresponding results of fits (black lines) at the 

corresponding sets of fixed phases of the three oscillators (shown in boxes).   

a) 

b) 

c) 

d) 

e) 
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Right column:  Plots of the Re(�) and Im(�) parts of the �(�) spectrum based on the 

coefficient values obtained from fits (Table A11.1). 

 

   

Table A11.1.   Fit coefficients for results shown in Fig. A11.1 
Spectrum 

in Fig. 

A11.1 

�NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

a) 

0.016 

±0.0023 

B1=22.7±0.6 

B2=15.8±0.5 

B3=2.02±0.33 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3160.9±0.9 

�2= 3450.4±1.2 

�3= 3741.2±4.6 

�1=127.62±1.47 

�2=121.8±2.7 

�3=66.±9 

b) 

0.055± 

0.045 

B1=36.2±10.1 

B2=31.4 ±11.5 

B3=88.0 ±34 

	1= �/2 

	2= �/2 

	3= 3�/2 

�1=3190 ± 8 

�2=3393.8 ± 7.5 

�3=3307 ± 119 

�1=146.9 ±9.3 

�2=158 ± 12 

�3=597.8 ± 399 

c) 

-0.015± 

0.0035 

B1=37.1±0.4 

B2=16.9 ±0.6 

B3=6.3 ±0.80 

	1= �/2 

	2= 3�/2 

	3= 3�/2 

�1=3142.3 ± 0.9 

�2=3492 ± 1  

�3=3673.8 ± 2.6 

�1=143.5 ± 0.9 

�2= 110.4 ± 2.4 

�3=103.3 ± 7.6 

d) 

0.0015 

±0.01 

B1=35.2 ± 1.4 

B2=27.6±0.7 

B3=9.8±0.5 

	1= �/2 

	2=3 �/2 

	3= �/2 

�1=3147.5 ± 0.8 

�2=3476.8 ± 1.1 

�3=3704.6 ± 3.2 

�1=140.5 ± 0.7 

�2= 113.5 ± 1.9 

�3=84.9 ± 6.9 

e) 

-0.0008± 

0.002 

B1=36.9±0.4 

B==20.9±0.4 

B3=-7.23±0.4 

	1= �/2 

	2= 3�/2 

	3= � 

�1=3148 ± 1 

�2=3476.8 ± 1.2 

�3=3700 ± 0 

�1=140.8 ± 0.7 

�2=110.7 ± 1.2 

�3=93.9 ± 4.3 
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Fig. A11.2.  Left column:  Exemplary intensity spectrum |�(2)|2 from silica/neutral 

pH H2O interface (red) together with the corresponding results of fits (black lines) 

at the corresponding sets of fixed phases of the three oscillators (shown in boxes).   

Right column:  Plots of the Re(�) and Im(�) parts of the �(�) spectrum based on the 

coefficient values obtained from fits (Table A11.2). 

 

a) 

b) 

c) 
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. 

Table A11.2.  Fit coefficients for results shown in Fig. A11.2 

Spectrum 

in Fig. 

A11.2  

�NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

a) 0.0112 

±0.0024 

B1=10.0±1 

B2=8.8±0.8 

B3=2.22±0.54 

	1=�/2 

	2= � 

	3= 3�/2 

�1=3129.6 ± 1.6 

�2=3437 ± 3 

�3=3698±6 

�1= 129.6 ±3.4 

�2=152 ± 8 

�3=90.3 ± 13.1 

b) -

0.00028±0.

03 

 

B1=16.9 ±3.8 

B2=11.7 ±3.1 

B3=2.2±0.9 

	1= �/2 

	2= � 

	3=3�/2 

�1=3110 ± 3 

�2=3490 ± 8 

�3=3645 ± 13 

�1=146.4 ± 1.9 

�2=144.9 ± 6.5 

�3=78 ± 10 

c) 0.016 

±0.0075 

B1=11.8±1.5 

B2=13.9 ± 2.3 

B3=6.4 ± 1.7 

	1= �/2 

	2= � 

	3= � 

�1=3112 ± 3 

�2=3511 ± 6 

�3=3590 ± 5 

�1=139 ± 5. 

�2=137 ± 8 

�3=109 ± 15  
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Fig. A11.3.  Left column:  Sample intensity spectrum |�(2)|2 from the silica/neutral pH 

H2O interface (red) together with the corresponding results of fits (black lines) at the 

corresponding sets of fixed phases of the three oscillators (shown in boxes).   

Right column:  Plots of the Re(�(2)) and Im(�(2)) parts of the �(2)(�) spectrum based on 

the coefficient values obtained from fits (Table A11.3) 

a) 

b) 
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Table A11.3.  Fit coefficients for results shown in Fig. A11.3 

Spectrum 

in Fig. 

A11.3 

�NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

a) 0.0062 ± 

0.0028 

B1=12±0.3 

B2=5.6±0.6 

B3=5.0±1.0 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3136 ± 1 

�2=3433 ± 3 

�3=3681 ± 5 

�1=96 ± 1 

�2=118.7 ± 5.7 

�3=127.7± 11.6 

b) -0.0028 

±0.0089 

B1=14.4±0.8 

B2=5.6 ±0.7 

B==5.9±1.6 

	1= �/2 

	2= 3�/2 

	3= 3�/2 

�1=3126 ±1 

�2=3480 ± 3 

�1=3628 ± 5 

�1=97.8 ± 0.9 

�2=101.5 ± 6.7 

�3=114.3±10.5 
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Appendix 12.  Experimental measurement of the relative phase difference between 

the hydrogen-bonded OH stretches (data of the Shen group22) 

 

In their measurement (ssp-polarization combination), the Shen group used the fact that 

quartz itself has a significant nonresonant contribution �NR��B (following the notations in 

the original paper22) which can be varied by rotating the quartz plate around the vertical 

axis (adjustment of angle φ , inset in Fig. A12.1).  In this way, the resonant sum-

frequency signal can undergo interference with the nonresonant signal directly by varying 

the strength of the bulk quartz contribution.  In addition to the variation of the quartz bulk 

contribution, the output sum-frequency signal could be modulated by selecting its 

polarization at a small angle �=±5o from the generated s-polarization.  In such a way, the 

following spectra S ∝ |�|2 were acquired at φ =30o to minimize the contribution from the 

bulk substrate  (Fig. A12.1, the notations in the original work22 are followed):  

1) S(�), S(-�), S(�=0) from the quartz/water surface; and  

2) SQ(±�) from the bare (dry) quartz plate. 

The frequency-dependent phase �(�) of the oscillators relative to the bulk nonlinear 

signal can be obtained via the following equation22: 

�
�

	




�
�

�



=
−−=Φ

γγγ
γγ
cos)()0(4
|)|(|)(|

arcsin
QSS

SS
                         (A12.1) 

The phase difference between the oscillators at ~3100 and ~3400 cm-1 can be calculated 

using Eqn. A12.1 and the data in  Fig. A12.1.  At ~3100 cm-1, the functions S(�) and S(-

�) cross (up- and down-triangles in Fig. A12.1), which means that  

�(3100)=0. 
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At ~3450±50 cm-1, S(�)�3.75-4 units, S(-�)�0 units, S(�=0)�1.1 units, SQ(�)�1 units, 

cos(5o)�0.996.  Thus, near 3450 cm-1 

090)1arcsin(
996.011.14

04
arcsin)3450( =≈�

	



�
�



××
−=Φ . 

This observation supports our fitting result |	2-	1|=�/2.   

 

The most likely reason for the disagreement in the actual values of phases in our fitting 

results (	1�	3100=�/2 and 	2�	3450=�) and the phases obtained by the Shen group22 

(	3100=0 and 	3450=�/2) is the form of the surface nonlinearity function used in the latter 

work:  

ki
i Bulk

R ∆
+Φ= χχχ )exp(||)2( ,                                   (A12.2) 

where �R is the resonant contribution to the surface nonlinearity and �k is the wave-

vector mismatch of sum-frequency generation along the normal to the surface.  Because 

)
2

exp()90sin()90cos( 00 π
iii =+= , 

we can transform Eqn. A12.2 into: 

[ ]
ki

i BulkR

∆

++Φ
=

χπχ
χ

)2(exp||
)2( , 

hence the 90o phase shift between our fit results and the Shen data. 
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Fig. A12.1.  Phase-sensitive sum-frequency measurements from fused 

quartz/neutral water interface performed by the Shen group19,22, at 

different settings of the SFG-setup (see text for description): SF-

output polarization set at �=0o (�), and ±5o (  and ).  The dotted line 

represents the bulk (nonresonant) contribution of the quartz plate 

alone SQ(�) at �=±5o.  The inset shows the experimental geometry of 

the beams at the probed quartz/water interface.  Reprinted with 

permission from: Ostroverkhov, V., Waychunas, G.A., and Shen, Y.R., New 

information on water interfacial structure revealed by phase-sensitive 

surface spectroscopy. Physical Review Letters  94(4), 046102 (2005).  

Copyright 2005, American Physical Society.. http://prl.aps.org/abstract/PRL 

/v94/i4/e046102.   
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Appendix 13.  Results of fits of sum-frequency spectra from silica/water interface at 

various pH values of the aqueous phase (Fig. 5 in Chapter 7) 

Table A13.1.  Results of fits of SFG spectra at varying pH (Fig. 5, Chapter 7) 

Spectrum  �NR, a.u. Oscillator strengths, 

a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

pH 1 0.0118 

±0.0036

9 

B1=3.3±0.7 

B2=3.7 ± 1.2 

B3=1.2 ± 1.1 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3104.2 ± 4.6 

�2= 3428 ± 8 

�3= 3700 ± 0 

�1=127 ± 12 

�2=158.1 ± 25.7 

�3=89.4 ± 40.4 

pH 2 0.00433 

± 0 

B1=4.3 ± 0.3 

B2=4.5 ± 0.4 

B3=0.7 ± 0.2 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3114.1 ± 3.9 

�2=3431.8 ± 4.2 

�3=3685.7 ± 4.7 

�1=143.1 ± 7.7 

�2=142.9 ± 8.2 

�3=56.3 ± 11.3 

pH 3 0.00433

02 ± 

0.00132 

B1=5.4 ± 0.5 

B2=6.3 ± 0.5 

B3=1 ± 0.161 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3088.5 ± 2.5 

�2=3438.7 ± 3.2 

�3=3699.4 ± 3.5 

�1=146 ± 7 

�2= 157.1 ± 7.2 

�3=60.7 ± 7.1 

pH 4 0.01785

6 ± 

0.00348 

B1=1.85 ± 0.34 

B2=8.2 ± 0.5 

B3=2.2 ± 0.5 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3109.9 ± 2.5 

�2=3436.8 ± 3.9 

�3=3711.9 ± 3.9 

�1=80.4 ± 6.8 

�2= 155.9 ± 4.8 

�3=78.5± 7.5 

pH 6 0.01717

8 ± 

0.00232 

B1=9. ± 0.63 

B2=9.63± 0. 7 

B3=2.1 ± 0.4 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3130 ± 1 

�2=3446 ± 2.86 

�3=3711.6 ± 4.78 

�1=128.7 ± 3.4 

�2=162.3 ± 6.9 

�3=82.2 ± 9.7 

pH 10 0.0308 

±0.0056 

B1=15.8 ± 0.9 

B2=24.6 ± 1.8 

B3=2.5 ± 0.6 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3093.9 ± 1.76 

�2=3463.3 ± 6.24 

�3=3700 ± 0 

�1=126.9 ± 2.7 

�2=201.3 ± 6.7 

�3=79.2 ± 10.4 
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Appendix 14.  Results of fits of sum-frequency spectra from silica/water interface at 

various NaCl concentrations (Fig. 7 in Chapter 7).  Additional salt series 

measurements 

 

Table A14.1.  Fit coefficients for results shown in Fig. 7 in Chapter 7.  

Spectrum  �NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

Neat H2O -0.0341 

±0.0054 

 

B1= 17.37± 1.01 

B2= 7.06± 0.27 

B3= 1.14 ±0.1 

	1= �/2 

	2= � 

	3= 3�/2 

�1= 3134 ± 0.53 

�2= 3419 ± 3.1 

�3= 3675.4 ± 3.25 

�1= 106.67 ± 1.49 

�2= 132.87 ± 2.66 

�3= 80 ± 0  

0.01M 

NaCl 

0.00798 

±0.00146 

B1= 4.15 ±0.271 

B2= 4.99 ±0.238 

B3= 1.352 ±0.104 

	1= �/2 

	2= � 

	3= 3�/2 

�1= 3142.1 ± 1.09 

�2= 3424.5 ± 2.46 

�3= 3688.7 ± 4.53 

�1= 101.42 ± 2.81 

�2= 137.04 ± 4.57 

�3= 80 ± 0  

0.1M 

NaCl 

0.0098 

±0.00232 

B1=3.77 ± 0.3 

B2=3.55 ± 0.21 

B3=0.925 ±0.158 

	1= �/2 

	2= � 

	3= 3�/2 

�1=3136.9 ± 0.967 

�2=3433.9 ± 4.52 

�1=3689.6 ± 10.2 

�1=92.495 ± 2.66 

�2=134 ± 5.96 

�3=80 ± 0  
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Fig. A14.1.  Sum-frequency spectra from silica/water interface 

(�), together with fits for a variety of salt concentrations (salt 

series 2).   
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Fig. A14.2.  Sum-frequency spectra from silica/water interface 

(�), together with fits at the corresponding salt concentrations 

(salt series 3).   
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Table A14. 2.  Fit coefficients for results shown in Fig. A14.1 

Spectrum   �NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

Neat H2O 0.00532 

±0.0021 

 

B1= 9.432 ±0.46 

B2= 6.489 ±0.43 

B3= 1.196 ±0.111 

	1= �/2 

	2= � 

	3= 3�/2 

�1= 3169.2 ±1.32 

�2= 3434.9 ±2.6 

�3= 3700.6 ±5.6 

�1= 109.2 ±2 

�2= 131.34 ±5.98 

�3= 65 ± 0 

0.01M NaCl 0.00629 

±0.0044 

 

B1= 2.80 ±0.81 

B2= 2.384 ±0.742 

B3= 0.731 ±0.204 

	1= �/2 

	2= � 

	3= 3�/2 

�1= 3189 ± 4.55 

�2= 3400.8 ±10.9 

�3= 3682.2 ± 13.4 

�1= 97.69 ±9.31 

�2= 145.23 ± 25.9 

�3= 65 ± 0  

 

 

Table A14. 3.  Fit coefficients for results shown in Fig. A14.2 

Spectrum  �NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

Neat H2O 0.00736 

±0.00237 

B1= 5.014 ±0.54 

B2= 8.51 ±0.92 

B3= 0.933 ±0.08 

	1= �/2 

	2= � 

	3= 3�/2 

�1= 3158.3 ±1.51 

�2= 3399.6 ±4.33 

�3= 3665.5 ±5.22 

�1= 89.24 ± 3.41 

�2= 192.3 ± 13.6 

�3= 65 ± 0 

1M NaCl 0.00487 

±0.0021 

B1= 2.995 ±0.646 

B2= 4.25 ±1.16 

B3= 0.963 ±0.19 

	1= �/2 

	2= � 

	3= 3�/2 

�1= 3167.1 ±3.6 

�2= 3369.7 ±12.1 

�3= 3654.5 ± 4.8 

�1= 96.23 ± 6.51 

�2= 191.1 ± 27.5 

�3= 69.58 ± 8.07  
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Appendix 15.   Results of fit of sum-frequency spectrum from HOD/silica surface 

(Fig 9 in Chapter 7.) 

 

Table A15. 1.  Fit coefficients for SFG from HOD/silica shown in Fig. 9 of Chapter 7 

Spectrum 

in Fig. X8 

�NR, a.u. Oscillator 

strengths, a.u. 

Phases, 

rad 

Central 

frequencies, cm-1 

Linewidths, cm-1 

HOD 0.00146 

±0.009 

B1= 6.0 ±4 

B2= 4.5 ± 2.1 

B3= 0.20 ±0.14 

	1=�/2 

	2=4.38 

±0.56 

	3= 3�/2 

�1=3221.2 ±25.1 

�2= 3456.3 ±21.6 

�3= 3650 ±0 

�1= 185 ± 25 

�2= 140.4 ±19.5 

�3= 60 �  0  
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Appendix 16.  Dependence of the sum-frequency spectra of the [�+�] mode of H2O 

on the IR-visible interpulse delay 

 

One of features that is observed in Fig. 6 of Chapter 8 is that the sum-frequency spectrum 

of the water combination band is seemingly measured on the shoulder of the IR spectrum.  

This was due to the fact that the sum-frequency response for the water combination band 

became much better observed in contrast to a background signal when the time-delay of 

the visible pulse from the IR pulse was increased to later values (Fig. A16.1).  Because 

the IR pulse at ~5000 cm-1 has a negative chirp which is much less than that for the IR 

pulses at ~3400 cm-1, the increase of the combination band occurs on the higher-

frequency tale at longer delays.  The possible reason for such behavior of the signal is 

that the nonresonant signal at higher frequencies corresponds to the coherent anti-Stokes 

Raman scattering (CARS) between the IR and vis beams in the fused silica prism (2�vis-

�IR).  The longer-wavelength edge of this signal leaks into the sum-frequency spectral 

range as long as there is a temporal overlap of the corresponding IR frequencies with the 

visible pulse which occurs at earlier delays ��.  As the interpulse delay increases, the 

CARS signal in the sum-frequency spectral range decreases due to loss of temporal 

overlap between the visible and the IR pulse at the corresponding IR frequencies, and the 

contrast of the resonant sum-frequency signal to the nonresonant signal becomes much 

improved.  Due to this particularity, the sum-frequency vibrational spectra of the the 

[�+�] mode of H2O at silica reported in Chapter 8  were acquired typically at the long IR-

visible delays.  The signal-to-noise ratio at the higher-frequency side of spectra (e.g. at 
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+267 fs, Fig. A16.1) could be increased by integrating spectra over longer times (~2 min 

or longer).   

 

Fig. A16.1.  Normalized sum-frequency spectra from the silica/water interface in 

the near-IR range (circles) at varying delays of the visible pulse from the IR 

pulse ��.  At the same delay, the reference spectra (grey lines) are plotted.  Black 

solid line at the last delay value is a two-peak fit (fits are discussed in Chapter 8).  

As the interpulse delay increases, the combination band peaks of water 

molecules (H2O) become more clearly visible.   
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Appendix 17.  Calibration of the sum-frequency scale in the near- IR  

 

Similar to the acquisition of sum-frequency spectra of OH stretches of water at the silica 

surface (Chapters 5-7), the acquisition of the sum-frequency spectra in the near-IR range 

required calibration of the wavenumber scale (Chapter 5).  In this case, a 2-mm 

pathlength quartz cuvette filled with n-butanol was used as a calibration sample (similar 

to the empty quartz cuvette for calibration in the ~3000 – 4000 cm-1 region, Chapter 5).  

This sample has a relatively strong absorption peak at 4780 cm-1 (Fig. A17.1) 

corresponding to the combination band of the OH stretch and bending of the C-O-H 

group in the alcohol23.   
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Fig. A17.1.  FTIR spectrum of n-butanol in a 2-mm pathlength quartz cuvette 

(Bruker Tensor 27, 4 cm-1 resolution, 100 scans, vs. empty cell as background).  

The peak at 4780 cm-1 (marked with the arrow) corresponds to the combination 

mode of the OH stretch (~3330 cm-1) and C-O-H bend (~1460 cm-1) modes24.  

The band of peaks at ~4200-4500 cm-1 corresponds to the combination of C-H 

(~2900 cm-1) and C-O (~1250 cm-1) fundamental vibrations; the band at ~5800 

cm-1 corresponds to the first overtone of the C-H stretches27,28. 

 

When this sample is inserted into the path of the IR beam, a dip appears in the sum-

frequency reference spectra from the Au-coated fused silica prism (Fig. A17.2) similar to 

the calibration by the 3672-cm-1 peak of the quartz cuvette in the mid-IR (Appendix 7).  

The position of this dip typically was within ±2 cm-1 of the expected value.   
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Fig. A17.2.  Solid line: sum-frequency spectrum from gold-coated 

fused silica when the IR beam passes through 2-mm thick liquid 

n-butanol sample.  The frequency position of the dip in the 

spectrum is indicated.  Dotted line: sum-frequency reference 

spectrum of the IR pulses (no calibration sample in the IR path).   
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Appendix 18.  Results of fits of sum-frequency spectra of water/silica interface in the 

~4800 – 5400 cm-1 range (Fig. 11 in Chapter 8) 

 

Table A18.1.  Results of fits of sum-frequency spectra in Fig. 11 in Chapter 8.   

Spectrum  (2)
NR, 

a.u. 

Oscillator 

strengths, a.u. 

Phases, rad Central 

frequencies, cm-1 

Linewidths, cm-1 

a) 
0.0134 

± 0 

B1= 3.18 ± 0.43 

B2= 4.94 ± 0.31 

	1=�/2 

	2= 3�/2 

�1= 4882 ± 20 

�2= 5212 ± 8 

�1= 217.5 ± 26.4 

�2= 99.1 ± 6.6  

b) 

0.0113 

± 

0.0014 

B1= 2.0 ± 0.5 

B2= 6.73 ± 0.45 

	1=�/2 

	2= 3�/2 

�1= 4749.8 ± 12.8 

�2= 5204.9 ± 11.9 

�1= 179.2 ± 25.7 

�2= 171.5 ± 11.6  

c) 
0.0082 

± 0.002 

B1=1.73 ± 0.63 

B2=4.45 ± 0.49 

	1=�/2 

	2= 3�/2 

�1= 4791.1 ± 43.6 

�2= 5330.7 ± 16.1 

�1= 223.8 ± 53.2 

�2= 149.2 ± 25.1  

d) 
0.0073 

± 0.004 

B1=6.4 ± 1.9 

B2=11.1 ± 0.8 

	1= �/2 

	2=5.38±0.18 

�1= 4853.8 ± 30.5 

�2= 5413.5 ± 9.9 

�1= 223.1 ± 12.6 

�2= 218.4 ± 15.2 
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