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ABSTRACT

The organic-metal interface is ubiquitous in a wide variety of natural environments

and industrial applications. As a result, the interfacial chemistry has been studied for

many decades. Specifically, the surfactant-metal interfaces play an important role in the

prevention of metallic corrosion where surface active corrosion inhibitors are often used

as a prevention method. Development of a spectroscopic method based on vibrational

sum frequency generation, specifically for metal interfaces, is carried out with the goal

of elucidating the surface structure of these molecules. The contribution to the signal

arising from the metal substrate often plays a crucial role in the quantitative analysis

of spectra. By adopting a phase-resolved detection scheme, the polar orientation of the

organic molecule adsorbed on metal surfaces is experimentally obtained. Furthermore,

the development of a novel acquisition scheme is demonstrated where the incident angle

is scanned while simultaneously measuring the magnitude and phase of the nonlinear

response. This enables the separation of all contributions to the nonlinear susceptibility

tensor governing the response. Such an approach is especially useful when the conventional

nonlinear vibrational technique is inaccessible in beam polarizations where the infrared

field is perpendicular to the plane of incidence, due to the infrared surface selection rule

of metals. Finally, this approach is used to examine the structure of a surfactant on iron

surfaces.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Corrosion

Corrosion is the deterioration of a material as a result of a electrochemical reaction with its

environment. The nature of the chemical reaction involves the transfer of electrons at the

metal surface, i.e. a change in the oxidation state of the metal. The oxidation reaction is

accompanied by its respective reduction or cathodic reaction via the transfer of ions through

the electrolyte. In other words, both half cell reactions occur simultaneously in order for

the corrosive process to take place. There are eight common forms of corrosion, namely:

uniform, galvanic, pitting, crevice, intergranular, dealloying, erosion and environmentally

assisted cracking.1, 2 Each of the eight forms of corrosion can be more broadly categorized

into either an uniform or a localized corrosion. In the uniform corrosion, no preference of

the metal surfaces are attacked more than other area. This results in the thinning of the

overall substrate uniformly until the eventual failure of the material. Although uniform

corrosion gives the appearance that the corrosion occurs at all surface at any given time.

However, localized anodic and cathodic spots exist but move randomly on the surface of

the metal. On the other hand, localized corrosion is defined as having fixed positions of

the local anodic and cathodic sites. Therefore, corrosion only occurs at those locations.

For example, pitting of the metal is the attack of a spot at which the protective film breaks
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down locally. Thus, only the spot where the bare metal is in contact with its environment

experience the corrosion attack.2, 3

The negative consequence of corrosion has impacted our society in the form of finance,

safety, environment, as well as the conservation of resources. The average annual direct

cost of corrosion in Canada is estimated to be approximately $41 billion, which does not

include the indirect contribution which often refers to as the social costs.4 For comparison,

in most industrialized countries, the total cost of corrosion ranges somewhere between 1

to 5% of the gross domestic product (GDP) averaging around 3.5%.4 The United States

alone, has the direct corrosion cost at approximately 276 billion dollars (or 3.1% GDP)

per annum.5 To put in perspective, the current estimate per capita direct cost of corrosion

per citizen in a developed country is approximately $1200 a year. However, 25 to 30% of

the costs of corrosion could be avoided if optimum corrosion management practices are

employed.4

Aside from the financial aspect of corrosion, the safety concern is certainly a much

pressing problem with the infamous incident of the Aloha airlines as an example, where

multiple people died due to airplane structural failure caused by corrosion.2, 6 Finally, the

environmental impact of corrosion involves both an increase in consumed energy in a form

of an extractive metallurgy in the reverse direction as well as potential hazard leakage and

exposure due to the deterioration of storage and containment of waste materials that are

harmful to human. As an example, an incident that took place in Bhopal, India in 1984

where a pesticide plant released 50 tonnes of methyl isocyante gas due to corroded pipe

ultimately took the life of more than 20,000 people; an additional 50,000 people suffered

from long term illness.7

1.1.2 Corrosion Inhibition

In the field of corrosion inhibition, there are various way of minimizing corrosion taking

place by either breaking the electronic/ionic contact or slowing both the anodic and
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cathodic partial reactions. The former can be achieved with electrical isolation approaches

or coatings while the latter can be achieved with the addition of inhibitors. In practice, both

approaches are often used in conjunction. For example, in natural waters, the corrosion cell

process is chiefly dependent upon the oxygen reduction reaction. Therefore, the common

approach is often to increase the oxidizing power of solution to promote passivisation

on the metal surface while employ oxygen scavenger molecules such as sodium sulfite

or hydrazine for the extraction of oxygen molecules. In most cases, additional chemical

inhibitors are added to reinforce the passivity.8

Surfactants are generally a class of organic compounds that consist of a hydrophilic

head and a hydrophobic tail. They can be broadly categorized into four different types

based on their head group charges: anionic, cationic, nonionic and zwitterionic.9 In the

context of liquid–solid interfaces, surfactant molecules aggregate such that the chemical

interaction with the liquid phase dictates the formation of micelles (in aqueous phase) or

reverse micelles (in organic phase). In general, when the critical micelle concentration

(CMC) is exceeded and/or another medium is placed in proximity, surfactants preferentially

adsorb onto the nearby surface via physical or chemical adsorption. Such surface

interaction is highly dependent on the CMC, solvent polarity, temperature, pressure, and

pH.10

The utilization of chemical corrosion inhibitors are ubiquitous in various industries

to combat the effects of corrosion on the structural integrity of metallic substrates.9, 11–14

Surfactants as corrosion inhibitors are environmentally friendly, have high inhibition

efficient, low cost and are easy to produce relative to other corrosion inhibition methods.9

Most surfactants as corrosion inhibitors work by forming a protective layer on top of

the metallic surface to prevent the electrochemical process of corrosion. Its mechanism

depends on the formation of a mono- or multilayer, where the protective nature of the

surface layer depends on factors such as the interaction between surfactant and metallic

substrate, electrode potentials, concentration of the surfactant, and temperature.10 In an
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acidic environment, iron in steel reacts with oxygen in water (or air at high temperatures)

to form iron oxide. The iron oxide then reacts with excess of hydronium (at low pH) to

form dissolved iron ions and water.10

In recent years, alkyl phosphate esters have been adopted to combat the effect of

iron/steel corrosion in acidic conditions in the petroleum industry. Their effectiveness

have been demonstrated by the commercial availability of numerous blend of inhibitors

containing alkyl phosphate esters. However, detail studies of how these species structure at

the surface are lacking. A better understanding of the molecular details of phosphate ester–

iron interactions is required in order to more effectively combat energy, environmental, and

financial loss. Furthermore, understanding how these surfactants are structured on metal

surfaces can potentially accelerate the design of improved inhibitors to further minimize

corrosion.

1.2 Second-order Nonlinear Optics

1.2.1 Basic concepts

Nonlinear optics is the study of the interaction between light and matter and its occurrence

as a result of the modification of the optical properties of the system in the presence of

an external electric field. This interaction can be described as the sum of the molecular

electric dipole moment per unit volume or the macroscopic polarization (P), which can be

described as

P = εo(χ
(1)E +χ

(2)E2 +χ
(3)E3 + · · ·) (1.1)

,where εo is the vacuum permittivity, and χ(n) is the electric susceptibility.

The nonlinearity in nonlinear optics comes from the induced polarization deviating

from the linear dependence of the electric field strength. In the three-wave mixing scheme,

where two input fields are used to generate the third field, the second order nonlinear

polarization is proportional to the second term in Eqs. 1.1. Therefore, to focus on the
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second order nonlinear optics, the expression can be shorten to

P(2) = εoχ
(2)E1E2 (1.2)

where χ(2), the second order nonlinear susceptibility, is a third rank tensor with 27 elements

in the Cartesian coordinates describing the relationship between the induced second order

polarization and the incident field. The second order process is inherently forbidden in a

centrosymmertic environment with an inversion center. This can be seen if we perform an

inversion operation on the coordinate system in Eqs. 1.2 where vector quantities such as

P(2), E1, and E2 change sign which leads to

−P(2) = εoχ
(2)(−E1)(−E2). (1.3)

Since both equations above are to be true, therefore χ(2) must be zero. This rule

however, only takes into account the electric dipole contribution ignoring the higher order

contributions. Such approximation is known as the electric dipole approximation which

forms the basis of its surface specificity. The higher order multipolar contributions are

often insignificant compare to the electric dipole response. Therefore, such approximation

is generally valid in many cases.

Second-order nonlinear, therefore can be an useful tool for vibrational studies at

interfaces when the same species are present in one or both of the adjacent bulk phases. This

is the result of the symmetry requirement for non-zero achiral second order susceptibility

tensor elements χ
(2)
i jk where i, j and k are Cartesian coordinates. Under the electric dipole

approximation, and in the absence of appreciable surface charges, signal originating from

χ(2) processes such as sum-frequency generation (SFG) are observed only in the absence

of inversion symmetry.15, 16 That is, there can be no macroscopic inversion center that

creates a point (x,y,z)→ (−x,−y,−z). This occurs to some extent for purely mathematical

reasons as described above. For example, at the solid-liquid interface, if we imagine a

Fresnel-type interface where a semi-infinite solid phase meets a semi-infinite liquid phase,

no inversion centers exist at the plane z = 0. If the solid phase is amorphous, there is an



6

effective inversion center in the isotropic bulk, as there is in the bulk liquid phase. If a

methyl symmetric stretch is observed at the interface, we therefore know that no methyl

groups in the bulk solid phase have contributed to the measured response. In addition

to this geometric symmetry-breaking, the anisotropic forces acting on a methyl group

with a bulk solid phase located at z < 0 and a bulk liquid phase at z > 0 likely results

in a preferred organization of the chemical functional groups. This creates an additional

symmetry breaking in a chemical sense. As a final note, if there are species in solution

that contain methyl groups, they will also not contribute to the vibrational χ(2) spectrum

since their orientational average is isotropic unless they interact with (are adsorbed on) the

surface.

In order to achieve the second order nonlinear process, the spatial and temporal overlaps

of the two input fields are essential. In an example of the sum frequency generation (SFG),

the generation of the third field, namely the sum frequency field (ωSFG = ω1 +ω2) at an

angle θSFG which can be calculated from the conservation of momentum as

nSFGωSFGθSFG = n1ω1θ1 +n2ω2θ2 (1.4)

where n is the refractive index of the medium, ω is the frequency and θ is the angle of

incidence.

1.2.2 Nonlinear vibrational Spectroscopy

The origins of the utilization of second-order nonlinear optics as a spectroscopic technique

can be traced back to the first observation and demonstration of the nonlinear-optical

phenomena by Franken et al. in 1961 where the University of Michigan based group

demonstrated the frequency doubling of a 694 nm ruby laser light source from a piece

of quartz.17 Such realization of the phenomena has accelerated the interest from the field

of laser spectroscopy in the rapidly growing research of interfacial studies owing to the

distinct advantage because of its interfacial specificity in comparison to linear optical

based technique.18–23 The interfacial specificity and sensitivity has enabled numerous
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research areas including physical chemistry and biochemistry that previously were not able

to realized due to the inaccessibility of the signal generated from the source of interest.

For elaboration, given an example of an organic liquid-substrate interface, Linear

optical based vibrational technique such as IR absorbance measurement is not suitable

to examine the interfacial molecules due to the signal can arise from both the bulk phase

as well as the interface. Given the relative numbers of molecules present in bulk liquid

in comparison to interfacial molecules, the signal inevitably will be swamped by the bulk

signal contribution. On the other hand, nonlinear vibrational spectroscopy is capable of

probing only the interfacial molecules given that the bulk liquid phase is centrosymmetric

in nature (For obvious reason, this will exclude solution such as chiral molecules in liquid

phase). Another advantage of nonlinear optical based vibrational spectroscopic technique

over its linear counterpart is that of the detection limit of the organic monolayer. Given

an example of a monolayer structured on metal surface without the present of the liquid

phase. Traditional IR reflection absorption measurement would seen to be an accessible

technique to probe the monolayer molecules. However, given the reflection absorbance of

− log(R/R0) is in the magnitude of 10−424 it is often challenging for identification of the

molecules let alone quantitative analysis.

Without any additional considerations or further analysis, nonlinear vibrational spectra

therefore present useful qualitative information such as the presence of ordered species

at the surface, the surface environment as revealed by the resonant frequency (shifts)

compared to the bulk phase IR or Raman values,25, 26 heterogeneity of the surface

environment from the line widths, and the polarity of the functional group orientation

from the direction in which the bands point in the case of interference with significant

non virbational resonant modes. However, further evaluation may be performed in order

to extract quantitative information, such as a ratio of a mode amplitude in two different

polarization schemes to gain information on the molecular orientation.27–32 Also, it is

often necessary to fit the observed bands to a model even if just to extract the resonant
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frequency, as the peak value may be shifted due to interference. Many schemes have been

proposed for such lineshape analysis.33–39

Experimentally, nonlinear vibrational spectroscopic technique, much like infrared ab-

sorption measurement, can be perform in both reflection as well as transmission geometry.

In both cases, a fixed visible wavelength beam is overlapped with a tunable or broadband

infrared beam to generate a third field at the sum or difference frequency.18, 33, 40–42 The

newly generated field can then be interpreted as a function of the IR frequency to reveal the

vibrational information. It is to be noted here that although the third field carries vibrational

resonance information, yet it is up-converted to the visible wavelength region and the

signal is directly proportional to χ(2). For quantitative analysis, much like its linear optical

counterpart, the measurement is perform in multiple polarization combinations. Each of

the polarization combination of the χ(2) spectrum is referred to as χ(2) effective, denoted

as χ
(2)
eff , which contains both contributions of one or more of the χ

(2)
i jk out of the 27 tensor

elements in the laboratory frame in the Cartesian coordinates as well as its respective local

field effect correction factor. χ
(2)
i jk is then related to the molecular hyperpolarizability which

contains molecular orientation information. The orientation analysis can be perform when

the ratio of the two unique χ
(2)
i jk is obtained and compared with existing model to extract

orientation information of the functional groups relative to the laboratory frame.

Additionally, the intensity measurement from a SFG spectroscopy experiment is also

known as the homodyne SFG, which it yields the signal that is proportional to the |χ(2)
eff |

2.

Phase-sensitive or heterodyne (PS-SFG) SFG yields both the magnitude and phase of the

χ
(2)
eff . Given that at each frequency, χ

(2)
eff is a complex value, therefore the phase information

is loss with the homodyne SFG. Heterodyne SFG, on the other hand, combines SFG with

interferometry to afford the complete picture of the second order susceptibility.



9

1.2.3 SFG studies of organic molecules on metal surfaces

Imagine a system with a monolayer of molecules structured onto a dielectric substrate

such as fused silica. For the scanning mid infrared-visible SFG scheme where a tunable

mid-IR beam is overlapped with a fixed visible beam to generate the sum frequency field.

The scanning mid-IR beam is scanning over the region of the vibrational resonances of

the functional groups from the molecules of interest. Therefore, the resulting SFG spectra

appears similarly to an IR absorption spectra and the visible beam does not contribute to

the overall spectral lineshape. Thus, there is no dispersion and often no SFG signal outside

of the region of the vibrational resonant modes of the adsorbed molecules. However, this

is not the case for system with most metal substrate where the fixed visible beam can

be in resonance with the electronic transition of the metal substrate itself creating a non

vibrational resonant but electronically resonant enhancement to the resulting SFG field.

Thus, in a system with such description, we can express the overall χ(2) contribution as:

χ
(2) = χ

(2)
NR +χ

(2)
R (1.5)

where the subscript of NR refers to the non vibrational resonant in vibrational SFG

spectroscopy. Such contribution gives the overall spectral a much complicated appearance

given that χ(2) is a complex value. The cross term of the resonant and non-resonant

contribution enhances the resonant features. As well, given the phase of the χ
(2)
NR, the

resonant modes can appear either a peak or a trough. Such complications add an additional

layer of difficulty when analyzing the SFG spectrum quantitatively. Additionally, given the

nature of the optical constants with significant adsorption coefficient from the metals, the

treatment of the local field effect correction factor compounds the additional contribution

to the SFG spectrum.

In the field of sum frequency generation studies of metal interfaces various studies for

modelling interfaces closely resemble that of molecular electronic, bioelectronic, photo-

voltaic devices and eletrochemical cell have been realized in the past two decades.32, 43–50
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Although, it is a challenging interface given the numbers of contribution affecting

the resulting spectral, many research groups have proposed and demonstrated unique

approaches to these obstacles.

In the early work of Davies et al. where dodecanol is adsorbed onto a vapour-deposited

gold surface in solution phase, they have utilized P-polarized vibrational SFG spectroscopy

to study the polar orientation of dodecanol.44 In this work, they have experimentally

verified that when surfactants adsorb at the interface between water and a hydrophobic

surface, the surfactants align themselves in such a way that the tail group is facing the

hydrophobic phase while the head group is point towards the solution. The work is done

by considering two χ(2) tensor elements contributing to the χ
(2)
eff , namely the zzz and xxz

components. By first determine the relative phase of the mode of the methyl group from

the dodecanol along with a well established knowledge that long chain alkanethiols (ODT)

bind to gold through the sulfur atom and have its methyl group pointing at the environment,

they then use this fact to compare the experimentally determined polar orientation of the

dodecanol under the same system while swapping out the ODT to its deuterated version. By

comparing the phase obtained from both the d-ODT and dodecanol, they have concluded

that the terminal methyl group on dodecanol is on average pointing towards the metal

surface in aqueous solution phase give that the methyl group has an opposite sign to that of

the ODT. As one of the earlier SFG studies on organic-metal interface, the study has served

as a good benchmark in the field of SFG for metal interfaces.

Vibrational sum frequency generation spectroscopy has also been employed in situ,

in studying eletrochemical processes at the molecular level. In 2014, Baldelli et al. have

demonstrated an SFG experiment looking at the reductive desorption of alkanethiols on the

working electrode of an eletrochemical cell.51 The spectra of alkanethiols on gold electrode

are acquired at various potentials to monitor the vibrational resonant modes. They have

found that negative potentials result in the disordering of the alkyl chains. Furthermore,

they have also observed the desorption of the alkanethiols as a result of the applied voltage.
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Such experiments have shown the versatility of SFG as a non-destructive spectroscopic

approach to afford a molecular understanding of the interface in real time.

In 2019, Tahara et al. published an important demonstration on the advancement of

extracting polar orientation from liquid-metal interface with the help of heterodyne sum

frequency generation and some clever approach on the reference sample.52 Such approach

is especially useful for metal interfaces given the additional local field effect correction

factor being complex values as well as the polarization geometry limitation in most cases.

By using HD-SFG, Tahara and co-workers have presented a proof of concept experiment

where the polarity of the ODT methyl group is revealed experimentally on platinum

surface in the water-platinum interface. By using the knowledge that at air-metal interface,

surfactants such as ODT structured in such a way that the terminal methyl group is pointing

towards the environment side, they have determine the polar orientation of the terminal

methyl on ODT in the liquid phase. Such conclusion is drawn by comparing the sign of

the amplitude of the vibration mode of the methyl symmetric stretch bewteen air-metal

interface and liquid-metal interface. Furthermore, this work has also provided a novel

method of the phase reference that is crucial to the HD-SFG experiment by vapour deposit

the metal substrate onto a piece of α-quartz with its phase of |χ(2)
eff |

2 known.

1.3 Scope of the thesis

As there are several obstacles in the analysis of SFG spectra for organic-metal system

especially for substrates that has not been well characterized or studied in the field of

nonlinear optics, I first demonstrate the capability of the combination of the homodyne and

heterodyne SFG in determining the polar orientation of the function groups on metals. As

well, I have proposed a measurement and analysis scheme that is capable of extracting all

χ
(2)
i jk elements in a p-polarized multi- angle of incidence heterodyne experiment of which

the χ
(2)
eff is a linear combinations of χ

(2)
i jk . Finally, all of these approaches are combined

in order to study the structure of a phosephate ester surfactant on iron. This employs a
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combination of spectroscopic techniques and eletrochemistry in an attempt to understand

how the molecular orientation of the surfactant might contribute to its effectiveness as a

corrosion inhibitor.
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Chapter 2

Background

2.1 Vibrational SFG spectroscopy

2.1.1 SFG intensity and effective susceptibility

The generated sum frequency (SF) beam from a vibraiontal SFG measurement can be

described as a plane wave which has a magnitude and a phase that are related to the incident

probing beams. By analyzing the SFG spectra taken with different incident beam angles

and/or polarizations, the molecular orientation can be deduced.29, 42, 53–62

The second order nonlinear susceptibility, χ(2), is a third rank tensor describing the

relationship between the second order polarization and the two incident fields. In general,

χ(2) can be related to the SFG intensity in reflection geometry by

I(ωSFG) =
8π3ω2sec2 θSFG

c3n1(ωSFG)n1(ω1)n1(ω2)
|χ(2)

eff |
2I(ω1)I(ω2) (2.1)

where ωSFG, ω1, ω2 are the frequency of the SFG, incident visible and IR fields,

respectively. ni(ωi) is the refractive index of the bulk medium i at the frequency ωi and

θSFG is the reflected angle of the SFG field from the interface normal.

In addition, the effective second order nonlinear susceptibility can be further expanded

in to

χ
(2)
eff = LiiL j jLkkeie jekχ

(2)
i jk (2.2)

where the L is a local field correction factor that relates the laser far field to the local

field at the point of the generation of the nonlinear field and the ei jk is the respective
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unit polarization vector relating the fields described in either s- or p- polarization to the

laboratory frame in a Cartesian coordinate system.

2.1.2 Local field considerations

Local field correction factor plays an important role in analyzing SFG spectra when the

dispersion of the correction factor itself contributes to the χ
(2)
eff lineshape. The local field

effect is not a nonlinear optical phenomenon rather it is purely a superposition of the

incident field and the reflected field at the point of incidence. The result can be obtained

from

Elocal = Ei +Er

= Ei + r·Ei

= (1+ r)Ei,

(2.3)

where Elocal is the local field, Ei is the incident field and Er is the reflected field. Thus, the

factor of 1+ r, where r is the Fresnel coefficient of reflection, is known as the local field

correction factor, L. By convention, Fresnel coefficient of reflection is represented by the

optical polarization of s- and p- which can be described by

rp =
n2 cosθ1−n1 cosθ2

n1 cosθ2 +n2 cosθ1
(2.4a)

rs =
n1 cosθ1−n2 cosθ2

n1 cosθ1 +n2 cosθ2
(2.4b)

and, for both polarizations n1 sinθ1 = n2 sinθ2 according to the Snell’s law. Therefore, the

unit polarization vector is necessary for the transformation to the Cartesian coordinates. If

assume that the incident plane is that of the xz-plane where z-axis is the surface normal,

then the complete expression of the local field correction factor can be expanded as

Lxx =
2n1 cosθ2

n1 cosθ2 +n2 cosθ1
(2.5a)

Lyy =
2n1 cosθ1

n1 cosθ1 +n2 cosθ2
(2.5b)

Lzz =
2n1

2n2 cosθ1

n1 cosθ2 +n2 cosθ1

(n1

n′

)2
, (2.5c)
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where n is the refractive index, θ is the angle of incidence while the subscript 1,2 refers to

the two media. The additional factor of (n1/n′)2 in the Lzz expression originates from

the discontinuity of the normal component (z) of the electric field. Since the normal

component of the electric field (with respect to the interfacial plane) is discontinuous across

the interface, a phenomenological term, n′, is often used in the local field expression. The

term n′, or the effective refractive index, is derived from a three-layer model of an interface

with the middle interfacial layer being an infinitesimally thin sheet sandwiched between

two bulk layers. Given that the refractive index is a macroscopic property of a bulk phase,

n′ cannot be thought of as the refractive index of the interface. Rather, it is the ratio of

the two anisotropic microscopic local field factors at the molecular level at the interface

in reference to 63. From the expression of the local field correction factor, it is obvious to

understand its potential lineshape contribution to the SFG signal given the dispersive nature

of the refractive index.

2.1.3 Unit polarization vectors

The Cartesian projection of the s- and p- polarized electric fields is noteworthy to mention

here as well as to clarify the convention used for the definition of the coordinate system.

The incident plane is assumed to be the xz-plane by convention. The field polarized parallel

to the plane of incidence (the plane containing the surface normal z and the incident

wavevector) can therefore be split into an x- and z- components obtained using the ex =

cosθ and ez = sinθ projections, respectively. Given that these are vector quantities, the

x- component of the p-polarized electric field switches sign when describing the reflected

field. Therefore, if by assuming that the incident field is the reference positive direction,

then the x-component of the SFG field should take on a negative sign. For example,

LxxexLxxexLzzezχ
(2)
xxz should be written as −LxxexLxxexLzzezχ

(2)
xxz , where the subscript order

is SFG, visible and IR field, respectively.
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2.1.4 Vibrational lineshapes

Vibrational sum-frequency generation spectroscopy can provide valuable qualitative and

quantitative information about molecular species at surface and buried interfaces. For

example, the resonance frequency of a particular chemical function group is revealing of the

surface environment, especially when compared to what is observed in bulk IR absorption

or Raman scattering spectra. Furthermore, the amplitude of the mode can be related to the

molecular orientation, providing a detailed quantitative account of the surface structure.

Each of these attributes, however, requires fitting the spectra to some vibrationally resonant

lineshape.

The frequency-dependence of the second order nonlinear susceptibility, χ(2) is the

dispersion expression of

χ
(2)(ωIR) = |χ(2)|NReiφNR +∑

q
|χ(2)|ReiφR (2.6)

where χ
(2)
NR and χ

(2)
R are the non-vibrational resonant contribution and resonant contribution

of the second order nonlinear susceptibility.

The homogeneous component of the lineshape is represented in the frequency domain

by a Lorentzian function

fL(ω) =
A

ω0−ω− iΓ
(2.7)

where A the amplitude, ω0 is the resonant frequency, and Γ is the homogeneous or intrinsic

linewidth, proportional to the reciprocal vibrational dephasing time T2.64, 65 If multiple

such modes are observed, regardless of whether they are well-separated in frequency or

overlapping, the frequency dependence of the second-order susceptibility may be described

by

χ
(2)(ω) = χ

(2)
NR +∑

q
χ
(2)
q

= ANReiφNR +∑
q

Aq

ωq−ω− iΓq

(2.8)
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where each of the q modes has a corresponding Lortzentian amplitude Aq, resonance

frequency ωq and width Γq, and χ
(2)
NR = ANReiφNR represents any vibrationally non-resonant

contribution, if present. We note that for dielectric materials, χ
(2)
NR is real since φNR =

±180◦, but in the case of materials that are not transparent to the visible and SFG beams

such as metals, χ
(2)
NR may be complex-valued.

In theory, there should also be line broadening due to instrumental considerations (laser

and spectrograph bandwidth) and distribution of molecular environments. Such broadening

mechanisms are well-described by a Gaussian function

fG(ω) = Aexp
[
−(ω−ω0)

2

2Γ2
G

]
(2.9)

where A is the peak amplitude, ω0 is the resonance frequency, and ΓG is the net

inhomogeneous linewidth. In practice, the signal-to-noise ratio is often insufficient to

distinguish whether a band has a pure Lorentzian profile. In the case of IR absorption and

spontaneous Raman scattering spectra, fitting may be performed using a purely Gaussian

lineshape, as there are no interference effects. Those bulk spectroscopic techniques directly

measure the imaginary component of the first- and third-order susceptibility, respectively.

In the case of SFG spectroscopy, however, Gaussians alone do not provide the phase

contribution to account for spectral interference. In cases of low signal-to-noise or

insufficient spectral resolution in SFG, the default approach is to fit using purely Lorentzian

lineshapes, letting Γ be as wide as necessary to fit the bands reasonably well. In such cases,

one could report widths as large as 10–15 cm−1, even though previous measurements of

the dynamics reveal that the homogeneous linewidth should be much narrower.33, 34, 66, 67

A more rigorous approach is to employ a lineshape that uses the known homogenous

width ΓL, and fit to the experimental data to obtain the inhomogeneous component ΓG. A

popular example is the Faddeeva function68

fV (ω) = fL(ω)⊗ fG(ω)

=
∫

∞

0

A
ωL−ω− iΓL

exp
[
(ωL−ω0)

2

2Γ2
G

]
dωL

(2.10)
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derived from a convolution of Lorentzian and Gaussian lineshapes by introducing an

additional inhomogeneous decay term.69, 70 When the spectral resolution and signal-to-

noise are sufficiently high, it may be possible to determine both ΓL,q and ΓG,q from a fit

to the data.71, 72 This is especially true in heterodyne experiments, since simultaneous

fitting of the real and imaginary χ(2) spectra facilitates this separation of homogeneous and

inhomogeneous components.73, 74

2.1.4.1 Treatment of local field corrections

Experimental data from a homodyne SFG experiment representing |χ(2)|2 may be fit to the

magnitude squared of Eq. 2.8. Note that if the dispersion of the local field corrections is

not significant over the measured spectral range, it is possible to fit |χ(2)
eff |

2 using Eq. 2.8,

and then apply local field corrections L to the extracted Aq.20, 75 For example, in the case

of SSP (s-polarized SFG, s-polarized visible, p-polarized infrared) and SPS polarization

schemes,

χ
(2)
ssp = Lyy(ωSFG)eyLyy(ωvis)eyLzz(ωIR)ezχ

(2)
yyz (2.11a)

χ
(2)
ssp = Lyy(ωSFG)eyLzz(ωvis)ezLyy(ωIR)eyχ

(2)
yzy . (2.11b)

Each of these polarizations probes only a single element of χ(2) in a sample with axial

(C∞v) symmetry about the surface normal. As a result, if the peak amplitudes in Eq. 2.8

Aq,yyz and Aq,yzy are desired for an orientation analysis, there are two options. The first is

to extract χ
(2)
yyz and χ

(2)
yzy from the spectra (or |χ(2)

yyz |2 and |χ(2)
yzy |2 in the case of homodyne

data) by calculating Lii(ωSFG)L j j(ωvis)Lkk(ωIR) (or the magnitude squared of this quantity

for homodyne data), and then correcting the measured intensity. The second option is

to fit the intensity data to Eq. 2.8 directly to obtain Aq,eff, and then use the appropriate

ratio of LiiL j jLkk elements when interpreting the ASSP/ASPS ratio to extract the molecular

orientation dependence of the underlying Ayyz/Ayzy. It should be emphasized however

that Eq. 2.8 is an expression for χ(2) itself, and not χ
(2)
eff . Any dispersion in L alters the

lineshape, and is therefore best handled prior to fitting. Note that fitting the effective
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susceptibility is the only option available when treating PPP spectra, since the relative

weighting of the four contributing χ(2) elements (xxz, xzx, zxx and zzz) is generally not

known in advance.

2.1.4.2 Selection of fitting algorithm

Optimizers can generally be separated into categories depending on whether they require

only function evaluations or first derivatives as well (these can always be numerically

evaluated using additional function evaluations if analytical forms are not tractable),

whether they are bounded (including the option of permitting and/or requiring upper and

lower bounds for each parameter), their performance (speed and accuracy), susceptibility

to local minima, and sensitivity to initial conditions. When fitting IR or Raman spectra, the

amplitudes of all modes are positive, and nearly any algorithm can be used to obtain the

same results. It is therefore not typical to discuss the algorithm, although common choices

are nonlinear least squares techniques such as Levenberg-Marquardt.76 When fitting SFG

spectra, however, the situation is much less straightforward, and not all algorithms will

return the same result. There are two problems: the first is that, on resonance (ωIR = ωq),

each Lorentzian has a value of Aq/Γq. A small change in Γq to increase the width of

the lineshape will require Aq to be increased accordingly in order to have only a small

change in the residual. In other words, depending on the sequence in which the parameters

are adjusted, and whether they are varied individually or in pairs/groups, the fitting may

converge prematurely. The second and more serious issue is that, if the relative sign

of Aq between two peaks is not known (as is generally the case), it is very difficult to

“force” an optimizer to explore both options with the same effort, i.e. varying the resonant

frequencies, amplitudes, and widths in order to determine the best fit combination with all

sign combinations in the numerator of Eq. 2.8. Almost all optimizers struggle with this, and

approaches based solely on least squares algorithms are likely to give up early. The most

serious consequence is that there is little (and often no) indication of this. The residuals
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may be small, and the fit may be qualitatively decent in comparison to the experimental

data—but the global minimum, or a deeper local minimum, may exist when one of the

resonant modes is phase shifted by 180◦. This is critical not only for obvious applications

such as bond polarity determination, but also for basic analysis such as peak amplitude

ratios and resonance frequency determination, as these parameters are all affected by the

presence of neighboring vibrational resonances.77 One approach that has been employed

in our laboratory is to first generate all combinations of signs for the number of peaks to

be employed in the fitting, then explore them exhaustively for simple cases, or sampled

randomly (Monte Carlo techniques can be employed here) when the parameter space is

too large.58 For each combination, a quick optimization can then be employed using a

technique such as a truncated Newton’s method,78 followed by a clean-up in the vicinity of

the minimum using a steepest descent optimizer like a simplex routine.

It should be emphasized, however, that all of the above approaches rely on a convenient

amount of interference between vibrational modes. When both the spectral resolution and

signal-to-noise are sufficient, it should be possible to extract the relative phase. We are

referring to a situation where the spectral overlap between neighboring modes is enough

to notice whether the resulting interference pattern originates from modes that are in-phase

or out-of-phase, but the resonant frequencies are not so close together to again obscure this

information.62 Fig. 2.1 illustrates the case where two neighboring modes have the same

separation in their resonant frequencies, same homogeneous linewidths, same magnitude of

their amplitudes, but opposite sign. One can see that while the absolute and relative phase is

clearly revealed in the real and imaginary χ(2) spectra from heterodyne data, the homodyne

data shows a difference in shape that requires sufficient resolution and signal quality to

differentiate. The challenge is to use the correct number and type of resonant lineshape

functions, as the fitting routines at best will simply return the parameters associated with

those functions. We note that, in some cases, such challenging situations are greatly

assisted by the measurement of spectra in multiple beam polarizations. For example, Zhang
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et al. have illustrated that it is possible to distinguish cyano mode vibrations that are 6 cm−1

apart by using all three unique polarization schemes (ssp, sps, and ppp) available to achiral

systems with C∞v symmetry.79

2.1.5 Heterodyne SFG measurements

Heterodyne or Phase-sensitive sum frequency generation spectroscopy (PS-SFG) is emerg-

ing to be a powerful technique in the SFG community. The main difference between

PS-SFG and the conventional homodyne SFG comes down to the detection method:For

homodyne SFG the intensity of χ(2) is collected whereas PS-SFG is capable of probing the

magnitude and absolute phase of χ(2). The additional phase information can help deduce

the polarity of the functional group (i.e. whether the functional group is pointed up or down

with respect to the substrate). Thus, PS-SFG is an attractive method to distinguish the

180◦ phase ambiguity from the traditional spectral fitting routine of the homodyne scheme

since the absolute phase is determined.46, 81–86 The combination of the additional phase

information and |χ(2)| yields the imaginary χ(2) spectrum which enables a direct spectral

comparison to the bulk response from IR and Raman spectroscopy.

The basis of the phase measurement is to measure the intensity of the signal I when the

SFG field from the sample ES and the local oscillator (LO) at the same frequency ELO are

brought to coincide. We can write this as

I = |ES +ELO|2

= |ES|2 + |ELO|2 +2|ES||ELO|cos∆φ

(2.12)

where ∆φ is the phase difference between sample and local oscillator SFG fields.

As an example for our setup of the phase measurement, a collinear beam geometry is

used in the setup and generate the LO in transmission from a piece of y-cut alpha quarts.

The three collinearlly travelled fields are then going through a piece of fused silica (phase

shifting unit, PSU) of which it rotates about its center from -45· to 45·. By rotating the

PSU, the LO is delayed temporally with respect to the sample SFG field thus creating



22

Figure 2.1: Illustration of the effect of relative phase on neighboring vibrational modes.
The (a) |χ(2)|2 intensity, (b) Re{χ(2)} and Im{χ(2)} spectra in red and blue respectively,
and (c) phase for two modes with the same (solid lines) and opposite signs, i.e. phase
shifted by 180◦ (dashed lines) on resonance with respect to each other. One notices that
while Re{χ(2)} and Im{χ(2)} immediately display the relative (and absolute) phase, the
relative phase information is subtle in the |χ(2)|2 spectra. Reprinted with permission from
Ref. 80. Copyright 2018 American Institute of Physics.
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Figure 2.2: Experimental collinear phase measurement scheme. Reprinted with permission
from Ref. 87. Copyright 2015 American Chemical Society.

an interferogram as a function of the PSU tilt angle,α . Fig. 2.2 shows the experimental

scheme.

The interferogram obtained at each frequency as a function of the the PSU tilt angle

can be expressed as:

I(α,ω) = a(α,ω)+b(α,ω)cos∆φ(α,ω) (2.13)

where a ∝ |ES|2 + |ELO|2, b ∝ 2|ES||ELO|, and ω refers to the frequencies of all three

beams. In addition, the experimentally observed phase term, ∆φ in Eq. 2.13 can be further

separated into individual components related to all, PSU, the focusing lens, as well as the

phase difference between the sample SFG field and the LO as described as

∆φ(α,ω) = ∆φPSU(α,ω)+∆φlens(ω)+∆φS−LO(ω). (2.14)

The description of the phase shift regarding with the PSU is a result of the differing

optical path lengths through the fused silica as shown in Fig. 2.3. Although the incident

angle of the three beams are the same in the collinear geometry scheme. However, the

refracted angles, βi are different due to the dispersion of the refractive index,

βi(α,ωi) = arcsin
n1,i

n2,i
sinα, (2.15)
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Figure 2.3: Scheme of the phase shifting unit in top-down view. Reprinted with permission
from Ref. 87. Copyright 2015 American Chemical Society.

where i refers to each of the three beams, and n1 and n2 refer to the respective frequency

dependent refractive indices of the incident medium and the refracted medium. The phase

difference then comes from the delay between the LO and the two input beams passing

through the PSU which can be described as

∆φPSU(α,ω) =
dPSU

c
(nSFGωSFG cosβSFG−nvisωvis cosβvis−nIRωIR cosβIR), (2.16)

where dPSU is the thickness of the PSU, and c is the speed of light.

The phase shift associated with the focusing lens in Eq. 2.14 can be determined in a

similar fashion as

∆φlens(α,ω) =
dlens

c
(nSFGωSFG−nvisωvis−nIRωIR). (2.17)

Upon fitting the interferogram as shown in Fig. 2.4 as an example, while considering

all three phase terms from Eq. 2.14, ∆φS−LO can be determined. In order to measure

the phase of an unknown sample, φS·LO needs to be interpreted with respect to a known

standard. Popular choices include molecular films with known polarity due to chemical

immobilization such as OTS (octadecyltrichlorosilane), methoxy, or alkane thiol/gold;

molecular films with known polarity due to hydrophobic interactions such as PDA, long-

chain alcohols (dodecanol) at the air–water interface; or crystals with bulk nonlinear
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Figure 2.4: Example of the temporal interferogram from the heterodyne phase
measurement of the z-cut α-quartz at 2800 cm−1.

susceptibilities such as α-quartz. Note that in order to use α-quartz as a standard, it must be

known whether the material is left- or right-handed, which crystallographic face is exposed,

and the azimuthal orientation of the exposed face. For example, even in the case of z-cut

right-handed α-quartz, it is known that rotation about the z axis changes the sign of the

bulk nonlinear susceptibility. As a result of the D3h symmetry about this axis, there will

be 6 lobes in |χ(2)|2, with the phase alternating between 0◦ and 180◦ between each lobe.

One approach to resolving the polarity of the χ(2) phase for a particular quartz sample is to

perform piezoelectric measurements. Our approach is by calibrating the phase of a 6-mm

thick z-cut sample with etch-marked orientation by comparison to OTS and then gold.

Experimentally, the phase of the χ
(2)
eff can be determined by first obtaining the phase

difference of the ∆φ between the unknown sample and the substrate with a known phase

(in our case, z-cut alpha quartz). The difference in ∆φ , or ∆∆φ is the phase difference

between the sample and the z-cut alpha quartz. Finally, by adding ∆∆φ to the phase of

the z-cut quartz, we can obtain the phase of the χ
(2)
eff of the unknown sample. It is to be
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noted that, the phase difference of the the Fresnel coefficient of the reflection between the

unknown sample and the phase reference sample also needs to be consider. In an example

of a p-polarized heterodyne experiment, the expression can be described as

φ
χ
(2)
eff,sample

= ∆(∆φ)+φ
χ
(2)
eff,zcut

+∆φrp,sample−zcut. (2.18)

2.1.6 Other methods of obtaining complex-valued χ(2) elements*

2.1.6.1 Kramers-Kronig approaches

If only intensity data is available, there are techniques available to extract the phase that

do not assume any particular model for the lineshape, and therefore do not require prior

knowledge of the nature or number of resonant modes. One such option uses the causality

relationship in the dispersion of the real and imaginary components of χ(2) in the form of

a Kramers-Kronig transformation88–94

Re{χ(2)}(ω) =
1
π

P
∫

∞

−∞

Im{χ(2)}(ω ′)
ω ′−ω

dω
′ (2.19a)

Im{χ(2)}(ω) =− 1
π

P
∫

∞

−∞

Re{χ(2)}(ω ′)
ω ′−ω

dω
′ (2.19b)

where P is the Cauchy principal value and ω ′ is a dummy spectral variable over which

the integration is performed. The quality of the approximation may be assessed by

computing |χ(2)|2 = Re{χ(2)}2 + Im{χ(2)}2 and minimizing the residuals compared to

the experimental intensity data. There are two caveats associated with this approach. The

first is that the integration must be performed over a finite frequency domain in practice,

resulting in an unknown offset to Re{χ(2)}(ω). For systems with no significant non-

resonant contribution, this offset is readily evaluated. The more serious difficulty is that, as

only relative phase information is encoded in the homodyne data, there is an overall phase

offset

χ
(2) = |χ(2)|exp[i(φ +φoffset)] (2.20)

*Reproduced in part from Yang, W.-C.; Hore, D.K. “Determining the Orientation of Chemical
Functional Groups on Metal Surfaces by a Combination of Homodyne and Heterodyne Nonlinear Vibrational
Spectroscopy.” J. Phys. Chem. C 121, 28043 (2017). Copyright 2017 American Chemical Society.



27

that affects the real and imaginary components. If one is willing to assume that φoffset is

independent of ω in the frequency region of interest, then some additional information can

be used to resolve this ambiguity. For example, perhaps the phase of the non-resonant

response is known, or the polarity (and hence phase) of a well-separated resonant mode is

known.

2.1.6.2 Maximum entropy methods

Another option for phase retrieval is to use a concept from information theory, the

maximum entropy method.37, 95–99 This technique seeks to add features to the time domain

response function R(2)(t) that is related to the second-order susceptibility through a Fourier

transform

R(2)(t) =
∫

∞

0
χ
(2)(ω)e−iωtdω. (2.21)

The objective is to add features without increasing the spectral entropy h defined by

h =
∫ 1

0
log[χ(2)(ν)]dν , (2.22)

where

ν =
ω−ω1

ω2−ω1

is defined such that 0 ≤ ν ≤ 1 in the frequency region between ω1 = 2800 cm−1 and

ω2 = 3800 cm−1 in our example. In the first step, a |χ(2)| spectrum of 2N +1 frequencies

is Fourier transformed to obtain R(2)(t). One then solves the matrix equation
R(2)

0 R(2)∗
1 · · · R(2)∗

N

R(2)
1 R(2)

0 · · · R(2)∗
N−1

...
...

...
R(2)

N R(2)
N−1 · · · R(2)

0




1
a1
a2
...

aN

=


b
0
0
...
0

 (2.23)

where N values of a and a single value b are sought. The complex spectrum is finally

generated from

χ
(2)(ν) =

beiφoffset

1+
N
∑

n=1
aneinν

. (2.24)
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Just as in the case of Kramers-Kronig transformations, It is to be noted that there is a

phase offset φoffset that is left unresolved. This is to be expected for any method that

takes only the magnitude |χ(2)| into consideration, as any φoffset(ω) will reproduce the

magnitude or intensity spectrum. A detailed discussion about the application of MEM to

phase retrieval in SFG spectroscopy, including the inner workings of the technique is found

in Ref. 95. A discussion of cases where MEM is most successful in SFG spectroscopy, and

a consideration of its limitations appears in Ref. 97.

2.2 Spectroscopic Ellipsometry

In order to to analyze the SFG spectra quantitatively, accurate optical constants are

necessary in order to obtain the correct molecular orientational information. For obtaining

experimental refractive index, ellipsometry is a well suited indirect technique of which the

optical constants can be calculated. The basic idea ellipsometry is the measurement of the

change in polarization of the reflected light. The ratio of the two optical polarization light,

rp/rs or ρ can be obtained from the detector signal using

rp

rs
=

Eout
p /E in

p

Eout
s /E in

s
=
|Eout

p |/|E in
p |

|Eout
s |/|E in

s |
ei(δp−δs) = tanΨei∆ = ρ, (2.25)

where the tanΨ term is the magnitude of the ratio of the two reflection coefficients and the

∆ is its phase. For the calculation the optical constants from experimentally determined

ρ , some multiple beam interference model is required for multi-layer samples. However,

for interface that is comprise of two semi-infinite thick layers (e.g. air-metal), optical

constants can be directly calculated by expending out the Fresnel’s reflection of coefficients

as described by

ρ =
rp

rs
(2.26)

using the definitions of rp and rs provided in Eqs. 2.4. As we substitute n1 = 1 for air,

optical constants can then be directly calculated from

ε(ω) = n(ω)2 = sinθi
2

[
1+ tanθi

2
(

1−ρ(ω)

1+ρ(ω)

)2
]
, (2.27)
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where ε(ω) is the frequency dependent dielectric constant, n(ω) is the frequency dependent

complex refractive index and θi is the angle of incidence of the measurement.100 Although,

the calculation of optical constants can be directly obtained from the single interface

inversion equation as described above, it is to be noted here that both Ψ and ∆ are

dependent on numerous factors such as the film thickness, refractive index, surface

roughness, interfacial mixing, composition, crystallinity, anisotropy and uniformity of the

substrate.100 It is for that reason, that elliposmetry is known as an indirectly method of

obtaining refractive index. Given a more complex substrate with multiple interfaces and

compositions, some model has to be assumed in order to extract useful information from

the spectra of Ψ and ∆. If the single interface inversion equation is used to calculate the

refractive index of a semi-infinite layer interface, some assumptions have to be taken into

consideration as well such as its surface roughness and the uniformity of its composition.
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Chapter 3

Determining the Orientation of
Chemical Functional Groups on Metal
Surfaces by a Combination of
Homodyne and Heterodyne Nonlinear
Vibrational Spectroscopy*,†

3.1 Introduction

Characterizing the structure of molecules attached to metal or semiconductor surfaces is

a key step towards the understanding, optimization, and design of catalytic systems, solar

cells, and corrosion inhibitors.9, 101–105 The manner in which molecules adsorb on the metal

surface (the nature of their interaction to the surface, their orientation and polarity in the

adsorbed state) determine the desired substrate functionality. In industrial applications

such as corrosion inhibition, surfactant coatings are a critical frontline prevention for

separating bare metal surfaces from oxygenated species. Such knowledge also provides

mechanistic details to bottom-up manufacturing processes such as atomic layer deposition.

Of all the techniques that are capable of characterizing molecules on surfaces, ones

based on vibrational spectroscopy offer structural sensitivity and the ability to potentially

*Reproduced in part from Yang, W.-C.; Hore, D.K. “Determining Nonlinear Optical Coefficients of
Metals by Multiple Angle of Incidence Heterodyne-Detected Sum-Frequency Spectroscopy.” J. Phys. Chem.
C 121, 28043 (2017). Copyright 2017 American Chemical Society.

†SDS-Al data collection, analysis and model development by Wei-Chen Yang. OTS-glass and ODT-gold
data collected by Paul Covert. Electronic structure calculations performed by Dennis Hore.
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recognize species based on the vibrational signature. However, conventional IR reflection

absorption spectroscopy has limited, and often insufficient, sensitivity for low surface

coverage. Nonlinear techniques such as visible-infrared sum-frequency generation (SFG)

can offer the benefits of a vibrational optical probe, along with sensitivity to sub-monolayer

concentrations.

As a direct consequence of the requirement of non-centrosymmetry to produce SFG

signal, the phase of the emitted SFG field carries information on the polar orientation

of surface chemical functional groups. By characterizing the phase in addition to the

amplitude of the reflected SFG field, it is therefore possible to distinguish whether surface

methyl groups, for example, are pointed towards the metal or towards the ambient air.

Although several methods have been proposed for phase measurement in heterodyne

SFG schemes,46, 81–86, 106–115 such information does not strictly require explicit phase

measurement. This is because metals often have large electronic (vibrationally non-

resonant, NR) contributions to the SFG signal that constructively or destructively interfere

with the SFG generated from the organic functional groups on IR resonance.44, 116 This

interaction is much the same as achieved with an external phase reference (the local

oscillator, LO) in a heterodyne experiment. Several studies have made use of this in

the analysis of SFG data.77, 102, 117–120 Explicit measurement of the phase has several

advantages over reliance on implicit phase interpretation, primarily the result of being

able to independently characterize, control, and modulate the LO magnitude and phase.

In this work we illustrate that, while heterodyne SFG measurements excel at measuring

the phase of bare metals, and of organic layers adsorbed onto dielectric substrates with

no appreciable NR response, there are challenges associated in phase characterization of

organics on metals. We illustrate this with data from a bare aluminum surface, an organic

alkyl surfactant on aluminum, alkyl functionalized glass, and an alkyl thiol on gold. After

discussing the interplay between resonant and non-resonant responses for each surface,

we present a straightforward method for determining the polarity of surface chemical
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functional groups using a combination of the heterodyne and homodyne SFG data.

3.2 Methods

3.2.1 Sample preparation

Aluminum coupons 1 mm thick were cut to 25 mm × 25 mm squares and both surfaces

were rough finished using a milling machine. The samples were then polished by 320, 600,

1200 and 2000 grit papers in succession, each for 10 min. The polishing step was completed

by using 3 µm diamond polishing suspension (Buehler MetaDi Supreme) for 15 min,

followed by 0.05 µm alumina (Buehler Masterprep) for 15 min. Polished metal samples

were washed with soap and rinsed in 18 MΩ·cm deionized water (Nanopure, Barnstead

Thermo) for 10 min, and dried under nitrogen gas. The samples were then successively

sonicated in acetone, ethanol, a second acetone step, and finally methanol, each for 30 min.

The final treatment was exposure to oxygen plasma for 60 min. SFG spectra of these mirror

finish Al pieces with strong specular reflection produced only non-vibrationally resonant

signal. Sodium dodecyl sulfate 98% was purchased from Sigma-Aldrich and used without

further purification. 0.014 M SDS solution was prepared in 18.2 MΩ·cm. The aluminum

coupon was immersed into the solution for two hours then dried under nitrogen.

SFG data for tricholoro(octadecyl)silane monolayers on glass was obtained from a

previous study;46 those samples were prepared according to published methods.121 The

reagent (Aldrich, greater than 90% purity) was used without further treatment in a 4:1

solution of hexadecane and CCl4. Borosilicate glass microscope slides were cleaned in

110◦C piranha for 1 h, rinsed with 18.2 MΩ·cm water, and dried under nitrogen. After

immersing the clean substrates, unreacted OTS was removed by rinsing with chloroform,

acetone, methanol, and water. The final step was drying at 80◦C for 3 h. Similarly, SFG data

for octadecane thiol (ODT) monolayers on gold was taken from Ref. 87. Those samples

were prepared according to procedures described in an earlier report.122 Substrates with

100 nm Au deposited on a 5 nm Cr adhesion layer (EMF, Ithaca, NY) were cleaned by



33

sonication in acetone and ethanol, then immersed in 1×10−3 M solution of ODT in ethanol

for 12 h. Any residual ODT was removed by soaking in fresh ethanol. Samples were

subsequently dried under nitrogen.

3.2.2 Homodyne and heterodyne SFG spectroscopy

Our wavelength-scanning SFG system and its configuration for phase measurements has

been described in Refs.85 and 46. The essential details are that collinear 20 ps s-polarized

visible (100 µJ/pulse) and p-polarized infrared (200 µJ/pulse) beams are incident at 70◦.

The local oscillator (LO) is generated in transmission before the sample in a 50 µm piece of

y-cut quartz, oriented so that its optical axes are rotated only a few degrees from the plane

of the incident beam polarizations. This simultaneously controls (reduces) the amount of

LO generated to ensure sufficient contrast in the interference fringes,85 and ensures that the

polarization of the transmitted visible and infrared beams are not appreciably altered as a

result of the quartz birefringence. Heterodyne data is collected by sequentially scanning the

infrared frequency, and rotating a 1 mm fused silica plate that acts as a phase-shifting unit

(PSU) between the sample and the y-cut quartz. These signals display temporal interference

along the PSU rotation axis, and spectral interference along the IR frequency axis. After

each experiment, the sample was replaced with a reference sample, a piece of z-cut quartz

whose phase is known as a result of prior calibration.46, 59 In general, the bulk χ(2) tensors

of non-centrosymmetric crystals are real far from resonance, and have surface χ(2) values

that are shifted by 90◦ from the bulk. For our z-cut sample, we have marked the orientation

of the crystal to produce φNR =−90◦. We have previously described the manner in which

the sample and reference heterodyne data may be used together to arrive at the phase of the

sample second-order susceptibility.46, 85

3.2.3 Electronic structure calculations

We have considered a methyl group in three different chemical environments, next to an

OH (methanol), in an ester group, and at the end of an alkyl chain (both ends of methyl
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hexanoate). Geometry optimization and subsequent Hessian calculation were performed in

GAMESS using B3LYP/6-31G(d,p) and a PCM effective solvent model. Dipole moment

and polarizability derivatives were then obtained using an explicit finite difference approach

whereby the eigenvectors of the Hessian were used to construct seven input geometries that

step along the methyl symmetric stretching normal mode. Full details of this procedure for

estimating molecular hyperpolarizability tensor elements are given in Ref.58.

3.3 Results & Discussion

3.3.1 Phase contrast in a heterodyne SFG experiment

We will show that the presence of a non-resonant contribution to χ(2) that is significant

compared to the resonant contribution effectively diminishes the phase contrast—the

variation in phase upon passing through a vibrational resonance—as would be measured in

a heterodyne SFG experiment. In the general case we have

χ
(2) = χ

(2)
NR +χ

(2)
R = |χ(2)

NR +χ
(2)
R |e

iφ . (3.1)

We illustrate the addition of χ
(2)
NR and χ

(2)
R in the complex plane in Fig. 3.1a. The graphic

depicts the case where |χ(2)
NR| > |χ

(2)
R |, and the dashed arrows indicate the phase trajectory

of χ
(2)
R as it passes from 0◦ to 180◦. At each value of ωIR, the phase of the overall response

in Eq. 3.1 is given by

φ = arctan

[
|χ(2)

NR|sinφNR + |χ(2)
R |sinφR

|χ(2)
NR|cosφNR + |χ(2)

R |cosφR

]

= arctan
[

RsinφNR + sinφR

RcosφNR + cosφR

] (3.2)

where R≡ |χ(2)
NR|/|χ

(2)
R |. The corresponding experimental observation is that there may be

only a small change in φ upon passing through the vibrational resonance, compared to the

180◦ change when χ
(2)
NR = 0. A graphical explanation for this may be seen in Fig. 3.1a.

In order to observe the phase change in tuning ωIR through this vibration, there must be

a significant corresponding change in φ . We formally define the phase contrast as the
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Figure 3.1: (a) Argand diagram illustrating the determination of the phase contrast, and
(b) its predicted value according to the ratio of the non-resonant-to-resonant amplitude
ratio and the non-resonant phase, φNR. (c) Some slices along the φNR direction and (d)
R = |χ(2)

NR|/|χ
(2)
R | direction. Reprinted with permission from Ref. 123. Copyright 2017

American Chemical Society.

largest difference in φ anywhere in the range φR = 0–180◦ as the resonant mode undergoes

a frequency-dependent phase change in the transition from ωIR < ω0 to ωIR > ω0.

phase contrast = φmax(φNR,R;φR)−φmin(φNR,R;φR) (3.3)

Note that the best contrast is not necessarily measured pre- and post-resonance, nor does it

occur pre- vs on-resonance. Rather, the phase contrast is a function of the ratio R and the

value of the non-resonant phase φNR. This is shown in Fig. 3.1b, with some slices along R

in Fig. 3.1c, and slices along φNR in Fig. 3.1d.

It is worthwhile to examine some limiting behaviors. When |χ(2)
NR|� |χ

(2)
R |, that is when
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R→ ∞ the phase contrast approaches zero. This makes sense, as there is no variation in

the phase in the absence of any molecular vibrations (or for modes that are not oriented

in a polar manner at the surface), and φ → φNR. In the other extreme, as the non-resonant

amplitude becomes very small, R→ 0 and the phase contrast reaches its maximum value

of 180◦, irrespective of φR. The intermediate cases are of interest, as the contrast depends

on both R and φNR. It is interesting to note that when |χ(2)
NR| = |χ

(2)
R | (when R = 1), the

phase contrast is exactly 90◦, irrespective of φNR (red curve in Fig. 3.1d). However, in the

special case where φNR = 90◦, the phase contrast varies sharply for R < 1 and R > 1, as

seen most clearly by the blue curve in Fig. 3.1c. In the case where φNR = 0◦ or 180◦, the

phase contrast always displays its maximum value of 180◦ if R < 1. We will now compare

these predictions with some experimental observations.

3.3.2 Bare metal surface

We first consider a heterodyne measurement of the aluminum surface exposed to air, where

the local oscillator is generated in transmission from y-cut quartz. There are no vibrational

resonances in the region 2800–3000 cm−1 (homodyne spectrum in Fig. 3.2a), but we do

observe the interference between the LO and the SFG generated from the Al surface.

Data obtained from an experiment where the IR beam frequency is scanned from 2800–

3000 cm−1, and the phase-shifting unit is rotated by 90◦ from −45 to +45◦ is used to

obtain the phase information shown in Fig. 3.2b. The interference pattern appears much

like one obtained for a transparent bulk nonlinear crystal such as z-cut quartz.85 However,

as the LO reflects off a metallic sample, and subsequently from a dielectric reference

sample (z-cut quartz), an additional phase correction is required, as has been described

in detail previously.87 This has already been taken into account in presenting the phase

data in Fig. 3.2b, using the frequency-dependent refractive index of aluminum. Using this

analysis, we have determined that the phase of χ
(2)
NR for our aluminum sample is −120◦

throughout this region of the mid-infrared. This value depends on the visible wavelength
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and to the extent that the surface is clean. As the phase of this surface is not a multiple of

90◦, the non-resonant component appears in both Re{χ(2)} and Im{χ(2)} as shown in the

red and blue lines in Fig. 3.2c.

Figure 3.2: The top row shows homodyne SFG data obtained for the bare aluminum surface
(left column), glass surface functionalized with OTS (second column), aluminum surface
with adsorbed SDS (third column), and gold surface with covalently attached ODT (right
column). The middle row shows the phase extracted from a heterodyne SFG experiment
from the same four surfaces. The bottom row illustrates the real and imaginary components
obtained from |χ(2)|cosφ and |χ(2)|sinφ . Reprinted with permission from Ref. 123.
Copyright 2017 American Chemical Society.

3.3.3 Glass-organic interface

For comparison, we present another simple case, trichloro(octadecyl)silane (OTS), func-

tionalized onto a glass surface. Homodyne data appears in Fig. 3.2d. As there is negligible

non-resonant SFG contribution, so the measured interference in a heterodyne experiment

originates primarily between the vibrationally-resonant sample SFG and LO to yield the

phase shown in Fig. 3.2e. The real and imaginary components of χ(2) are indicated by the
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red and blue traces in Fig. 3.2f. If we fit this data assuming a model where each vibrational

mode is represented by a Lorentzian line shape

χ
(2)
R (ωIR) =

A
ω0−ωIR− iΓ

(3.4)

where A is the (signed) amplitude of response, ω0 is its resonant frequency, and Γ is the

homogeneous linewidth, we can estimate the oscillator strength from the expression on

resonance as A/Γ. For the methyl symmetric stretch, this produces a value of R =−0.06 as

indicated by the annotation on Fig. 3.1b, with φNR =±180◦. We therefore predict a phase

contrast of nearly 180◦ on passing through this mode near 2875 cm−1, in agreement with

our observation.

3.3.4 Metal-organic interface

We now prepare a surface where sodium dodecyl sulfate (SDS) is adsorbed onto the same

Al substrate we have previously characterized, and perform a homodyne SFG experiment.

The measured signal is a superposition of the Al non-resonant and surfactant resonant

contribution as described in Eq. 3.1, and the measured intensity is given by

I ∝

∣∣∣|χ(2)
NR|e

iφNR + |χ(2)
R |e

iφR
∣∣∣2

= |χ(2)
NR|

2 + |χ(2)
R |

2 +2|χ(2)
NR||χ

(2)
R |cos(φNR−φR).

(3.5)

As the IR probe passes through a vibrational mode, we see a frequency dependence in the

resonant contribution as in Eq. 3.4. The phase of the resonant component is given by

φR(ωIR) = arctan
[

AΓ

A(ω0−ωIR)

]
.

Although it appears that the above expression may be independent of A, we have included it

in the numerator and denominator, as the sign of A determines the quadrant of φR, a critical

aspect of the phase characterization. In modelling such a response, it is therefore important

to preserve the quadrant information in the inverse tangent operation. More explicitly,

φR(ωIR) =


arctan[Γ/(ω0−ωIR)] for A > 0 and ωIR < ω0

arctan[Γ/(ω0−ωIR)]+180◦ for A < 0 and ωIR > ω0

arctan[Γ/(ω0−ωIR)]−180◦ for A < 0 and ωIR < ω0.

(3.6)
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An important conclusion here is that, when χ
(2)
NR = 0, φR changes by 180◦ for an isolated

vibrational mode upon passing through resonance. Examining the data Fig. 3.2g relatively

far from any vibrational resonance (for example near 2800 cm−1), χ
(2)
R ≈ 0 and |χ(2)

NR| ≈
√

I

from Eq. 3.5. Estimation of |χ(2)
R | is not as straightforward as a result of the interference

that is described by Eq. 3.5. However, from fitting the data to a sum of Lorentzians plus a

non-resonant component, we have determined that R = 1.39. We then introduce the local

oscillator to perform a heterodyne measurement. The extracted phase is shown in Fig. 3.2h,

which bears a striking resemblance to that obtained for the bare Al surface (Fig. 3.2b), with

a greatly diminished phase contrast largely blurring the strong vibrational features present

in the homodyne data. If we were to combine this phase information with |χ(2)| obtained

from the homodyne data in Fig. 3.2g, we can plot χ(2) cosφ (red trace in Fig. 3.2i) and

χ(2) sinφ (blue trace) to obtain the real and imaginary components of χ(2). In the case of

dielectric substrates with negligible (or at least real-valued) χ
(2)
NR, the sign of Im{χ(2)}

reveals the polarity of the functional group, as will be described in more detail in the

following section. Here a complex-valued non-resonant response contributes an offset to

both the real and imaginary spectra, so it is now the direction of the band in Im{χ(2)}, and

not its sign, that is important.

Before generalizing our approach, we consider one final example of octadecylthiol

(ODT) on gold, with the homodyne data in Fig. 3.2j. Gold has been widely used in SFG

experiments as a phase reference, including applications where the metal is not in direct

contact with the molecules of interest, but close enough to provide a source of non-resonant

SFG.44, 115, 116, 124, 125 For typical beam angles in a reflection experiment, the |χ(2)
NR| for Au

is at least two orders of magnitude weaker in ssp than in ppp polarization at 532 nm, often

allowing |χ(2)
NR| and |χ(2)

R | to be comparable.87 However, Fig. 3.2k again shows that the

variation in phase is small. Fitting the data provides R = 1.84 for the methyl symmetric

stretch, along with our direct measurement of φ = 84◦ from the heterodyne experiment.

When this point is plotted on the map in Fig. 3.1b, one predicts a phase contrast of roughly
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Figure 3.3: Experimental data in points obtained from a determination of the (a) magnitude
squared and (b) phase of ODT on gold. These have been transformed into the (c) real and
(d) imaginary components of χ(2) (data in points). A fit to a model where each vibrational
mode is represented by a Lorenztian is shown with black lines. The same model, but
excluding the gold non-resonant contribution, is plotted with red lines. Reprinted with
permission from Ref. 123. Copyright 2017 American Chemical Society.
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60◦, close to what is observed in our data. Note that our predictions in Fig. 3.1 are based on

an isolated vibrational mode. When multiple modes spectrally interfere, the phase contrast

is also diminished. Fig. 3.3 illustrates the measured magnitude and phase, and plots real

and imaginary components of χ(2) for the ODT-Au surface, as indicated by the points.

Simultaneous fits to the magnitude and phase data resulted in the black lines. When the

same set of Lorentzian amplitude, frequency, and width parameters are re-plotted without

the non-resonant component, the predicted results are shown in red. From this comparison

we can conclude that, although neighboring vibrational modes reduce the phase contrast,

the effect is minor in comparison to the effect of the non-resonant contribution. We can see

that the methyl symmetric stretch experiences a phase change of nearly 180◦ (red curve in

Fig. 3.3b) if χ
(2)
NR = 0, in comparison to the measured to phase contrast of ca. 60◦.

3.3.5 Combined use of homodyne and heterodyne SFG data to estab-
lish functional group polarity

Although the above examples show that a complete treatment of the heterodyne data will

yield the sought polarity information, it is useful to have a manner for extracting this

from the homodyne data directly in the case of strong non-resonant contributions that

provide clear interference lineshapes. The relationship between all of the experiments

and observables is summarized in Fig. 3.4. The left column represents the case of a

molecule adsorbed on a surface with no significant non-resonant contribution; the right

column presents the same case, but on a metallic substrate with φNR = −120◦ as in the

case of aluminum. The first row depicts the result of a homodyne SFG experiment for a

sample with methyl groups directed down (towards the substrate, indicate in blue) and up

(away from the substrate, towards the vapor phase, indicated in orange). In the absence

of any non-resonant contribution the two spectra are, of course, indistinguishable as seen

in Fig. 3.4a. With a large non-resonant contribution (note the extent of the vertical axis in

Fig. 3.4b), the two cases of methyl orientations are distinguishable. Practically, this occurs

whenever R > 1. If a heterodyne experiment were performed on the dielectric substrate,
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Figure 3.4: Illustration of the relationship between the apparent direction (upwards
vs downwards pointing) of a vibrational resonance in homodyne and heterodyne SFG
experiments. The first column χ

(2)
NR ≈ 0 represents situations with no non-resonant

contribution; the second column shows the same resonance properties with a significant
non-resonant background, with φNR = −120◦. Blue spectra are for the methyl symmetric
stretch, where the C-to-H axis points towards the substrate. The same vibrational mode, but
for the opposite polarity, is shown in orange. The shaded panels represent data that would
be useful, but difficult to obtain in a heterodyne experiment. Reprinted with permission
from Ref. 123. Copyright 2017 American Chemical Society.
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the resonances would appear with opposite signs (Fig. 3.4c) in the extracted imaginary

component of the spectra, as we have shown in the case of OTS-glass. Alternatively, and

a more direct representation of the measured quantity in the heterodyne experiment, the

phase would change by 180◦, passing through the resonance at either ±90◦, depending

on the methyl group orientation (Fig. 3.4e), as encoded in the sign of A. Although the

corresponding data in the case of the metal substrate still reveal differences according to the

polarity of the methyl group, the imaginary spectra are both negative in this case (Fig. 3.4d),

and there is only a small change in phase (Fig. 3.4f) upon passing through the vibrational

resonance. The phase contrast depends on the relative magnitudes R = |χ(2)
NR|/|χ

(2)
R | and

φNR. Figs. 3.4d and 3.4f have been shaded to indicate that, although this information would

lead to a determination of the methyl polarity, it is strictly not required, and may be difficult

to obtain unless the experimental phase resolution is sufficiently high.

From an inspection of the SDS-Al and ODT-Au data, it is apparent that some phase

information is present, but analysis hinges on the non-resonant phase. Furthermore,

it has been demonstrated that the non-resonant phase of a metallic substrate may be

substantially altered by the presence of the adsorbate, and is sensitive to the surface

coverage.48, 126 However, if heterodyne measurements are available, φNR can be determined

experimentally. In the presence of a strong non-resonant contribution, it is then practical

and robust to obtain the chemical functional group polarity from the homodyne data. The

relationship between the orientation and the direction/appearance of the corresponding

resonance feature is given by the sign of cos(φNR−φR) as revealed by Eq. 3.5. If the nature

of the SFG signal at that particular IR frequency is not certain, for example if multiple

modes may contribute to the observed spectral feature, then both φNR and φR need to be

determined in order to assess this. However, if it is known that the spectral feature is

relatively free from contributions of other vibrational modes, a considerable simplification

can be made, as was considered in the model in Fig. 3.4, where the phase changes by 180◦

upon passing through the resonance, and has a value of ±90◦ on resonance. In this case,
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we limit φR =±90◦, and cos(φNR−φR) becomes ±sinφNR.

We define a polarity parameter P as

P = sgn(A · sinφNR) (3.7)

where P > 0 indicates that a functional group pointing up will result in an “upward”

resonance in a homodyne measurement. Taking the methyl symmetric stretch in ssp as

an example, if the C-to-H axis is directed up, in the direction of the reflected SFG beam,

the resonant amplitude in Eq. 3.6 is given by

Ayyz = N(2α
(2)
ccc +α

(2)
aac +α

(2)
bbc)〈cosθ〉−N(2α

(2)
ccc−α

(2)
aac−α

(2)
bbc)〈cos3

θ〉 (3.8)

where a,b,c are the molecular frame Cartesian coordinates, with c along the methyl C3

symmetry axis. In Fig. 3.5, harmonic approximations of these α(2) elements are obtained

for methyl groups in different environments. This method has been described in detail

previously.58 In brief, dipole moment vector and polarizability tensor elements (points

indicated by open circles) are calculated for various geometries that represent vibration

along the normal mode coordinate Q of interest, the methyl symmetric stretch in this case.

Fits to second-order polynomials are indicated by solid lines; the slopes evaluated at Q = 0

are drawn with dashed lines. In all cases, ∂αaa/∂Q ≈ ∂αbb/∂Q and so, for the methyl

symmetric stretch we can make the further approximation

Ayyz ≈ 2N
∂ µc

∂Q

[
∂αaa

∂Q
+

∂αcc

∂Q

]
〈cosθ〉+2N

∂ µc

∂Q

[
∂αaa

∂Q
− ∂αcc

∂Q

]
〈cos3

θ〉

= f1〈cosθ〉+ f3〈cos3
θ〉

(3.9)

As Fig. 3.5 also reveals that ∂αaa,bb/∂Q > 0, ∂αcc/∂Q < 0, and ∂ µc/∂Q < 0, and this

results in f1 < 0 and f3 < 0. As a consequence, Ayyz < 0 when 0◦ < θ < 90◦, and Ayyz > 0

when 90◦ < θ < 180◦. On aluminum where φNR = −120◦, sinφNR ≈ −0.87 and so P

is positive. In other words, an “upwards” band (as in the orange spectrum in Fig. 3.4b,

and the experimental data in Fig. 3.2g) is predicted. In the case of the terminal methyl

group of the ODT akyl chain on gold, φNR = 84◦ and sinφNR ≈ 1. Examining the ODT-Au
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Figure 3.5: The relationship between the sign of the band in the Im{χ(2)} spectrum, or
the direction of the band in the |χ(2)|2 spectrum in the presence of significant non-resonant
background, and the orientation of the chemical functional group depends on the sign of
the relevant hyperpolarizability tensor elements. Here we illustrate that, for the methyl
symmetric stretch, (a) ∂ µc/∂Q< 0, (b,c) ∂αaa/∂Q≈ ∂αbb/∂Q> 0, and (d) ∂αcc/∂Q< 0,
regardless of whether the methyl group is part of an alkyl chain (blue), ester group (green),
or alcohol (red). Points are the results of our calculation. Solid lines are the results of a fit
to a second-order polynomial; dashed lines are the tangent evaluated at Q = 0. Reprinted
with permission from Ref. 123. Copyright 2017 American Chemical Society.
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homodyne data in Fig. 3.2j, the CH3 symmetric stretch is downwards pointing. Together

with a negative value of P, we again come to the conclusion that the methyls are directed up,

away from the gold surface. In the above discussion, we have simplified the consideration

of which hyperpolarizability tensor elements in the molecular frame are projected onto the

lab frame in the ssp experiment. We also point out that, while the signs of the α(2) elements

depend on the choice of molecular axes, the final conclusion does not. If the molecular

frame were flipped so the hyperpolarizability elements are now providing a description of

the molecule when it is upside down, the resulting tilt angle would now be the opposite

quadrant, thereby describing the same molecular orientation. As a second example, if one

considers the same hyperpolarizability calculation for the surface water free-OH stretch

often observed near 3700 cm−1, one arrives at A > 0. Therefore the opposite conclusions

are made from experimental data with similar appearance.

Table 3.1 summarizes the workflow for arriving at the polarity of a chemical functional

group. In the case of a heterodyne experiment, the direction of Im{χ(2)} immediately

provides the result, as long as the nature of the vibrational mode (from the magnitudes and

signs of its relevent hyperpolarizability tensor elements) are known. This is a fundamental

requirement for all SFG experiments that seek to establish the functional group polarity,

contained in the A term. In the heterodyne experiment, the non-resonant phase only

determines the sign of Im{χ(2)}, and this information is irrelevant for our purpose. It

is more interesting to consider the homodyne experiment, as the signal-to-noise is high,

the measurement is easy and quick to perform, and the analysis is less susceptible to

error. Note that the homodyne data we are describing here applies only in the case of a

significant non-resonant background with known phase. Here the product of the signs of

A and φNR determine the sign of the polarity parameter. A positive value of P indicates

that the direction of the peak in the homodyne data indictes the direction of the functional

group orientation. If P is negative, the connection is reversed.
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Table 3.1: Scheme for determining the polarity of a chemical function group based on
either a homodyne measurement (when there is significant non-resonant amplitude), or
a heterodyne measurement. In all cases, a coincident external reflection geometry is
assumed, where methyls pointing up have their C-to-H vector parallel to the reflected SFG
beam. Reprinted with permission from Ref. 123. Copyright 2017 American Chemical
Society.
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3.4 Conclusions

Phase-resolved SFG spectroscopy is a powerful tool for elucidating the structure of

molecules on surfaces that is uniquely capable of resolving the polarity of each chemical

group orientation, i.e. distinguishing the quadrants that define the up vs down directions.

This technique has been especially valued for the study of dielectric surfaces, where the

lack of a non-resonant contribution offers few other clues to the polarity, as interference

effects are generally weak or non-existent. On metal surfaces, phase-resolved experiments

also provide information of the surface electronic structure, which is in turn sensitive to

the nature and coverage of adsorbed species. However, there are practical challenges

associated with measuring the resonant phase on metal surfaces, as the phase contrast is

observed (and anticipated) to be low. One solution to this problem is to use the phase of the

metal (preferably in the presence of the absorbed molecules) as determined in a heterodyne

scheme, together with the homodyne data, in order to extract the sought polarity, as an

alternative to retrieving the complete imaginary spectrum.
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Chapter 4

Determining Nonlinear Optical
Coefficients of Metals by Multiple Angle
of Incidence Heterodyne-Detected
Sum-Frequency Generation
Spectroscopy*,†

4.1 Introduction

Visible-infrared sum-frequency generation is a second-order nonlinear vibrational spec-

troscopy technique that is valued for its ability to probe the structure of molecules at

solid, liquid, and vapor interfaces.127–129 Under the electric dipole approximation, the

second-order electric susceptibility χ(2) is non-zero only in the absence of inversion

symmetry.40, 63 Therefore, when a broadband or tunable infrared beam is spatially- and

temporally-overlapped with a fixed frequency visible or near-infrared beam, vibrational

resonances in χ(2) of surface species may be observed. Performing the experiment with

different beam polarizations enables different elements of the rank-3 χ(2) tensor to be

obtained. If the orientation of a chemical functional group is of interest, measurements

*Reproduced in part from Yang, W.-C.; Busson, B.; Hore, D.K. “Determining Nonlinear Optical
Coefficients of Metals by Multiple Angle of Incidence Heterodyne-Detected Sum-Frequency Spectroscopy.”
J. Chem. Phys. 152, 084708 (2020). Copyright 2020 American Institute of Physics.

†All sample preparation, data collection, data analysis, and multi-angle model development by Wei-
Chen Yang. Theoretical development related to the quadrupolar components of χ(2) contributed by Bertrand
Busson.



50

are typically carried out in at least two polarization schemes. For example, an experiment

in which the s-polarized component of the SFG is measured when s-polarized visible and p-

polarized infrared is used (the so-called ssp scheme) selectively probes χ
(2)
yyz (see Fig. 4.1).

Similarly, sps experiments provide access to χ
(2)
yzy . If we consider the methyl symmetric

stretch, the orientation of its C3 axis may be determined from the ratio χ
(2)
yyz/χ

(2)
yzy . There are

many descriptions in the literature that provide details on this procedure.27, 54, 130–134

Collecting spectra in multiple polarization schemes generally works well for dielectric

interfaces, keeping in mind that the surface fields are enhanced or reduced at specific angles

of incidence, and the optimum settings depend on the polarization of all beams.75, 135, 136

In the case of metals, however, the amplitude of s-polarized light (electric field vector

perpendicular to the plane of incidence) at the surface is strongly reduced. The extent

to which the surface field decreases is dependent on the metal and specific frequency,

but often creates the situation where only the ppp polarization scheme yields appreciable

signals. This presents a challenge for orientation analysis as χ
(2)
xxz , χ

(2)
xzx , χ

(2)
zxx and χ

(2)
zzz

are all potential contributors to the measured response. If the nature of the surface

species and the vibrational assignment are well understood, then one option is to perform

homodyne (intensity) measurements of ppp spectra at multiple angles of incidence and

then simultaneously solve for the amplitudes of interest by assuming a specific lineshape,

such as a Lorentzian.38, 39, 56, 80 For samples that generate response with both s- and

p-components of the incident fields, there are methods that can extract the χ(2) tensor

elements by varying the beam polarizations.137, 138

Here we present an approach that is universally applicable, can measure complex-

valued χ(2) elements, and is able to provide the dispersion of these quantities throughout

the region over which the laser frequencies are tuned. We demonstrate our method applied

to the case of the gold surface, of interest to many surface studies.44, 115, 116, 124, 125 The

choice of gold is further motivated by its universal use as a support for (e.g. thiolated) self-

assembled molecular layers, its chemical stability in air and its intense SFG nonresonant
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response (due to contributions from its free and bound electrons.139, 140) We begin by

introducing some formalism that relates the surface fields to the incidence and reflected

SFG fields. We also describe the quadrupolar response from the bulk of the material. We

then analyze heterodyne-detected ssp SFG data to obtain the magnitude and phase of χ
(2)
yyz

from a gold surface when the visible laser is fixed at 532 nm, and the infrared beam has

a frequency of 2800 cm−1. We use these results to verify the outcome of our analysis of

multi-angle heterodyne ppp experiment on gold from 40–70◦. In the end, our method is

applicable to any dielectric or metal surface, but is particularly valuable when structural

information is sought and two or three independent χ(2) elements must be extracted from

ppp data.

4.2 Background

4.2.1 Nonlinear optical response of metal surface and bulk in SFG

Before turning to the description of our heterodyne angle-dependent method, we first

review the essential nonlinear properties of gold in order to determine which tensor

components have to be taken into account in the data analysis. The second-order

nonlinear optical response of a metal surface has been studied soon after the first reported

evidence of second harmonic generation (SHG),141–143 and continues to be of interest

in the SHG and SFG community.144–152 The description of the nonlinear gold response

presented here follows from the general phenomenological model of surface and bulk SFG

response,139, 141, 153–155 analogous to SHG models, such as that developed by Mizrahi and

Sipe.156 For a polycrystalline cubic material, the bulk and surface behave essentially like an

isotropic system. The surface second-order polarization has its origins in the discontinuity

of the electron density while crossing the interface at z = 0 (see Fig. 4.1), creating large

electric field gradients.154, 155 The resulting surface nonlinear polarization is obtained by

integration of the bulk polarization along z across the interface.153 The surface terms of

the gold second-order susceptibility χ
(2)
i jk,surf, defined as PS

i = χ
(2)
i jk,surfEvis,jEIR,k have C∞v
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Figure 4.1: Definition of the coordinate system and conventions used in this analysis for
the (a) ssp and (b) ppp polarization schemes. z is along the surface normal, (x,y) define
the interface between air and gold, and (x,z) is the plane of incidence. Reprinted with
permission from Ref. 158. Copyright 2020 American Institute of Physics.

symmetry, leaving only the usual seven non-vanishing terms zzz, xxz = yyz, xzx = yzy

and zxx = zyy (Table 4.1).29 The parallel components of the electric fields experience no

gradients as they are continuous across the interface, so the surface zxx term vanishes.155, 157

Apart from these surface-specific contributions, the emitted SFG also contains contri-

butions from bulk effects, which we present in more detail as their properties fundamentally

differ from the well-known surface terms. In isotropic materials, they arise from the

gradients associated with the propagation of the light waves (electric fields Evis and

EIR) inside the bulk, and therefore depend on their bulk wavevectors qvis and qIR where

qi = qi,xx̂−qi,zẑ and

qi,x =
ωi

c
sinθi =

niωi

c
sinθ

T
i ,

qi,z = ni
ωi

c
cosθ

T
i ,

(4.1)

where ni is the bulk refractive index at ωi (refractive index of air is taken as unity), and

θi and θ T
i are the angles of incidence of beam i in air and in the bulk, respectively.

The situation is different when bulk dipolar contributions are allowed, for example in a

chiral liquid,159, 160 as they will dominate the quadrupolar response due to the gradients.

The penetration of light inside the gold is limited by the large value of the attenuation

coefficient: at 532 nm, the electric field decays to 1/e of its initial value after 37 nm;

at 2800 cm−1 the corresponding value is 23 nm. However, considering fcc gold with a
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lattice constant around 0.4 nm, the penetration depth is greater than 50 unit cells. The bulk

terms are therefore important to consider. In addition, large attenuation results in large

wavevectors in Eq. 4.1, leading to large field gradients as will be discussed later (Eq. 4.3).

In the literature, the comparison between surface and bulk terms has been extensively

studied for SHG,161, 162 but less so for SFG.25, 40, 163–168 There are two ways to describe

the bulk contributions from an isotropic medium. The first one is inspired from the

original work of Bloembergen and Pershan,141 separating the nonlinear polarization inside

the bulk into components parallel and perpendicular to the source wavevector qvis +qIR.

Each component radiates in the reflected and transmitted directions as deduced from the

boundary conditions at the interface. This formulation leads to a single, compact but

intricate, bulk contribution to the effective nonlinear susceptibility that is added to the

surface terms.139, 154, 155 In the isotropic case, the bulk source is parametrized by the non-

vanishing coefficients of the quadrupolar nonlinear susceptibility defined by

PB(qvis,qIR,r) = PB(qvis,qIR)exp [i(qvis +qIR) · r] (4.2)

with

PB(qvis,qIR) = i [Dvisqvis(Evis ·EIR)+∆vis(qvis ·EIR)Evis

+DIRqIR(Evis ·EIR)+∆IR(qIR ·Evis)EIR]
(4.3)

under the plane wave hypothesis qi · Ei = 0. Analogous coefficients have long been

defined in SHG169, 170 and extension to crystalline cubic materials is possible by adding

anisotropic terms.171, 172 A quantitative evaluation of these coefficients is necessary

to determine the impact of the bulk response as compared to the surface terms. For

this purpose, simple models enable calculation of the Di and ∆i coefficients in Eq. 4.3

from the electronic properties of gold,155 while a more rigorous description requires

separating the contributions from free and bound electrons.139, 173 Surface and bulk

effective susceptibilities, calculated separately, reconstruct the total SFG response from

gold.140
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The second formulation for the bulk terms describes the bulk as an infinite stack of

thin plates, just like the surface terms. Considering that the bulk polarization in Eq. 4.2 is

independent of the position except for its phase term, each plate radiates the same electric

field as if it were located at z = 0, taking into account the depth-dependent phase shift ∆φ =

(∆q)R · r where (∆q)R = qvis + qIR− qSFG, with qSFG = qSFG,xx̂+ qSFG,zẑ in reflection.

Because of momentum conservation parallel to the surface,141 the wavevector mismatch

∆qR applies to only the z-components of the wavevectors and ∆qR =−(∆qz)R ẑ. Integration

along z produces an equivalent surface contribution defined by40, 165

PB,surf(qvis,qIR) =
i PB(qvis,qIR)

(∆qz)R
(4.4)

to which the formulas usually devoted to surface terms may be applied. In particular, an

equivalent surface nonlinear susceptibility of the bulk is defined as

PB,surf
i (qvis,qIR) = χ

(2)
i jk,bulk(qvis,qIR)E j,visEk,IR. (4.5)

Comparing SFG emitted in reflection and transmission, in principle, enables the bulk and

surface contributions to be separated.167 It has been demonstrated that part of this bulk

nonlinear susceptibility may be transformed into a true surface nonlinear susceptibility

χ
(2)
i jk,bulk,insep., making it experimentally indistinguishable from χ

(2)
i jk,surf.

40, 165

Both formulations have their unique advantages, the first one facilitating modeling of

the dispersion of the nonlinear bulk coefficients, and the second one providing a more

facile route for comparing and combining bulk and surface terms. However, at first sight

they may seem incompatible because the formulas for the emitted field in the bulk have

diverged (compare for example Refs. 155 and 40). We show in Appendix A that they are

in fact equivalent; we may therefore directly express χ
(2)
i jk,bulk as a function of the Di and

∆i coefficients to calculate the bulk contribution. Care must be taken when describing

the separable and inseparable bulk nonlinear susceptibilities, as the separable part of

this equivalent surface nonlinear susceptibility only formally behaves as a true surface

nonlinear susceptibility as far as SFG emission is concerned, but essentially differs through
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tensor
element polarization dipolar

surface term
inseparable

term

separable bulk
(non-separable as

a function of angle)

separable bulk
(separable as

a function of angle)
xxx ppp - - - yes (1.1)
xzz ppp - - - yes (0.008)
zzx ppp - - - yes (0.008)
zxz ppp - - - yes (0.004)
xxz ppp yes - yes (0.007) -
xzx ppp yes - yes (3.0) -
zxx ppp yes (but 0) yes - yes (0.48)
zzz ppp yes yes yes (0.03) -
yyx ssp - - yes (0.005) -
yyz ssp yes - yes (0.005) -
zyy pss yes (but 0) yes - yes (0.31)
xyy pss - - - yes (0.44)
yxy sps - - - yes (0.2)
yzy sps yes - yes (2.0) -

Table 4.1: All 14 possible non-zero elements of χ(2), grouped according to the polarization
scheme in which they are probed.

its wavevector (qvis, qIR and ∆q) dependence. As a consequence, the usual symmetry

considerations do not apply to this tensor and a total of 14 terms is expected, listed in

Table 4.1. As detailed in Appendix B, a subset of these coefficients are intrinsically

inseparable from the zxx, zyy and zzz surface terms. In the following, we focus on the

separable contributions (Eqs. 4.28–4.31 and 4.35–4.38).

Our goal is to tune the angle of incidence θ to separate the various contributions to

the gold SFG response as a result of their specific angular dependence. Among the bulk

separable terms of the equivalent nonlinear surface susceptibility, those that do not vary

with θ behave exactly like a surface term in our experiment. Following our previous

work,139 we have calculated them for both the free and bound electron populations of

gold, and display their magnitudes in Fig. 4.2. We note that the most intense terms (xzx,

yzy and zzz) are the same for both electron populations (this is also true for all other terms

except xxz, yyz, zzx and yyx) and vary by no more than a few percent over the considered

angle range, as do xxz and yyz. These five elements cannot be separated from surface

contributions in our measurements (see Table 4.1). Therefore, in order to estimate the

most important terms among the nine remaining ones, we calculate the total effective
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Figure 4.2: Separable |χ(2)
bulk| as a function of angle of incidence, dividing the contribution

into that from the (a, b) the interband transition and (c, d) the free electron contribution.
Reprinted with permission from Ref. 158. Copyright 2020 American Institute of Physics.

contribution by summing free and bound electron terms (although their mutual weights

may be debated140) and weighting them by the appropriate Fresnel coefficients (Fig. 4.3).

Their relative magnitude is indicated in the last column of Table 4.1.

Maximal compatibility between bulk and surface terms is ensured when all quantities

involved (electric fields and polarizations) are defined in the same medium, chosen as the

place where the nonlinearity effectively takes place. In the present case, we consider this

location to be inside gold, at z = 0−.
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Figure 4.3: Bulk effective χ(2) elements as a function of angle of incidence for all four
polarization schemes (a) PPP, (b) SSP, (c) PSS, and (d) SPS. The xzz, zzx, zxz, xxz, and
zzz elements that contribute to PPP are too small to be seen in comparison to xzx, xxx, zxx.
Reprinted with permission from Ref. 158. Copyright 2020 American Institute of Physics.
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4.2.2 Local field considerations

The intensity of the reflected SFG is obtained from

ISFG =
8π3ω2

SFG
c3 cos2 θSFG

|χ(2)
eff |

2IvisIIR (4.6)

where the effective susceptibility is defined as

χ
(2)
eff = Lii,SFGL j j,visLkk,IRei,SFGe j,visek,IR(χ

(2)
i jk,surf +χ

(2)
i jk,bulk). (4.7)

This definition includes elements of the unit polarization vector

e =

 ±cosθ

1
sinθ

 (4.8)

and local field correction tensor

L =

 1− rp 0 0
0 1+ rs 0

0 0 (1+ rp)
1
n2

 (4.9)

with rp and rs the familiar Fresnel reflection coefficients

rp =
ncosθ − cosθ T

cosθ T +ncosθ
(4.10a)

rs =
cosθ −ncosθ T

cosθ +ncosθ T (4.10b)

where the refracted angle θ T is obtained from Snell’s law. As a reminder, we have assumed

the refractive index is unity for air, and n refers to the complex refractive index of bulk gold

in all of our expressions. In our experimental geometry (Fig. 4.1), positive values of ex are

used to describe in the incoming visible and IR beams; a negative value of ex is used in the

case of the reflected SFG beam. For the vibrationally non-resonant response of gold, the

form of Lzz indicates that we treat the signal as if it originates from the bulk gold just below

the surface (at z = 0−).

The relative magnitude and angle dependence of the L factors applicable to the ppp

polarization scheme is shown in Fig. 4.4 for the case air–gold interface. In the case where
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Figure 4.4: A comparison angle-dependent (a) magnitude and (b) phase of the local field
correction factors for the air–gold interface. Reprinted with permission from Ref. 158.
Copyright 2020 American Institute of Physics.

the refractive index of the visible and SFG beams is similar, and the angle of the reflected

SFG is close to the angle of incident visible beam (they are equal in our collinear geometry)

we expect Lxx,SFGLzzvis = Lzz,SFGLxx,vis.

4.2.3 Bulk SFG contribution transformed into a surface term

We recall141 that, inside the bulk, the SFG beam propagates with a wavevector qSFG,

a dielectric function εSFG and at an angle of incidence θ T
SFG, whereas the nonlinear

polarization propagates with a wavevector qS
SFG = qvis + qIR, associated to a dielectric

function εS = n2
S = εSFG|qS

SFG|2/|qSFG|2 at an angle of incidence θ S
SFG. Starting from the
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original equations giving the amplitudes of the reflected SFG field as a function of the bulk

polarization154

Ep(ωSFG) =
4π

nSnSFG

1
nSFG cosθSFG + cosθ T

SFG

[
PB
‖ sinθSFG

+PB
⊥

εSFGnS cosθ S
SFG− εSnSFG cosθ T

SFG
εSFG− εS

] (4.11)

and

Es(ωSFG) = Ey(ωSFG) =
4π

εSFG− εS

nS cosθ S
SFG−nSFG cosθ T

SFG

nSFG cosθ T
SFG + cosθSFG

PB
y (4.12)

where PB
‖ and PB

⊥ stand for the components of the bulk nonlinear polarization parallel and

perpendicular to qS
SFG, respectively, in the (x,z) plane. Defining the wavevector mismatch

in reflection (∆qz)R = qvis,z + qIR,z + qSFG,z and in transmission (∆qz)T = qvis,z + qIR,z−

qSFG,z, we use the following identities to transform Eq. 4.11 and 4.12

(qS
SFG)

2− (qSFG)
2 =(qS

SFG,z)
2− (qSFG,z)

2

=(∆qz)R(∆qz)T

=
ω2

SFG
c2 (εS− ε3)

(4.13)

(∆qz)R/T =
ωSFG

c
(nS cosθ

S
SFG±nSFG cosθ

T
SFG). (4.14)

For s-polarization, this leads to

Es(ωSFG) =
4iπωSFG

c
1

nSFG cosθ T
SFG + cosθSFG

iPB
y

(∆qz)R

=
2iπωSFG

cosθSFGc
Lyy(ωSFG)

iPB
y

(∆qz)R

(4.15)

and for p-polarization we have

PB
‖ = PB

x sinθ
S
SFG−PB

z cosθ
S
SFG

PB
⊥ = PB

x cosθ
S
SFG +PB

z sinθ
S
SFG.

(4.16)

Using

εSFGnS cosθ S
SFG− εSnSFG cosθ T

SFG
εSFG− εS

= nSFG(cosθ
T
SFG−

ωSFG

c
nSFG

(∆qz)R
) (4.17)
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we get, for the x projection,

Ep,x(ωSFG) =
4π

nSnSFG

1
nSFG cosθSFG + cosθ T

SFG

[
sinθ

S
SFG sinθSFG

+cosθ
S
SFGnSFG(cosθ

T
SFG−

ωSFG

c
nSFG

(∆qz)R
)

]
PB

x .

(4.18)

Using sinθSFG = nSFG sinθ T
SFG and

(∆qz)R cos(θ T
SFG−θ

S
SFG) =

ωSFG

c

[
nSFG cosθ

S
SFG +nS cosθ

T
SFG

]
, (4.19)

this simplifies into

Ep,x(ωSFG) =
4πωSFG

c
cosθ T

SFG
nSFG cosθSFG + cosθ T

SFG

[
PB

x
(∆qz)R

]
=− 2iπωSFG

cosθSFGc
Lxx(ωSFG)cosθSFG

iPB
x

(∆qz)R
.

(4.20)

For the z projection, we have

Ep,z(ωSFG) =
4π

nSnSFG

1
nSFG cosθSFG + cosθ T

SFG

[
−cosθ

S
SFG sinθSFG

+sinθ
S
SFGnSFG(cosθ

T
SFG−

ωSFG

c
nSFG

(∆qz)R
)

]
PB

z ,

(4.21)

simplifying by use of

(∆qz)R sin(θ T
SFG−θ

S
SFG) =

ωSFG

c
εS− εSFG

nSnSFG
sinθSFG (4.22)

into

Ep,z(ωSFG) =−
4πωSFG

cnSFG

1
nSFG cosθSFG + cosθ T

SFG

PB
z

(∆qz)R
sinθSFG

=
2iπωSFG

ccosθSFG
Lzz(ωSFG)sinθSFG

iPB
z

(∆qz)R
.

(4.23)

Equations 4.15, 4.20 and 4.23 are formally identical to the decomposition of the electric

field emitted at the interface by an equivalent surface polarization153 defined by Eq. 4.4.

4.2.4 Separable and inseparable bulk terms

From Eq. 4.3, 4.4 and 4.5, and using Eq. 4.1, we get for the 14 components of the equivalent

surface nonlinear susceptibility:

χ
(2)
xxx,bulk =−

1
(∆qz)R

[
Dvisqvis,x +DIRqIR,x +∆visqvis,x +∆IRqIR,x

]
(4.24)
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χ
(2)
xzz,bulk = χ

(2)
xyy,bulk =−

1
(∆qz)R

[
Dvisqvis,x +DIRqIR,x

]
(4.25)

χ
(2)
zxx,bulk = χ

(2)
zyy,bulk =

1
(∆qz)R

[
Dvisqvis,z +DIRqIR,z

]
(4.26)

χ
(2)
zzz,bulk =

1
(∆qz)R

[
Dvisqvis,z +DIRqIR,z +∆visqvis,z +∆IRqIR,z

]
(4.27)

χ
(2)
xxz,bulk = χ

(2)
yyz,bulk =

1
(∆qz)R

[
∆visqvis,z

]
(4.28)

χ
(2)
xzx,bulk = χ

(2)
yzy,bulk =

1
(∆qz)R

[∆IRqIR,z] (4.29)

χ
(2)
zzx,bulk = χ

(2)
yyx,bulk =−

1
(∆qz)R

[
∆visqvis,x

]
(4.30)

χ
(2)
zxz,bulk = χ

(2)
yxy,bulk =−

1
(∆qz)R

[∆IRqIR,x] , (4.31)

where the bulk response coefficients, D and ∆ are described in detail in the Appendix of

Ref. 139. It is known153 that only the transverse part of the bulk nonlinear polarization

emits field at the SFG frequency, the transversality being related to its wavevector qSFG.

We rewrite Eq. 4.3 as

−iPB(qvis,qIR) =

[
Dvis +DIR

2
(qvis +qIR)

+
Dvis−DIR

2
(qvis−qIR)

]
(Evis ·EIR)

+∆vis(qvis ·EIR)Evis +∆IR(qIR ·Evis)EIR

(4.32)

We may, without modifying the emitted fields, subtract from the first term a non-radiative

contribution (Dvis+DIR)qSFG(Evis ·EIR)/2, so that it now contributes to the bulk nonlinear

polarization as

−i
Dvis +DIR

2
(∆qz)R(Evis ·EIR)ẑ (4.33)

and to the equivalent surface polarization as

PB,surf,insep. =
Dvis +DIR

2
(Evis ·EIR)ẑ. (4.34)

This part of the equivalent surface polarization amounts to adding the constant value (Dvis+

DIR)/2 to the surface coefficients zxx, zyy and zzz. As it does not depend on any wavevector
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anymore, it is not possible to experimentally discriminate it from pure surface terms,171 and

is named inseparable bulk.167 On the contrary, the separable bulk terms of the equivalent

surface nonlinear polarization follow, modifying Eqs. 4.24–4.27 to obtain

χ
(2)
xxx,bulk,sep. =−

1
(∆qz)R

[
Dvis−DIR

2
(qvis,x−qIR,x)+∆visqvis,x +∆IRqIR,x

]
(4.35)

χ
(2)
xzz,bulk,sep. =χ

(2)
xyy,bulk,sep.

=− 1
(∆qz)R

[
Dvis−DIR

2
(qvis,x−qIR,x)

] (4.36)

χ
(2)
zxx,bulk,sep. =χ

(2)
zyy,bulk,sep.

=
1

(∆qz)R

[
Dvis−DIR

2
(qvis,z−qIR,z)

] (4.37)

χ
(2)
zzz,bulk,sep. =

1
(∆qz)R

[
Dvis−DIR

2
(qvis,z−qIR,z)+∆visqvis,z +∆IRqIR,z

]
(4.38)

while the eight others (Eq. 4.28–4.31) remain unchanged.

4.3 Experimental Methods

Our 10 Hz wavelength-scanning SFG system has been described in Ref. 174 and the phase-

sensitive detection and analyis has been illustrated in detail in Refs. 85 and 46. In the

present experiments, a collinear configuration of a 532 nm beam (150 µJ per pulse) and

mid-IR beam at 2800 cm−1 (200 µJ per pulse, 4 cm−1 bandwidth) are incident at varying

angles with a computer-controlled sample stage and detector arm. The external SFG field

(local oscillator, LO) for the heterodyne measurements is generated in transmission from a

piece of 50 µm y-cut α-quartz with its optical axis rotated a few degrees from the plane of

the incident polarization. Although this provided a low intensity LO, it also minimizes the

change in polarization of all beams on account of the birefringence of the y-cut quartz. Data

are collected by rotating a 1 mm fused silica phase shifting unit between the LO and sample

at each incident angle of interest. The generated signal is a temporal interferogram along

the phase-shifting axis and a spectral interferogram along the IR frequency axis.85 Our

phase calibration utilizes a piece of z-cut α-quartz as the reference sample,175 whose phase
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has been previously determined in the ssp polarization scheme.46, 85 Samples consisted of

vapour deposited (100 nm) gold over a 5 nm Cr adhesion layer on a glass substrate (EMF,

Ithaca NY), cleaned with acetone and anhydrous ethanol prior to measurements. In the

ppp polarization scheme, the phase of the z-cut α-quartz is determined by following the

derivation of Ref. 176 together with our knowledge of the already determined phase of the

z-cut α-quartz in the ssp polarization. We also assume that chiral elements of the nonlinear

susceptibility do not contribute significantly to the SFG response of the bulk phase of the

quartz, and that surface response is negligible when the plane of incidence is close to the

crystallographic axis.177

4.4 Results

We introduce the notation that we will use in the remaining sections. χ(2) originating

from the surface dipolar response is abbreviated χ
(2)
surf (first column in Table 4.1). The term

χ
(2)
comb.surf is used when describing the sum of all responses independent of the incident

angle (first three columns). χ
(2)
bulk is used to refer to the bulk response with incident angle

dependence (fourth column). The only exception is the xxz element probed in the ppp

polarization scheme, where the χ
(2)
xxz,bulk refers to both the angle-dependent and angle-

independent contribution. Any exceptions to this convention will be explicitly stated.

4.4.1 ssp polarization scheme

We have demonstrated that the separable bulk contributions are negligible in the ssp

polarization scheme. We drop the subscripts (SFG, vis, IR) from elements of L and e

as their order and designation is understood. We then arrive at the expression

χ
(2)
ssp = Lyyey Lyyey Lxxex χ

(2)
yyx,bulk +Lyyey Lyyey Lzzez χ

(2)
yyz,surf

+Lyyey Lyyey Lzzez χ
(2)
yyz,bulk

≈ Lyyey Lyyey Lzzez χ
(2)
yyz,surf

(4.39)

where the surface contribution dominates in ssp.
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Figure 4.5: Homodyne (intensity) measurements of the magnitude of the effective
susceptibility |χ(2)

ssp | at the air–gold interface as a function of angle (squares). As the data
fits well to our model of |Lyyey Lyyey Lzzez| (dashed line), dividing the data by the local field
corrections and unit polarization vectors produces an essentially angle-independent result
(circles). Error bars indicate one standard deviation about the mean. The errors are small
for large angles due to the higher signal to noise ratio. Reprinted with permission from
Ref. 158. Copyright 2020 American Institute of Physics.

Results of homodyne measurements show the magnitude of the effective susceptibility

χ
(2)
ssp in Fig. 4.5 (squares) and fit to our model of the local field correction factors (dashed

line). Although it was possible to collect gold ssp data at 532 nm with acceptable signal-to-

noise, this is not necessarily the case for all metals or at different wavelengths in the visible

or near-infrared as a result of the frequency- and angle-dependent local field correction

factors, the elements of L that appear in Eq. 4.39. Upon dividing by these factors, we obtain

χ
(2)
yyz (circles) that is independent of the angle of incidence (solid line) as expected. This also

illustrates our experimental accuracy in maintaining overlap of the beams and alignment

into the detector as the sample is rotated by 30◦. The fact that we can remove practically all

angle dependent contributions in this treatment also justifies the assumption that χ
(2)
yyx,bulk ≈

χ
(2)
yyz,bulk ≈ 0. We have also measured the phase of χ

(2)
yyz,surf in an ssp heterodyne experiment

and determined it to be 65±2◦ at 2800 cm−1.
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4.4.2 ppp polarization scheme

We now turn to our main interest in treating multiple angle of incidence ppp data. Here

there are eight elements of χ(2) that can contribute. In the case of our surface with azimuthal

symmetry (C∞v), there are only four non-zero elements that contribute to the surface dipolar

response. In the bulk, all eight elements contribute to the overall nonlinear signal. The net

result is

χ
(2)
ppp = Lxxex Lxxex Lzzez χ

(2)
xxz,comb.surf +Lxxex Lzzez Lxxex χ

(2)
xzx,comb.surf

+Lzzez Lxxex Lxxex χ
(2)
zxx,comb.surf +Lzzez Lzzez Lzzez χ

(2)
zzz,comb.surf

+Lxxex Lxxex Lxxex χ
(2)
xxx,bulk +Lxxex Lxxex Lzzez χ

(2)
xxz,bulk

+Lxxex Lzzezz Lxxex χ
(2)
xzx,bulk +Lxxex Lzzezz Lzzez χ

(2)
xzz,bulk

+Lzzez Lxxex Lxxex χ
(2)
zxx,bulk +Lzzez Lxxex Lzzez χ

(2)
zxz,bulk

+Lzzez Lzzez Lxxex χ
(2)
zzx,bulk +Lzzez Lzzez Lzzez χ

(2)
zzz,bulk.

(4.40)

Some assumptions can be made in order to simplify the above expression. Given the rela-

tive size and angle dependence of the χ
(2)
bulk terms, some can be merged (indistinguishable

in their angle-dependence) or dropped (negligible magnitude). The model has revealed that

all xzz, zzx, and zxz bulk terms are found to be insignificant relative to the rest of the bulk

response. We therefore make the approximation that those three terms can be excluded,

given that the they do not have corresponding non-zero dipolar terms.

We next examine the angle dependence of the χ
(2)
bulk. From the electron gas model, we

can see that only the bulk xxx and zxx terms are not constant with respect to the angle of

incidence. Thus, we can treat the xxz, xzx and zzz bulk terms as complex-valued constants

and merge them with their respective dipolar response, with the exception of the zxx tensor

element. According to the model, zxx should not contribute to the surface dipolar response.

However, the bulk contribution that is not separable from the overall surface response

cannot be ignored. Thus, the overall surface response of the zxx tensor element is not zero,

as it originates from the bulk. This term in our expression is merged with its respective

bulk term given that we are interested in the extraction of the surface tensor terms. Finally,
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we arrive at the simplified expression of χ
(2)
ppp, where each of the χ

(2)
i jk,comb.surf can be treated

as a complex-valued constant

χ
(2)
ppp ≈ Lxxex Lxxex Lzzez χ

(2)
xxz,comb.surf +Lxxex Lzzez Lxxex χ

(2)
xzx,comb.surf

+Lzzez Lzzez Lzzez χ
(2)
zzz,comb.surf +Lxxex Lxxex Lxxex χ

(2)
xxx,bulk

+Lzzez Lxxex Lxxex χ
(2)
zxx,bulk.

(4.41)

The ppp experiment is performed in the same way as for the ssp polarization scheme,

except that we need to take into account that the phase of the LO is shifted by 180◦ upon

reflection from the z-cut quartz on either side of the Brewster angle. After the interference

fringes have been suitably processed,46, 85 we arrive at the results shown with points in

Fig. 4.6.

To further simplify the expression of χ
(2)
ppp, we can represent the two angle dependent

bulk elements (zxx and xxx) as well as their respective local field factors as a set of second-

order polynomials for their real and imaginary components. This approximation is justified

by first examining the linear combination of the zxx and xxx local field factors with the

model value of χ(2) (numbers in parenthesis in Table 4.1). We then fit the line shape for

its real and imaginary components with separate second-order polynomial function and

found it is reasonable in this approach to capture the line shape in the experimental range

of 40–70◦. Thus, the χ
(2)
ppp expression for the multi-angle of incidence fitting becomes

χ
(2)
ppp ≈ (LLLeee)xxz(θ) χ

(2)
xxz,surf+bulk +(LLLeee)xxz(θ) χ

(2)
xzx,surf+bulk

+(LLLeee)zzz(θ) χ
(2)
zzz,surf+bulk +aθ

2 +bθ + c,
(4.42)

where (LLLeee)i jk is the product of the local field factors and unit polarization vectors for

all three fields (SFG, visible, IR) for a given tensor elements. The coefficients a, b and c

encompass the linear combination of the product of the local field factors, unit polarization

vectors, and χ
(2)
bulk for the zxx and xxx components. As a result of the angle dependence

of L, (see Fig. 4.4) and the two angle dependent χ(2) terms (zxx and xxx), we can solve

for all the surface tensor elements. From our fitting, we find that |xzx/zzz| = 0.39± 0.02,

|xxz/zzz|= 1.11±0.06, φxzx =−146±3◦, φxxz = 62±3◦, and φzzz = 83±3◦.
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Figure 4.6: Experimental results (points) from the heterodyne measurements in the ppp
polarization scheme displaying the (a) magnitude, (b) phase, (c) real, and (d) imaginary
components of χ

(2)
ppp. A fit of this data to Eq. 4.42 is shown with the lines in each panel.

Error bars indicate one standard deviation about the mean. Reprinted with permission from
Ref. 158. Copyright 2020 American Institute of Physics.
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4.5 Discussion

Before bench-marking our experimental fitting results, it is important to first understand

what each of the simplified tensor elements represents; the three elements denoted as

‘surf+bulk’ are especially interesting. In the case of the xzx component, the bulk

response is significant relative to the overall bulk contribution. Thus, the xzx component

is the combination of the dipolar surface contribution as well as the quadrupolar bulk

contribution. For the case of the xxz and zzz elements, their quadrupolar bulk contribution

are insignificant relative to the rest. Thus, as an approximation, we can treat the two tensor

elements as the dipolar surface response only, where χ
(2)
i jk,comb.surf ≈ χ

(2)
i jk,surf.

There are two tests we can perform in order to validate our results. As our gold surface

has C∞v symmetry, we know that χ
(2)
xxz,surf = χ

(2)
yyz,surf for both the magnitude and phase of

these tensor elements. Our first check is therefore to compare the result φxxz,surf = 62±3◦

obtained in our deconstruction of the ppp data to our result of φyyz,surf = 65±2◦ measured

directly in the ssp heterodyne experiment; we find them to be in agreement. The good

match also validates our model result that the relative contribution of χ
(2)
xxz,bulk is predicted

to be small. The second check is a comparison between experimental ppp/ssp ratio (points

in Fig. 4.7) and the predictions of our model in extracting the magnitude of all tensor

elements contributing to the ppp signal. If we take the magnitude of χ
(2)
xxz from the ppp fit

and multiply by the magnitude of Lyyz we should reproduce the ssp data according to

|χ(2)
ssp | ≈ |Lyyey Lyyey Lzzez χ

(2)
yyz,surf|

= |Lyyey Lyyey Lzzez χ
(2)
xxz,surf|.

(4.43)

The predicted ratio is plotted with the solid line in Fig. 4.7. The excellent agreement further

validates the decomposition of χ(2) tensor elements with our multi-angle ppp experiment.

Note that, although incorporation of the low-intensity ssp data has introduced large error

bars at high angles, this is not a fit (no adjustable parameters), merely a comparison of two

independent results.

The decomposition of the three surface χ(2) elements with their respective local field
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Figure 4.7: Comparison of the ratio of the magnitudes of the effective susceptibilities
measured in separate ppp and ssp homodyne experiments (points), to that calculated from
the ppp multi-angle heterodyne data (line), demonstrating the equivalence expressed in
Eq. 4.43. Error bars represent one standard deviation about the mean. Reprinted with
permission from Ref. 158. Copyright 2020 American Institute of Physics.

factors and the total bulk contribution is presented in Fig. 4.8. Without accounting for local

field effects, the relative size of the three surface tensor elements follows the order of xxz >

zzz > xzx. In comparison, it is found that the experimental gold χ
(2)
ppp response is dominated

by the effective surface xzx term followed by the xxz term then the zzz term. This is due to

the local field factor essentially acts as a relative weighting factor to its respective tensor

element. More interestingly, the total contribution of the bulk response is significantly

smaller than the rest of the surface response in Fig. 4.8. Due to the screening of the z-

component inside the gold when crossing the interface, components parallel to the surface

are much larger than the perpendicular ones. This result is in agreement with Refs. 47 and

178, given that the surface χ(2) elements contain both the isotropic and inseparable bulk

contributions.

From the model result in Table 4.1, there should be a significant contribution from the

xxx and zxx elements relative to the total bulk response. Furthermore, given the relative

size of the xxx and zxx local field factors, one would expect that the total bulk contribution
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Figure 4.8: Comparison of the (a) magnitude and (b) phase of the product of the
susceptibility from the fitting and its respective local field factor. Reprinted with permission
from Ref. 158. Copyright 2020 American Institute of Physics.
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should be significant compared to the surface response. We conclude that the total separable

bulk contribution is smaller than the surface and inseparable bulk response. This is in

agreement with what has been reported for other metals, in studies where oxidation or

disordering decreases the nonlinear response.172

4.6 Conclusions

A heterodyne-detected multi-angle approach has been demonstrated to decompose the

second-order nonlinear susceptibility measured in an SFG experiment in order to obtain

the substrate optical properties. As a demonstration, we have performed a study of a planar

gold surface that necessitates consideration of dipolar surface contributions as well as

quadrupolar bulk contributions. This method is especially interesting and relevant in cases

where only ppp experiments produce appreciable signals on account of surface selection

rules. In the case where organic molecules are adsorbed on metal surfaces, this method has

the potential to assist in separating substrate and adsorbate components of the nonlinear

susceptibility tensor. While additional challenges remain in the case of vibrationally-

resonant contributions, the work we have presented here provide the necessary theoretical

framework, experimental techniques and results to embark on such studies.
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Chapter 5

Temperature-Dependent Structure of an
Alkyl Phosphate Surfactant on Iron

5.1 Introduction

Surfactants have been the front-line prevention in the field of corrosion inhibition for many

decades.179–183 Alkyl phosphate surfactants have shown to be promising in combating

corrosion on steel and iron surfaces that have been subsequently deployed in many

infrastructures and machinery such as pipelines and heat-exchangers. Given that iron

is such a widely used material, searching for alternative corrosion inhibitors that are

low cost and low toxicity has been a subject of great interest.184–188 The importance

of understanding how these corrosion inhibitors are structured and function on metal

surfaces is crucial in designing and engineering more efficient and effective surfactants.

Even-though the use of alkyl phosphates for corrosion inhibition has been ongoing, a

fundamental understanding of how these molecules structure on metal surfaces and its

potential structural changes at elevated temperature are not well understood.189–191 In

this work, we present a nonlinear optical study of an alkyl phosphate surfactant, bis-2-

ethylhexyl phosphate (BEP) adsorbed on iron. We also examine the possible structural

changes of BEP at elevated temperature.

Vibrational sum frequency generation spectroscopy has been utilized in the study of

organic-metal interface for quite some time.32, 43, 45, 47–51, 87, 192–195 Due to the complexity
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Element wt% w.r.t. C atom % w.r.t. C
C 36.12 64.71
Fe 52.53 20.24
O 11.06 14.87
Ca 0.18 0.10
Al 0.06 0.05
Cu 0.05 0.02
Si 0.02 0.01

Table 5.1: Tabulation of the elemental analysis of the iron sample from EDX
measurements. The carbon content came from the graphite paste used underneath the
sputtered iron.

of both the local field effect and the non-resonant contribution from the metal, the

quantitative study of an organic molecule structured on a metal surface still poses a

significant challenge. In addition, many SFG metal interface studies face the issue

of the inaccessibility of polarization geometry due to the surface selection rule of the

metal.115 Therefore in this work, we demonstrate our multi-angle of incidence approach

from Chapter 4 with a combination of homodyne and heterodyne SFG to study the BEP-

Fe interface in air by extracting all contributing second order nonlinear susceptibility

tensor elements when all beams are p-polarized. Furthermore, we examine the effect of

temperature on the BEP by comparing the methyl function group orientation between the

room temperature sample and a heat-treated sample.

5.2 Methods

5.2.1 Sample preparation

The iron substrate is made from sputtering 100 nm of iron onto a 25 mm × 75 mm

microscope slide that was cleaned using isopropanol sonication for 60 min. The vapour

deposition is performed in a deposition system (Mantis deposition Ltd.) with 99.9% iron

target (Kurt J. Lesker Company) with a pump pressure of approximately 10−3 mbar. The

iron thickness is determined by the built-in quartz crystal microbalance (QCM) as well as
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Figure 5.1: SEM image of an iron substrate at 30000 times magnification with an
accelerating voltage of 13.0 kV.

a separate profilometry measurement (Bruker Dektak). The elemental composition of the

iron film is determined by energy dispersive X-Ray (Bruker Quantax) analysis on a field

emission scanning electron microscope (Hitachi S-4800) coupled with the EDX System.

The measurement was performed in triplicate with a modified iron film that is sputtered

onto a graphite covered microscope slide to prevent the glass substrate from altering the

ratio of the iron and oxygen atoms. The elemental composition for the sputtered iron

sample is shown in Table 5.1 and the surface of the substrate is shown in Figure 5.1

Bis(2-ethylhexyl) phosphate (BEP, Sigma-aldrich) was diluted in 99.97% spectral grade

heptane (Sigma-aldrich) to make a 0.1% w/w solution. The formation of the surfactant

layer onto the iron substrate is achieved by submerging the iron into the solution for 60 min

then rinsing with neat heptane and air drying. The sample was subsequently left for another

24 h covered with a beaker before any spectroscopic measurements. The heat-treated

sample was annealed using a custom made heating element and the surface temperature

was recorded to ensure that it reaches 200 ◦C.
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5.2.2 Sum frequency generation spectroscopy

Our 10 Hz tunable wavelength scanning SFG system has been described in Ref. 174 and

the basic heterodyne measurement procedure has been illustrated in detail in Refs. 85

and 46. The incident angle-resolved heterodyne basics have been described in Chapter 4

and Ref. 158. Here, a p-polarized IR beam (150 µJ/pulse) is spatially and temporally

overlapped with a p-polarized visible beam at 532 nm (60 µJ/pulse, around one third

of the typical output) in a non-collinear geometry for the homodyne measurement. We

have observed that higher energy (over 60 µJ/pulse from the visible beam) results in the

damage of the iron film. In the non-collinear geometry, the IR beam is 7◦ greater in the

incident angle than the visible beam. The homodyne measurements are taken with 100

laser shots average for all frequency across all incident angle spectra. The heterodyne

phase measurement are taken with 50 laser shots average for each PSU tilt angle step for

both sample and reference z-cut quartz in the collinear geometry.

5.2.3 Spectroscopic ellipsometry
5.2.3.1 Visible wavelengths

The complex refractive index of the sputtered iron film in the visible region was obtained

from a commercial spectroscopic ellipsometer (J.A. Woollam alpha-SE). The spectra of Ψ

and ∆ are taken at 65◦, 70◦, and 75◦ incident angles with three replicates each. A two semi-

infinite layer (air-metal) model is considered at both temperatures (r.t. and 200 ◦) given the

thickness of the sputtered iron is 100 nm and the transmittance at these wavelengths is on

the order of 10−4.

5.2.3.2 Mid-infrared wavelengths

The complex refractive index of the iron substrate in the mid infrared region is obtained

from a custom rotating compensator ellipsometer (RCE) that we constructed for this

purpose. In our PCSA setup as shown in Figure 5.2, a Bruker Vertex 70 FTIR is used
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Figure 5.2: (a) The experimental configuration of the spectroscopic mid-IR ellipsometer.
The gold mirror 3 in the figure is a gold coated concaved mirror with a focal length
of 50.0 mm where the compensator is placed within. (b) The general scheme of the
PCSA ellipsometer illustrating the azimuthal angles of the polarization optics, where the
compensator angle is denoted C.
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as the mid-IR source, while the polarizer and the analyzer are both holographic wire grid

polarizer on zinc selenide (ZeSe) substrate (Thorlabs, WP25H-Z). The compensator used in

the setup is a 3000 nm zero-order λ /4 waveplate (Altechna, 2-IRPW-ZO-L/4-3000-C) and

the detector is a 1 mm2 mercury cadmium telluride (MCT) detector with fast pre-amplifier

(Kolmar Technologies). A 50 mm ZeSe lens (Thorlabs, LA7656-G) is used to focus the

light into the entrance slit of the detector. The rationale of choosing an RCE setup is its

advantage over a rotating analyzer ellipsometer due to the unambiguous determination of

the ellipsometric angle, ∆. In short, the measurable quantity from the rotating analyzer

ellipsometer is cos∆. It therefore cannot determine the sign of ∆. In addition, the ∆ region

close to 0◦ or 180◦ is difficult to obtain for a rotating analyzer setup due to the inversion of

the cosine function. Therefore, we have adopted a polarizer-compensator-sample-analyzer

(PCSA) setup based on a modification to the instrument described in Ref 196.

By evaluating the first component of the Stokes vector describing the PCSA setup, the

intensity has harmonic contributions of the second and the fourth order in the compensator

azimuth angle, C. Therefore, we can write the measurable signal as196

I(C) = A0 +A2 cos2C+B2 sin2C+A4 cos4C+B4 sin4C, (5.1)

where each of the Fourier coefficients can be described as

A0 =
1
π

∫
π

0
I(C)dC

A2 =
2
π

∫
π

0
I(C)cos2C dC

B2 =
2
π

∫
π

0
I(C)sin2C dC

A4 =
2
π

∫
π

0
I(C)cos4C dC

B4 =
2
π

∫
π

0
I(C)sin4C dC.

(5.2)

For the PCSA ellipsometer, each of the Fourier coefficients can be related to experi-
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mental Ψ and ∆ by

A0 = 1− cos2Acos2Ψ+
1
2
(1+ yc)[cos2P(cos2A− cos2Ψ)+ sin2Psin2Asin2Ψcos∆]

A2 = xc(cos2A− cos2Ψ)+ xc cos2P(1− cos2Acos2Ψ)− zc sin2Psin2Asin2Ψsin∆

B2 = xc sin2Asin2Ψcos∆+ zc cos2Psin2Asin2Ψsin∆+ xc sin2P(1− cos2Acos2Ψ)

A4 =
1
2
(1− yc)[cos2P(cos2A− cos2Ψ)− sin2Psin2Asin2Ψcos∆]

B4 =
1
2
(1− yc)[cos2Psin2Asin2Ψcos∆+ sin2P(cos2A− cos2Ψ)],

(5.3)

where the xc, yc, and zc are the non-ideal parameters for the compensators and the P and A

are the azimuthal angle of the polarizer and analyzer, respectively. By rearranging Eq. 5.3,

we can obtain

Ψ = arctan(
√

(
xc

zc

B4

A4
− 1− yc

2zc

B2

A4
)2 +(

−B4

A4
)2)/2

∆ = arctan((
xc

zc

B4

A4
− 1− yc

2zc

B2

A4
)/(
−B4

A4
)).

(5.4)

Since both Ψ and ∆ are calculated from the root of the arctangent function (which only

returns -90◦ to 90◦), therefore the exact degree of angle has to be derived from the sign of

the Fourier coefficients as
A4 > 0−→Ψ = 90◦−Ψ

A4 < 0−→Ψ = Ψ

B4 > 0−→ ∆ = ∆

B4 < 0−→ ∆ = 180◦+∆.

(5.5)

Finally, the non-ideal parameters for the compensator can be described as

xc = cos2Ψc

yc = sin2Ψc cos∆c

zc = sin2Ψc sin∆c

(5.6)

where tanΨc and ∆c are the relative amplitude change between the fast/slow axis and

the retardation of the compensator, respectively. Both Ψc and ∆c can be obtained

experimentally in a straight through geometry in transmission mode with the sample stage.
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In the straight through configuration, the Fourier coefficients can be obtained as

A0 = 1

A2 = xc(cos2C+ sin2C)

B2 = xc(−sin2C+ cos2C)

A4 =
1
2
(1− yc)sin4C

B4 =
1
2
(1− yc)cos4C,

(5.7)

where C here refers to the azimuthal angle of the compensator relative to the polarizer. The

non-ideal parameters of the compensator can be calculated from Eq. 5.7 as

xc =±

√
2A2

2 +2B2
2

2A0

yc = 1−2

√
A2

4 +B2
4

A0

(5.8)

and zc can then be calculated from Eq. 5.6 in combination with Eq. 5.8. Lastly, additional

calibration regarding to the error between the position of the fast axis and the rotation motor

readout also needs to be considered. In the straight through configuration, by crossing the

polarizer and the analyzer, the fourth harmonic Fourier coefficients can be expressed as

A4 =−
1
2
(1− yc)(1− cos2Ψ)cos4C′

B4 =
1
2
(1− yc)(1− cos2Ψ)sin4C′,

(5.9)

where C′= arctan(−B4/A4) is the degree of error associated with the experimental position

of the compensator.

For the calibration, a low frequency (345 Hz) chopper is placed in the position after the

compensator that is connected to a lock-in amplifier (Stanford Research Systems SR830).

The absolute azimuth of polarizer is first determined by removing all optics except for the

polarizer in the reflection geometry. The Brewster’s angle of the fused silica at 3.33 µm is

used as the incident angle. The signal is then minimized while computer controlled motor

is stepped in 0.1◦ per step with a piece of 8 mm fused silica on the sample stage. Once
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calibrated, the rest of the optics’ azimuthal angle is calibrated with respect to the polarizer.

The analyzer is then placed back into the optical path in straight through geometry to

maximize the signal to determine the 0◦ position of the analyzer relative to the polarizer.

Finally the compensator can be place back into the optical path to determine the relative

azimuthal angle in the same manner as the analyzer. The calibration of the position error of

the compensator and the determination of Ψc and ∆c is done in a fashion described above.

All spectra of the samples are taken at 60◦ incident angle in the reflected geometry while

stepping the compensator at 5◦ per step. The spectra collection in the frequency range of

2000 cm−1 to 4000 cm−1 with 64 averages in triplicates.

5.2.4 Electrochemical impedance spectroscopy

A custom Teflon eletrochemical cell was used where the sample can be inserted from the

bottom as a working electrode and the contact area is 10 mm in diameter. A 25 mm ×

25 mm 99.9% platinum foil (Sigma-Aldrich, 267244-350MG) was spot welded to the

platinum wire as the counter electrode. A custom reversible hydrogen reference electrode

was used. The electrochemical measurements were performed with a potentiostat (Gamry

Instruments, Reference 600) at open circuit potential from an initial frequency of 60

kHz to final frequency of 20 mHz. The electrolyte used in the experiment is 0.1 M

spectral grade sulfuric acid (Spectrum Chemical 7664-93-9) in 18.2 MΩ·cm (Milli-Q)

water. Experimental data was analyzed and fitted using ZView.

5.3 Results & Discussion

5.3.1 Electrochemical impedance measurements

In order to quantitatively understand the effect of temperature with respect to the efficiency

of the corrosion inhibition ability of BEP on iron, we have opted to measure the charge-

transfer resistance (Rct) via electrochemical impedance spectroscopy. By comparing the

room temperature sample with the 200 ◦C heat-treated sample, we can have a quantitative
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Figure 5.3: Equivalent circuit used for the fitting of the experimental electrochemical
system

comparison of their relative resistance for the electrochemical process of corrosion. We

have chosen to fit our experimental impedance data to a simplified Randles circuit following

Ref. 197 as shown in Fig. 5.3. Although such an equivalent circuit may not accurately

account for the complex electrochemical system with surfactant structured on iron,198

it provides a straightforward route to compare the relative difference between the room

temperature sample to the heat-treated one. We have opted to use a constant phase

element (CPE) in the Randles circuit given that the capacitance dispersion effect in the

electric double layer region is well known.199, 200 Such effect is often attributed to the

inhomogeneities of the electrode surface.199–201 The constant phase element can be

described as202

ZCPE =
1

A( jω)α
(5.10)

where A is the constant phase element magnitude in units of Ω−1·cm−2·sα and the exponent

α is an indication of the behaviour of the CPE to be either capacitor-like in nature (α

close to 1) or resistor-like nature (α close to 0).203, 204 In other words, a CPE is merely a

mathematical construct that mimics the behaviour of many electrochemical interfaces. The

equivalent capacitance can be determined from

Ceq = (AR(1−α))
1
α (5.11)

where R here can be approximated by the solution resistance, Rs when Rct >> Rs.205 Both

A and α can be determined through the fitting of the electrochemical impedance data.202

By adopting the simplified Randles equivalent circuit , we can then determine the resistance

from the electrolyte (Rs), the characteristics of the CPE, and the resistance associated with



83

sample blank Fe r.t. BEP-Fe heat-treated BEP-Fe

Rs / Ω·cm2 181.0(1.0) 153.4(1.7) 168.9(0.8)
A / mF·cm−2 1.181(0.011) 0.177(0.003) 0.425(0.003)

α / F·cm−2·s(α−1) 0.911(0.006) 0.813(0.007) 0.907(0.004)
Rct / Ω·cm2 14165(880) 29741(2656) 18241(691)

Eoc / V 0.713 0.703 0.718

Table 5.2: Electrochemical impedance measurement fitting result obtained from the
complex fitting approach with calc-modulus data weighting. Values in round brackets
indicate fitting errors.

the charge transfer at the electrode–electrolyte interface (Rct). Given that the corrosion

current density is inversely proportional to the charge transfer resistance given by the Stern-

Geary relationship,206, 207 we can quantitatively compare the inhibition effectiveness of

BEP on iron as well as the effect of temperature on its effectiveness as a corrosion inhibitor.

The trend of Rct obtained from the fitting of the electrochemical impedance measure-

ment is in agreement with literature results that Rct increases with the adsorption of the

BEP on iron surface.190 In addition, the effectiveness of the BEP as a corrosion inhibitor

decreases in elevated temperature. Thus, Rct from the heat-treated sample is significantly

lower than that of the room temperature sample.

Upon examination of the experimental result of the measurement, the measured

impedance is significantly higher than that of similar experiments.197, 208 The fitting results

have shown the Rct to be in the kΩs range and the solution resistance, Rs to be in the range of

100 Ω for a 0.1 M H2SO4 solution as shown in Figure 5.4 and Figure 5.5. The measurement

has also been repeated several times in order to validate its reproducibility. The high

solution resistance is likely attributed by the poor contact between the external lead and

the working electrode where the contact resistance contributes to the overall measured

resistance.209 The disagreement of the charge transfer resistance between our experimental

result and the literature value can be explained by the difference in the iron substrate. In

our system, the working electrode is a 100 nm iron oxide film that is deposited onto a piece
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Figure 5.4: Nyquist plot of the experimental impedance for all blank Fe sample, room
temperature BEP-Fe sample, and 200 ◦C heat-treated BE-Fe sample.

of microscope slide, whereas a piece of bulk iron electrode is used for the measurement in

Ref. 197. Ref. 210 has reported similar charge transfer impedance for a thin iron oxide film

made from physical vapour deposition which agrees with our result. Given that all trials

are all taken with the same experimental setup and the resulting Rct is also in agreement

with our expectation as shown in Table 5.2, we have preliminarily determined that a 60%

reduction in the corrosion inhibition efficiency of the BEP is observed at 200◦ temperature.

5.3.2 Mid-IR spectroscopic ellipsometer calibration

We first present the characterization of the zero-order λ /4 waveplate as the compensator

in the PCSA setup as shown in Fig. 5.6. It can be seem from the expression of the non-
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Figure 5.5: Experimental magnitude (a) and phase (b) of the impedance for all blank Fe
sample, room temperature BEP-Fe sample, and 200 ◦C heat-treated BE-Fe sample.

ideal compensator parameters in Eq. 5.6 that when the retardation is close or equal to 0◦

or 180◦, the zc term becomes zero. Additionally, the cos∆c term in yc approaches unity.

This results in the inability to reliably determine the Fourier coefficients accurately. In

the frequency range of interest between 2800 cm−1 and 3100 cm−1, the experimentally

determined retardation of the waveplate is centred around 70◦, which is a 20◦ deviation

from the ideal retardation of 90◦. Furthermore, given that the retardation of a λ /4 waveplate

is dependent upon it frequency, the non-ideal compensator term will need to be calculated

at each frequency collected for the subsequent measurements.

We have bench-marked our PCSA rotating compensator ellipsometer using two

reference substrates, fused silica and zinc selenide. Both measurements are performed

at 60◦ incident angle. Figure 5.7 shows the experimentally determined refractive index of

a piece of IR grade fused silica as well as the tanΨ and ∆ as a function of frequency. The
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Figure 5.6: Retardation (∆c) and relative amplitude change (Ψc) of the compensator, where
the intercept of the dashed line indicates the specification of the retardation provided by the
manufacturer.

artifact shown in the ∆ plot stems from the lineshape contribution of the lamp profile from

the FTIR where imperfect division occurred during background correction. In addition, the

CO2 peak at 2341 cm−1 is also present in the ∆ plot attributed by the imperfect background

correction. The literature result of the refractive index is obtained from Ref. 211. Further

comparison of the literature result to our experimental determination of the refractive index

for zinc selenide as well is shown in Figure 5.8 where the literature optical constant is

obtained from Ref. 212.

5.3.3 Refractive index of iron substrates

Five literature refractive indices of iron in the visible wavelength region are plotted in

Figure 5.9.213–215 The degree of deviation between each literature result can be attributed

to the composition of the iron, as well as the method of which it is obtained. Therefore,

without further knowledge of how these values are determined, one should not simply

choose to apply these literature refractive indices in order to calculate the local field
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Figure 5.7: Panel (a), (b) show the real and imaginary component of the refractive index
of fused silica and panel (c), (d) show the |ρ| or tanΨ and ∆ of fused silica at an incident
angle of 60◦.

correction factors for quantitative analysis of SFG data.

The experimental Ψ and ∆ measurements in the visible wavelength region are collected

on the alpha-SE with three incident angles in triplicates as shown in Figure 5.10. A

two semi-infinite layer model was applied by calculating the resulting refractive indices

using the wavelength-by-wavelength approach to determine the complex refractive index

of iron substrate for both room temperature and 200 ◦C heat-treated sample in the visible

wavelength region as shown in Figure 5.11. We note that there is a significant change in the

refractive index upon heat-treatment in both the absorption and dispersion lineshape. The

experimentally determined Ψ and ∆ of the iron substrate in the mid-IR region for both room

temperature and the heat-treated sample is plotted in Figure 5.12 along with the calculated

complex refractive indices.
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Figure 5.8: Panel (a), (b) show the real and imaginary component of the refractive index of
zinc selenide and panel (c), (d) show the |ρ| or tanΨ and ∆ of zinc selenide at an incident
angle of 60◦.

5.3.4 Local field correction factors

We first present the local field effect correction factors for the room temperature sample as

a function of the AOI for both the non-collinear and the collinear geometry for our setup

where in the non-collinear geometry, the IR beam is 7◦ greater than that of the visible beam.

Since the homodyne measurements are performed in the non-collinear geometry while the

phase measurement can only be perform in a collinear geometry in our current setup, we

first need to resolve any potential discrepancy between their local field factors. We first

examine the local fields of the two geometries as shown in Figure 5.13 at 2800 cm−1 in

IR frequency. Upon closer examination, we can conclude that both collinear and non-

collinear geometry measurements should yield identical χ
(2)
eff spectra as a function of the
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Figure 5.9: Complex refractive indices of iron from the literature in the visible
region.213–215
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Figure 5.10: Experimental Ψ and ∆ of the iron substrate obtained using the wavelength-by-
wavelength approach.
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Figure 5.11: Experimental complex refractive index of iron substrate calculated using the
experimental Ψ and ∆ with a two layer semi-infinite model.
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Figure 5.12: Panel (a), (b) show the real and imaginary component of the refractive index
and panel (c), (d) show the |ρ| or tanΨ and ∆ at an incident angle of 60◦.
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Figure 5.13: (a), (b) are the magnitude and the phase of the local field correction factor
of the collinear geometry for the room temperature sample, respectively. (c), (d) are the
magnitude and the phase of the local field correction factor of the non-collinear geometry
for the room temperature sample, respectively.
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Figure 5.14: (a), (b) are the magnitude and the phase of the local field correction factor
of the collinear geometry for the 200 ◦C heat treated sample, respectively. (c), (d) are the
magnitude and the phase of the local field correction factor of the non-collinear geometry
for the 200 ◦C heat treated sample, respectively.
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AOI, except at higher AOI in our measurement range where the magnitude of LxxLxxLzz,

LxxLzzLxx, and LzzLxxLxx deviate between the two geometries in a minor way. However, in

the best case scenario, both homodyne and heterodyne experiments should be performed in

the same experimental setup. Due to a significant loss in the laser output by going through

the beam combiner of our collinear setup, we have opted to combine the non-collinear

homodyne data with the collinear heterodyne phase result. It is to be noted that although

the comparison of the local fields justifies such an approach where both the magnitude

and the phase are practically identical given the small AOI difference in the non-collinear

geometry bewteen the two probing beams, we note that there is a slight deviation in the

higher incident angle region as shown in Figure 5.13. The local field correction factor for

the heat-treated sample is shown in Figure 5.14.

5.3.5 Angle-resolved homodyne and heterodyne χ(2) spectra

We first present the non-collinear p-polarized angle-dependent homodyne SFG spectra of

the room temperature sample where, at each angle of incidence, the spectrum is collected

from 2800 cm−1 to 3100 cm−1 as shown in Figure 5.15. If we recall the expression of

the SFG signal in the reflection geometry in Eq. 2.1, the spectra as a function of the AOI

cannot be directly compared as the sec2 θsfg term needs to first be considered. Additionally,

any potential artifacts associated with AOI that arise from the rotation motor as well as

misalignment are taken care of by considering a separate ssp experiment where a piece of

gold is used in the exact same sample position. Since χ
(2)
ssp only contains a single tensor

element of χ
(2)
yyz in C∞v group. By carefully considering the local field contribution, we

expect the resulting χ
(2)
yyz to be independent of the incident angle. Thus, we have attributed

any additional lineshape deviation to the misalignment of the two beams walking off as

the sample is rotated. Figure 5.16 shows the experimental determination of the lineshape

deviation due to the rotation motor of the sample stage. From the initial alignment at 40◦

of AOI, there is a small deviation towards the latter part of the measurement starting at
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Figure 5.15: The magnitude of the ppp homodyne SFG spectra of BEP-Fe at room
temperature as a function of angle of incidence. The spectra are taken from 2800 cm−1 to
3100 cm−1 with 100 laser shots averages at each frequency. The range of angle of incidence
of the visible beam considered here is from 40◦ to 70◦. All incident angle dependent terms
relating to the reflective SFG signals are considered.
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Figure 5.16: (a)The magnitude of the χ
(2)
ssp of air-gold interface as a function of angle of

incidence at 2800 cm−1; (b)The magnitude of the χ
(2)
yyz of air-gold interface as a function of

angle of incidence at 2800 cm−1.
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Figure 5.17: The magnitude of the ppp homodyne SFG spectra of 200 ◦C heat-treated
BEP-Fe as a function of angle of incidence. The spectra are taken from 2800 cm−1 to
3100 cm−1 with 100 laser shots averages at each frequency. The range of angle of incidence
of the visible beam considered here is from 40◦ to 70◦. All incident angle dependent terms
relating to the reflective SFG signals are consider.

roughly 60◦. Such lineshape deviation is then considered in the BEP-iron spectra as the

relative magnitude change from the AOI serves as an important constrain in the subsequent

fitting.

By considering all contributions aside from the AOI dependent local field effect

correction factors, the difference in the magnitude of χ
(2)
ppp in Figure 5.15 strictly comes

from the relative difference in the local field contributions in various AOI. The AOI

dependent χ
(2)
ppp of the 200 ◦C heat-treated sample is calculated in the same manner as

shown in Figure 5.17. Although we can observe a significant spectral change from the

two homodyne experiments alone, χ
(2)
ppp is a linear combination of the product of χ

(2)
i jk and

its respective local field effect correction factor. Therefore, any subsequent interpretation

of the spectral comparison should be done in such a way that the local field contributions

do not come into play. As a result, we utilize the heterodyne measurement to extract the
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Figure 5.18: Heterodyne phase measurement at 2800 cm−1 of (blue) room temperature
sample (red) 200 ◦C heat-treated sample. Experimental phase are fitted with second degree
polynomials as the χ

(2)
ppp,NR is a smooth function with respect to angle of incidence.

contributing tensor elements from the χ
(2)
ppp in the same manner described in the previous

chapter. Lastly, a brief note on the omission of the 55◦ spectra from both samples. The

Brewser’s angle of our phase reference (z-cut α quartz) of the heterodyne measurement is

55◦. Consequently, no p-polarized beam can be reflected. Therefore, we are not able to

perform our phase measurement at that AOI in a ppp polarization scheme.

The phase measurements are taken in the same AOI range as the homodyne measure-

ments from 40◦ to 70◦ as shown in both Figure 5.18 and Figure 5.19 for 2800 cm−1 and

3100 cm−1. A polynomial function is used to fit the phase as a function of the AOI given

that the change in the non-resonant phase has to be a smooth function which can been seem

by examining the phase of their respective local field shown in Figure 5.13 for the room

temperature sample and Figure 5.14 for the 200 ◦C heat-treated sample.
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Figure 5.19: Heterodyne phase measurement at 3100 cm−1 of (blue) room temperature
sample (red) 200 ◦C heat-treated sample. Experimental phase are fitted with second degree
polynomials as the χ

(2)
ppp,NR is a smooth function with respect to angle of incidence.

5.3.6 SFG data fitting & analysis

5.3.6.1 χ
(2)
eff expression of the ppp measurement

We first present the linear combination of the achrial tensor elements for the effective χ
(2)
ppp

as
χ
(2)
ppp = LzzezLzzezLzzezχ

(2)
zzz

−LxxexLxxexLzzezχ
(2)
xxz

+LzzezLxxexLxxexχ
(2)
zxx

−LzzezLxxexLxxexχ
(2)
xzx .

(5.12)

We note that from the local field factor plot, the zxx and xzx components are practically

identical in both magnitude and phase for both room temperature sample and heat-treated

sample. Thus, it is not possible for us to extract the two χ
(2)
i jk tensor elements within our

measurement range of AOI. We can, therefore, describe the χ
(2)
ppp as

χ
(2)
ppp = LzzezLzzezLzzezχ

(2)
zzz −LxxexLxxexLzzezχ

(2)
xxz +LzzezLxxexLxxex(χ

(2)
zxx −χ

(2)
xzx ). (5.13)
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Prior to fitting the experimental spectra, we first show an approximation of the magnitude

and phase of the effective NR contribution in the case where there is significant resonant

contribution relative to the non-resonance. We have modelled three cases where the NR

contribution is either purely real, with a phase of 45◦, or purely imaginary shown in

Figure 5.20. The model for all three spectra is fitted with three Lorentzian functions

at 2875 cm−1, 2940 cm−1, and 2975 cm−1. We note that with the presence of the

resonant modes, the magnitude and the phase in the near-resonant region (at 2800 cm−1

and 3100 cm−1) deviate from the true non-resonant values. Thus, the near-resonant

experimental magnitude and phase of the χ
(2)
eff cannot be used to approximate the actual

value. This is true even at the frequency of 3100 cm−1 where the closest nearby resonant

mode is over 100 cm−1 away. The magnitude and phase of the χ
(2)
eff can be better

approximated by taking the average from the pre- and post- resonance region regardless of

the phase of the NR. We demonstrate such approach in Fig. 5.21 by using the 45◦ case from

Fig. 5.20 as an example. In Fig. 5.21, we have demonstrated that by taking the averages

of both magnitude and phase from the 2800 cm−1 and 3100 cm−1 values, we are able to

approximate the true complex valued χ
(2)
NR as shown in Fig. 5.21 where the approximated

χ(2)NR value (in red dashed line) is close to that of the true χ
(2)
NR value (in blue dashed line).

By assuming the approximated non-resonant contribution of the interface, we can

rewrite Eq. 5.13 by separating the resonant and non-resonant contribution as

χ
(2)
ppp = |χ

(2)
ppp,NR|e

(iφppp,NR)+LzzezLzzezLzzez ∑
q

Azzz,q

ωq−ωIR− iΓq

−LxxexLxxexLzzez ∑
q

Axxz,q

ωq−ωIR− iΓq
+LzzezLxxexLxxex ∑

q

Azxx,q−Axzx,q

ωq−ωIR− iΓq
,

(5.14)

where the resonant contribution is represented as the summation of the Lorentzian functions

to represent vibrational modes.

We can make further simplification of the expression of the χ
(2)
ppp by considering the

relationship of the functional group orientation, molecular hyperpolarizability and the

susceptibility tensor for molecular groups with C3v and C2v for the methyl and methlyene
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Figure 5.20: Values of the magnitude squared (top) and phase (bottom) spectra of the χ
(2)
eff

spectra for various non-resonant phase. The simulation illustrates the effect of resonant
contributions to the overall magnitude and phase of the near-resonant region. The dashed
line is the magnitude of the non-resonance.
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Figure 5.21: The magnitude squared (top) and phase (bottom) spectra of the χ
(2)
eff spectra

for non-resonant phase of 45◦. The blue dashed line indicates the true χ
(2)
NR value whereas

the red dashed line is the approximated χ
(2)
NR value.
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vibrational modes, respectively. The definition of the molecular frame of (a,b,c) with

respect to both the methyl and methlyene group is according to Ref. 54 where the c-axis is

parallel to that of the carbon chain and the a-axis is in the same plane as one of the C–H

bond while bisecting the other two hydrogen atoms for the methyl function group. For the

methlyene group, the c-axis bisects the the two C–H bonds while being in parallel with the

carbon chain. Furthermore, we define the rotation angle, φ to be the angle between x-axis

of the lab frame and a-axis of the molecular frame when ab-plane equals to xy-plane. The

twist angle, ψ is defined as the angle between the ab-plane in the molecular frame and

the xy-plane in the lab frame. Finally, the tilt angle, θ is defined as the angle between the

z-axis of the lab frame to the c-axis of the molecular frame. We then can define the Euler

transformation matrix D between the laboratory frame of (x,y,z) to the molecular frame of

(a,b,c) as216, 217

D(θ ,φ ,ψ)

=

 cosψ cosφ − cosφ sinφ sinψ −sinψ cosφ − cosθ sinφ cosψ sinθ sinφ

cosψ sinφ + cosφ cosφ sinψ −sinψ sinφ + cosθ cosφ cosψ −sinθ cos phi
sinθ sinψ sinθ cosψ cosθ

 .
(5.15)

First, we consider the C3v symmetry group, by assuming a rotationally isotropic distribution

about the c-axis where the Ai jk(θ ) is obtained through the integration over both rotational

and twist angles. Thus, the four unique non-zero χ
(2)
i jk can be expressed as

χ
(2)
xxz,ss =

1
2

Nα
(2)
ccc[(1+R)〈cosθ〉− (1−R)〈cos3

θ〉]

χ
(2)
xzx,ss = χ

(2)
zxx,ss =

1
2

Nα
(2)
ccc(1−R)[〈cosθ〉−〈cos3

θ〉]

χ
(2)
zzz,ss = Nα

(2)
ccc[R〈cosθ〉+(1−R)〈cos3

θ〉]

and

χ
(2)
xxz,as =−Nα

(2)
aca(〈cosθ〉−〈cos3

θ〉)

χ
(2)
xzx,as = χ

(2)
zxx,as = Nα

(2)
aca(〈cos3

θ〉)

χ
(2)
zzz,as = 2Nα

(2)
aca(〈cosθ〉−〈cos3

θ〉),

(5.16)

where N is the surface number density, α
(2)
lmn is the molecular hyperpolarizability, R is the
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ratio between α
(2)
aac amd α

(2)
ccc and the subscript of as refers to the antisymmetric mode, and

the subscript of ss refers to the symmetric mode.

Similarly, By assuming the free rotation of the H-C-H plane about the c-axis where

there is an isotropic distribution of the twist angle, the C2v symmetry for the methlyene

functional group can be described in a similar manner as

χ
(2)
xxz,ss =

1
4

N(α
(2)
aac +α

(2)
bbc +2α

(2)
ccc)〈cosθ〉

+
1
4

N(α
(2)
aac +α

(2)
bbc−2α

(2)
ccc)〈cos3

θ〉

χ
(2)
xzx,ss = χ

(2)
zxx,ss =−

1
4

N(α
(2)
aac +α

(2)
bbc−2α

(2)
ccc)(〈cosθ〉−〈cos3

θ〉)

χ
(2)
zzz,ss =

1
2

N(α
(2)
aac +α

(2)
bbc)〈cosθ〉− 1

2
N(α

(2)
aac +α

(2)
bbc−2α

(2)
ccc)〈cos3

θ〉

and

χ
(2)
xxz,as =−

1
2

Nα
(2)
aca(〈cosθ〉−〈cos3

θ〉)

χ
(2)
xzx,as = χ

(2)
zxx,as =

1
2

Nα
(2)
aca〈cos3

θ〉

χ
(2)
zzz,as = Nα

(2)
aca(〈cosθ〉−〈cos3

θ〉).

(5.17)

By considering both Eq. 5.16 and 5.17, we note that xxz and xzx are equivalent for both

functional group stretching modes. Thus, Eq. 5.14 becomes

χ
(2)
ppp = |χ

(2)
ppp,NR|e

(iφppp,NR)+LzzezLzzezLzzez ∑
q

Azzz,q

ωq−ωIR− iΓq

−LxxexLxxexLzzez ∑
q

Axxz,q

ωq−ωIR− iΓq
,

(5.18)

with two tensor elements contributing to the overall χ
(2)
ppp resonant response.

5.3.6.2 Phase relationships between vibrational modes

Prior to fitting our experimental spectra, the absolute sign constraint of the amplitude

of each mode needs to be taken into consideration. Here we discuss the absolute

sign constraint between the symmetric and antisymmetric stretching mode of the methyl

function group. For simplicity, we use the methyl hyperpolarizability ratio, R = 3.4

for ethanol and longer chain primary alcohols.52, 54 In addition, similar to the situation
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Figure 5.22: Calculation of the amplitude of the χ
(2)
xxz and χ

(2)
zzz terms for the methyl mode

as a function of the tilt angle, θ .
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discussed in Ref. 52 where the sign of the α
(2)
ccc and α

(2)
aca are negative for the methyl group

to be pointing towards the environment side while using the same Lorentzian function

convention as shown in Eq. 2.7, we can deduce the absolute sign of the χ
(2)
xxz and χ

(2)
zzz as

shown in Figure 5.22. Note that the magnitude of the α
(2)
ccc and α

(2)
aca are not considered

here. Therefore, only their relative sign should be compared with each χ
(2)
i jk tensor element.

No conclusion should be drawn comparing the magnitude between the symmetric and

antisymmetric modes. Finally, from the above analysis we can conclude Azzz,ss < 0,

Azzz,as < 0, Axxz,ss < 0 and Axxz,as > 0.

A similar argument can be made for the methylene group where we use

R =
α
(2)
aac +α

(2)
bbc

2α
(2)
ccc

= 1.0

from the bond additive model when considering the CH2 bond angle of 109.5◦. An R

value of unity implies that α
(2)
aac +α

(2)
bbc−2α

(2)
ccc = 0 and is generally true for the methylene

group.54 Thus, we can rewrite Eq. 5.17 while considering only the tensor elements of xxz

and zzz as

χ
(2)
xxz,ss =

1
4

N(α
(2)
aac +α

(2)
bbc +2α

(2)
ccc)〈cosθ〉

χ
(2)
zzz,ss =

1
2

N(α
(2)
aac +α

(2)
bbc)〈cosθ〉

χ
(2)
xxz,as =−

1
2

Nα
(2)
aca(〈cosθ〉−〈cos3

θ〉)

χ
(2)
zzz,as = Nα

(2)
aca(〈cosθ〉−〈cos3

θ〉).

(5.19)

By considering the bond additive model along with R = 1 for the methlyene group, we can

calculate the four contributing hyperpolarizabilities as

α
(2)
aac =

Gaα
(2)
CH

ωa
[(1+ r)− (1− r)cosτ]cos

τ

2

α
(2)
bbc =

2Gaα
(2)
CH

ωa
r cos

τ

2

α
(2)
ccc =

Gaα
(2)
CH

ωa
[(1+ r)+(1− r)cosτ]cos

τ

2

α
(2)
aca =

Gbα
(2)
CH

ωa
[(1− r)sinτ]sin

τ

2
,

(5.20)
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Figure 5.23: Theoretical calculation of the amplitude of the χ
(2)
xxz and χ

(2)
zzz terms for the

methylene mode as a function of the tilt angle, θ .
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where τ is the CH2 bond angle, Ga and Gb are the inverse effective mass for the symmetric

and antisymmetric normal modes at frequency, ω , α
(2)
CH is the reference hyperpolarizability

for a single C–H bond, and r is the single C–H bond polarizability derivative ratio which can

be obtained from the Raman depolarization ratio.54 By using r = 0.14 as in Refs. 218 and

219, and setting α
(2)
CH as unity, we have calculated the relative sign between the two modes

for both xxz and zzz as shown in Figure 5.23. In the case of the methylene calculation, only

the relative sign should be considered as the calculation does not consider the absolute sign

of the α
(2)
CH nor the frequency dependence of each mode. Thus, we can only conclude that

the sign of the vibrational amplitudes for the methylene group can be either (Azzz,ss > 0,

Azzz,as > 0, Axxz,ss > 0, Axxz,as < 0) or (Azzz,ss < 0, Azzz,as < 0, Axxz,ss < 0, Axxz,as > 0). Note

that these relations hold independently of the measured phase. When experimental phase

data is available, only one of these sets will be true. That distinction is to be resolved in the

spectral fitting when the phase of NR is known.

5.3.6.3 Data fitting of the room temperature sample

Now that the non-resonant phase and relationship between the vibrational mode amplitudes

has been addressed, we present the fitting of the combination of the homodyne and

heterodyne SFG measurements for the BEP-Fe interface in room temperature as shown in

Figure 5.24 and its phase shown in Figure 5.25. Each amplitude of the Lorentzian function

is obtained by a global fitting across all 10 angles along with the respective complex valued

χ
(2)
ppp,NR obtained from the heterodyne phase measurement. We have assume a simple model

for the vibrational modes by considering that all the methyl groups on the BEP are in the

same environment while the H-C-H plane of the methylene group freely rotates about its

c-axis. As a result, and in consideration of the appearance of the intensity data, we have

considered 5 vibrational modes, each contributing Axxz and Azzz to the Lorentzian lineshape.

These modes are identified in Table 5.3.

The fitting is done by first optimizing the frequency and the line width of each mode,
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Figure 5.24: Fitting result of the multi-AOI homodyne and heterodyne SFG measurements
of the BEP-Fe interface of the room temperature sample, plotting |χ(2)

ppp|2 with the
experimental values in dots and the fitting result in lines. The AOI-dependent |χ(2)

ppp|2
spectra shown here are normalized and scaled in order to separate between each incident
angle for illustration purposes. The relative magnitude between each spectrum as a function
of the incident angle is in fact, an important constrain for the fit.
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Figure 5.25: Resulting phase of the χ
(2)
ppp as a function of the incident angle from the fitting

of the room temperature sample in solid lines. The experimental measured phase of the
χ
(2)
ppp as a function of the incident angle from the fitting for the room temperature sample is

plotted with points at 2800 cm−1 and 3100 cm−1.
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ωq / cm−1 Assignment Γq Axxz,q Azzz,q

2850 CHss
2 19.8 0.542 0.707

2879 CHss
3 13.1 −1.901 −0.668

2905 CHas
2 17.9 −1.46 1.14

2936 CHFR
3 12.8 −1.46 −1.09

2970 CHas
3 5.3 −0.30 0.05

Table 5.3: Tabulation of the resulting fitting parameters from the global fitting of the
combination of multiple AOI homodyne and heterodyne SFG spectra for the room
temperature sample.

then by using a gradient decedent optimizier (truncated Newton algorithm), we obtained

the amplitude of each Lorentzian function. The fitting result is shown in Table 5.3. The

resulting χ
(2)
i jk spectra are shown in Figure 5.26.

5.3.6.4 Room temperature BEP structural analysis

By taking the ratio between Axxz,q and Azzz,q following Eq. 5.16, we can calculate the tilt

angle, θ , by comparing to the experimentally determined ratio of Axxz,q/Azzz,q described as

f (θ) =
χ
(2)
xxz,ss

χ
(2)
zzz,ss

=
1
2 [(1+R)〈cosθ〉− (1−R)〈cos3 θ〉]

R〈cosθ〉+(1−R)〈cos3 θ〉
(5.21)

which is shown in Figure 5.27 for a narrow distribution of tilt angles with an experimental

ratio of f =2.85. Therefore, we have determined that the preliminary average methyl group

tilt angle of the BEP structured on iron at room temperature is ca. 15◦. In other words,

the methyl group is likely to structure 15◦ away from the surface normal on average with

an isotropic distribution about the xy-plane in the laboratory frame. This conclusion also

assumes that the H-C-H plane of the methylene freely rotates about its c-axis, which is

generally a valid assumption when no other function group or atom is attached to the carbon

chain.54
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Figure 5.26: Complex χ(2) spectra of the xxz and zzz tensor elements for the BEP-Fe
interface at room temperature.
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Figure 5.27: Predicted amplitude ratio of Axxz,q/Azzz,q as a function of the tilt angle in black
with a R value of 3.4, assuming a narrow distribution of tilt angles. The experimentally
determined amplitude ratio is plotted in red solid line and the corresponding tilt angle is
indicated by the red dashed line.

5.3.6.5 Data fitting of the heat-treated sample

We have applied the same resonance frequency and line width parameters from the room

temperature sample fitting result to the 200 ◦C heat-treated sample spectra as shown in

Figure 5.28 for the intensity and its resulting phase shown in Figure 5.29. We are unable

to account for the spectral features of the spectra for the heat-treated sample when the

same constraints are applied. There are a few possible reasons to explain the deviation

between the fitting and the experimental homodyne spectra. First, it is possible that

the sign constrains described in the above section are no longer valid given the H-C-H

plane of the methlyene group can no longer freely rotate about its c-axis after the re-

orientation. This implies the twist angle cannot be integrated to afford Eq. 5.17. It is

therefore possible that no frequency shift or peak broadening has occurred, but the sign

constraints applied to the fitting routine needing to be relaxed. Further investigation of

this approach will need to be conducted to examine this hypothesis. On the other hand,



115

Figure 5.28: Fitting result of the multi-AOI homodyne and heterodyne SFG measurements
of the BEP-Fe interface of the heat-treated sample by using the same fitting constraints as
the room temperature sample data, plotting |χ(2)

ppp|2 with the experimental values in dots and
the fitting result in lines.
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Figure 5.29: Resulting phase of the χ
(2)
ppp as a function of the incident angle from the fitting

of the heat-treated sample in solid lines. The experimental measured phase of the χ
(2)
ppp as a

function of the incident angle from the fitting for the heat-treated sample in points.
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it is also possible that this simple model does not account for the potential frequency

shift or peak broadening due to the re-orientation of the molecules. In cases where the

peak broadening is expected, the inhomogeneous component, ΓG from Eq. 2.10 may need

to be considered when substituting the Lorentzian function to the Faddeeva function as

mentioned in Chapter 2. Future adoption of a theoretical calculation of the normal mode

may aid in assigning the vibrational features of the spectra.

Given the similarity of the phase of the χ
(2)
ppp in the NR region as well as resemblance

of the lineshape of their respective local field correction factor, we can conclude that the

spectral changes observed in the homodyne spectra are likely due to the structural changes

of the BEP. We present one additional fitting attempt for the heat-treated sample where

we introduce a sign flip for the amplitude of the methyl modes as shown in Fig. 5.30 with

the resulting phase plotted in Fig. 5.31. Switching the sign of the methyl ss and as modes

results in an improved fitting output at the higher frequency region where we expect the

methyl anti-symmetric stretch to be located. However, given the range of the approximated

NR phase is close to 180◦ as a function of the angle of incidence, we have observed a sign

change of the χ
(2)
ppp,eff in the intensity spectra starting from the 52◦ incident angle spectrum

which does not agree with our experimental homodyne spectra.
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Figure 5.30: Fitting result of the multi-AOI homodyne and heterodyne SFG measurements
of the BEP-Fe interface of the heat-treated sample by using the same fitting constraints but
opposite sign for the methyl modes as the room temperature sample data, plotting |χ(2)

ppp|2
with the experimental values in dots and the fitting result in lines.
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Figure 5.31: Resulting phase of the χ
(2)
ppp as a function of the incident angle from the fitting

of the heat-treated sample with an opposite sign constraint for the methyl mode in solid
lines. The experimental measured phase of the χ

(2)
ppp as a function of the incident angle

from the fitting for the heat-treated sample in points.
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5.4 Conclusion

We have applied our approach of the decomposition of the χ(2) tensor elements by using

the incident angle-resolved heterodyne SFG measurement to afford the complex χ(2) for all

contributing tensor elements in the vibrational resonant region. This approach is especially

useful when only one experimental beam polarization scheme is accessible due to the

surface selection rule of the metal substrate. In addition, this method does not suffer

from any potential polarization bias from the optic given that it is only performed in one

polarization combination. In addition, we have reported the experimentally determined

structural orientation of an alkyl phosphate surfactant on iron surface with an average tilt

angle of 15◦ for the methyl function group at room temperature. Additional theoretical

study such as a normal mode analysis of the molecule may be required to confirm our

experimental result. Further investigation of the elevated temperature sample result will be

needed in order to compare the potential structural changes of the molecule adsorbed on

the iron surface. In addition, we have also obtained the preliminary corrosion inhibition

efficiency change of the alkyl phosphate at elevated temperature.
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Chapter 6

Conclusions

6.1 Summary

I first illustrated how phase-sensitive sum-frequency generation spectroscopy may be

used to determine the polar orientation of organic species on metals, in cases where

there is a significant electronic contribution to the second-order signal. It turns out that

traditional direct heterodyne schemes—as would be applied to the same molecules on

dielectric substrates—are challenging to use here as a result of the large resonant/non-

resonant amplitude ratio that diminishes the phase contrast observed in tuning through

the vibrational modes. This is demonstrated in a variety of experimental surfaces that

illustrate all limiting cases. I proposed a scheme that can overcome this challenge, and

thereby determine the chemical functional group orientation through a combination of the

homodyne spectrum, and at least some phase information from a heterodyne approach.

I further developed a technique by which heterodyne-detected sum-frequency gener-

ation spectroscopy is performed at multiple angles of incidence in order to decompose

components of the second-order susceptibility tensor when all beams are polarized parallel

to the plane of incidence. As an illustration, I studied the non-vibrationally resonant

gold response. I benchmarked the results by comparing with measurements obtained in

a polarization scheme that isolates a single element of the susceptibility tensor. This

technique is particularly valuable in the case of metal substrates, where the surface selection

rule often prevents spectra from being acquired in multiple beam polarizations.
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Lastly, I applied the multiple incident angle measurement with the combination of

the homodyne and heterodyne SFG to study a corrosion-inhibiting surfactant on an iron

surface. To enable this study, I have also constructed a rotating compensator ellipsometer

in the mid-infrared to obtain accurate complex refractive index data of the substrate for

the calculation of the local field correction factors. The determination of the structural

orientation of the surfactant on iron is carried out by fitting the experimentally determined

complex-valued χ
(2)
NR and the homodyne spectra as a function of the incident angle. The

fitting affords the separation of contributing complex-valued χ(2) elements as a function of

frequency. These elements are then used to common on the structure of the surfactant on

the iron surface.

6.2 Perspective and Future Work

The work outlined in this thesis focuses on the SFG technique and method development

for organic–metal interfacial studies. A better understanding of the χ
(2)
NR contribution from

the metal substrate along with its effect on the overall |χ(2)
eff |

2 line shape is crucial to

enable further quantitative analysis of the spectra. The primary goal of this study was

the examination of the χ
(2)
eff decomposition of the p-polarized measurement in multiple

angles of incidence. Although, I have presented a method to obtain the complex χ
(2)
i jk

from decomposition of the χ
(2)
ppp,eff, the experimental phase of the χ

(2)
ppp,eff in the vibrational

resonant region is much more desirable as it affords the imaginary χ(2) spectra of the χ
(2)
i jk

without any assumption on the vibrational modes and such technique does not require any

spectral fitting, only the decomposition of the tensor elements. Future improvement in

terms of the acquisition time for the multi-angle of incidence measurement is necessary for

subsequent studies to perform such technique as a function of frequency. An adoption of

the technique to the broadband system may be of interest as far as the acquisition time is

concerned.

In addition, the treatment of multiple incident angle spectra relies heavily on the
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calculated local field correction factor. Thus, the determination of optical constants is

crucial in obtaining the true χ(2) spectra. This is especially true for substrates such as

iron that are highly reactive. I have observed a significant variation between published

refractive index results that also appear to be highly dependent on the species of iron, and

the oxide composition. It is for that reason that I have spent a significant amount of time

to construct my own mid-IR ellipsometer to determine these optical constants, and have

performed elemental analysis from the EDX to determine the oxide composition. Such

approach ensures the accuracy of our orientation analysis from the SFG data, and I feel that

for substrate such as iron, it is indispensable. In addition, measurements such as Mössbauer

spectroscopy may be of interest in the future to determine the exact oxide composition for

a better understanding of the substrate which in turns can validate our chose of substrate

model when calculating the complex refractive index from the ellipsometry data.

For the surfactant–iron interface, the phase of the χ
(2)
ppp,eff in the vibrational resonant

region as a function of incident angle is a desirable piece of confirmation in order to further

validate the current spectral fitting result. A important next step is to move from the exposed

interface (air–metal) to buried interfaces (oil–metal or water–metal), as they can better

represent real-life conditions of how these surfactants are being deployed as corrosion

inhibitors. Recently, a proof of concept study of the heterodyne measurement of a buried

interface has been published52 for the water-metal interface. Future studies of the project

should focus on the buried interface with a variety of environmental conditions to better

match that of the real-life conditions of these surfactants. Parameters such as concentration

of the surfactant, flow rate of the liquid phase, and temperature are of significant interest.
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